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PREFACE

The International Conference on Differential, Difference Equations and Their Applica-
tions (ICDDEA), dedicated to Professor Evangelos K. Ifantis, took place from 1 to 5 July,
2002, at the Conference and Cultural Centre of the University of Patras, Patras, Greece.
The aim of the conference was to provide a common meeting ground for specialists in
differential equations, difference equations, and related topics, as well as in the rich vari-
ety of scientific applications of these subjects. This conference intended to cover, and was
a forum for presentation and discussion of, all aspects of differential equations, difference
equations, and their applications in the scientific areas of mathematics, physics, and other
sciences.

In this conference, 101 scientists participated from 26 countries (Australia, Bulgaria,
Canada, Chile, Czech Republic, Finland, France, Georgia, Great Britain, Greece, Hun-
gary, Iran, Israel, Italy, Japan, Latvia, Mozambique, Netherlands, Norway, Poland, Roma-
nia, Singapore, Slovakia, Spain, Ukraine, and United States of America). The scientific
program consisted of 4 plenary lectures, 37 invited lectures, and 42 research seminars.
The contributions covered a wide range of subjects of differential equations, difference
equations, and their applications.

The social program of the conference consisted of a welcome dinner and a guided visit
at the Residence of Achaia Clauss winemakers, a Greek evening with traditional Greek
dances and dinner at the private restaurant of the hotel Rio Beach, a visit at the castle of
the picturesque city Nafpaktos with lunch at a traditional Greek taverna at the village of
Eratini, a guided visit to ancient Delphi with dinner at a private restaurant at Nafpaktos,
and a farewell dinner at the private restaurant “Parc de la Paix,” near the conference cite.

This volume contains the papers that were accepted for publication after an ordinary
refereeing process and according to the standards of the journal “Abstract and Applied
Analysis”; we thank the referees, who helped us to guarantee the quality of the papers,
for their work. Also I would like to thank the International Scientific Committee (Ondrej
Dosly, Takasi Kusano, Andrea Laforgia, and Martin Muldoon) for their support and co-
operation concerning the refereeing process, as well as the other members of the Local
Organizing Committee (Chrysoula Kokologiannaki and Eugenia Petropoulou) for their
help. Finally, I would like to thank the editors and especially the Editor-in-Chief, Profes-
sor Athanassios Kartsatos, of the journal “Abstract and Applied Analysis,” which hosted
the Proceedings of the ICDDEA.
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We would also like to thank the Research Committee of the University of Patras, the
Hellenic Ministry of Education and Religious Affairs, the Academy of Athens, the Munic-
ipality of Patras, the O.I.A.IL., the Prefecture of Western Greece, the Agricultural Bank
of Greece, the Patras Papermills S.A., and the Supermarket Kronos S. A. S. 1. for their
financial support. The organizers would also like to thank the Directorate General of
Antiquities - Museum Division for the free entrance to the archeological site and the mu-
seums of Delphi, and the Achaia Clauss Winemakers for the guided visit to its residence
and for offering its residence and the wine for the welcome dinner. Finally the organizers
would like to thank the Greek National Organization for offering their brochures and the
following companies for offering their products during the whole week during which the
conference took place: Athenian Brewery S.A., Loux Marlafekas S. A. soft drinks industry,
3E Hellenic Bottling Company, Tirnavos Wine Cooperatives, Tzafettas Greek Traditional
Cheese, and the Plaisio Stores.

Last but not least, I would especially like to express my deep thanks to Lecturer Dr.
Eugenia N. Petropoulou for her help concerning the procedure of the publication of this
Proceedings.

Panayiotis D. Siafarikas
Guest Editor
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The aim of this work is to present briefly the scientific contribution of Professor Evange-
los K. Ifantis in the research field of mathematics, to whom the “International Conference
on Differential, Difference Equations and Their Applications” was dedicated. Professor
Ifantis has worked in many areas of mathematics, including operator theory, difference
equations, differential equations, functional equations, orthogonal polynomials and spe-
cial functions, zeros of analytic functions, and analytic theory of continued fractions.

1. Who is E. K. Ifantis

Evangelos K. Ifantis was born in the village Palamas in Thessaly in central Greece, where
he took elementary education. He finished high school in the city Karditsa of the same
area and received his diploma in mathematics from the University of Athens in 1959. He
attended a school at the Center of High Physical Studies and Philosophy of Science at
the former Nuclear Research Center “Democritus.” He prepared his Ph.D. thesis there,
working alone, and received his Ph.D. from the University of Athens in 1969. In 1974 he
was elected Professor of the Chair “Mathematics for Physicists” of the School of Natural
Sciences of the University of Patras. From 1981 until now he belongs to the Department
of Mathematics of the University of Patras. He retired on September 2002, after 28 years
of academic service. He and his wife Eleni have two daughters (Klairi and Konstantina).

2. The work of E. K. Ifantis

2.1. Spectral theory of difference equations and the quantum mechanical phase prob-
lem. Evangelos K. Ifantis began his research with the following boundary value problem.
Find the values of E such that the functional equation

f(x+a)+f(x—a)+zgf(x)=2(E—§), xR, @.1)
has solutions which satisfy the conditions f(0) =0, f(co) = 0. This equation appears in
energy band theory of the solid state physics and represents the motion of an electron in
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2 Evangelos K. Ifantis and his work

a lattice under the influence of a Coulomb potential. The solution of this problem has
been found with classical methods and has been published in [2], which is the only paper
of E. K. Ifantis in German. The eigenvalues have been found to be

b2

Ex = l+m, k:0,1,2,...,b€R,b:}é0, (22)

and the corresponding eigenvectors have the form

filx) = A;X/“’;;Pk(g), (2.3)

where Py is a polynomial of degree n. This shows in particular that the eigenvalues of the
difference equation (x =n, a = 1)

fn+)+ f(n—1) +2%f(n) =2Ef(n), n=12,..., (2.4)

in the space €,(1, c0) are the following:

Ex=1+——, k=0,1,2,..., (2.5)

bZ
Ek——1ll+m, k—0,1,2,..., (26)

for b < 0. The question, if the corresponding to Ej eigenfunctions form a complete or-
thonormal set in ¢,, has led him to use the shift operator V defined in an abstract sep-
arable Hilbert space H and to reduce the above problem equivalently in an eigenvalue
problem in H. The answer was negative and the result was published among others in
(1, 3,4,38,25].

At that time, the early 1970’s, a problem studied in quantum physics was the problem
of the quantization of the phase of the harmonic oscillator. In quantum mechanics, the
phase problem begins with the definition of the phase operators C (cosine) and S (sine)
which satisfy commutation rules analogous to the classical Poisson bracket relations

for b >0 and

{cos¢,H} = wsing, {sing,H} = —wcos¢, (2.7)

where ¢ = arg(mwq +ip), and H = (1/2m)[ p* + (mwq)?] is the classical harmonic oscil-
lator. A well-known empirical rule applied here leads not to one operator but to a class of
operators C and S which satisfy the commutation relations

[C,N] =S, [S,N] = —iC, (2.8)

where N, defined as Ne, = ne,, is the well-known number operator.
The problem was to choose suitable phase operators C and S leading to reasonable
physical results. Another problem was to study the general common properties of the
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phase operators. To this, Professor Ifantis gave an abstract formulation in which the prob-
lem appeared as a peculiar case of the perturbation problem of continuous spectra. More
precisely, the phase operators C and S have been written as

1 1
C=5(ViA+AV), S=ZU”A—AVL (2.9)
where V is the unilateral shift operator in an abstract separable Hilbert space with an or-
thonormal base e,, n = 1,2,..., defined by Ve, = ey41, n=1,2,..., V* its adjoint, and A a

diagonal operator defined by Ae, = aye,, n = 1,2,..., where, because of physical reasons,
it was assumed that a,, > 0 and lim,_ &, = 1. The operator C was written in the form

C=§V+VH+K, (2.10)

where the spectrum of (1/2)(V + V*) is purely continuous and covers the close interval
[—1,+1], and the operator

K==[(A-DV+V*A-1)] (2.11)

o | —

is selfadjoint and compact.

It was the first time that the well-known Weyl’s theorem has been applied to the spec-
trum of difference equations. Recall that Weyl’s theorem asserts that the essential spec-
trum of C is the same as the essential spectrum of (1/2)(V + V*), that is, the interval
[—1,1]. The idea of applying Weyl’s theorem came from the representation (2.10) and
can be easily applied to the more general difference equation

(xnfn+l+“n71fn+bnfn :Afw (212)

Note that in matrix formulation, the result (2.10) can not be easily observed. Later, Weyl’s
theorem was used in the theory of orthogonal polynomials. Results concerning the quan-
tum mechanical oscillator phase problem, the minimal uncertainty states for bounded
observables, the nature of the spectrum of generalized oscillator phase operators and
states, and minimizing the uncertainty product of the oscillator phase operators were
published in a series of papers in [5, 6, 10] (three papers) and in [7]. Even up to now,
people who work in this subject refer to these papers.

2.2. Zeros of analytic functions. Another problem at the beginning of the 1970s, in op-
erator theory, was the study of the properties of the operator T = V + C, where V is
the shift operator (in general a nonnormal isometry) and C a compact operator. Pro-
fessor Ifantis defined the compact operator Cf = (f,h)e;, h = > | Cneén, an element
of the Hilbert space H with the orthonormal base e,, n = 1,2,..., and observed that
the eigenvalues of T* are related to the zeros of the function P(z) = —1+ >, 2",
which belongs to the Hardy-Lebesgue space H,(A). Thus Professor Ifantis in collabora-
tion with his colleague in the Nuclear Research Center “Democritus” was led to a Hilbert
space approach to the localization problem of the zeros of analytic functions in H,(A). It
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was proved, among other things, that a lower bound for the zeros p of P(z) is given by
lol = 1/r(T) = 1/|| T, where r(T) is the spectral radius of T. Many well-known inequal-
ities for the zeros of a polynomial (Cauchy, Walsh, Parodi, and others) have been derived
from one source, the spectral radius of an operator in a Hilbert space. The results in this
direction, together with a note concerning perturbations of a nonnormal isometry, were
published in [9, 26, 27].

2.3. Differential and functional differential equations in the complex plane. In 1978,
Professor Ifantis developed [11] an effective method for determining the existence of an-
alytic solutions of linear functional differential equations of the form

(L+A)f(z) =0, (2.13)
where L is the operator
k dk-i
Lf(2) = 2. 9i(2) 5= f (@), (2.14)
i=1

defined in an appropriate dense domain of the Hardy-Lebesgue space H>(A), and A is the
operator

[

Af(z) = Z(xi(z)f(qiz), Iql <1, (2.15)

i=1

where ¢;(z), a;, i = 1,2,..., are analytic functions in an open set containing the closed
unit disc.
He also studied systems of differential equations in the Hilbert space

HY(A) = Hy(A) X - - - x Hy(A) (2.16)

of the form
d
29 4,010, (217)

where f(z) = (f1(2), f2(2),..., fk(2)) is a vector function and A;;(z) is any matrix of
bounded operators in H,(A).

The method he developed reduces the existence problem of analytic solutions of (2.13)
to a problem of finding the null space of a nonselfadjoint operator in an abstract separable
Hilbert space. In particular, this method is also suitable for the study of entire solutions.
A typical example is the following functional differential equation:

y'(x) =by(x)+ay(Ax), 0=<x<oco, (2.18)

a € C, b € R, known as the pantograph equation. For 0 < |A| < 1, it is proved that (2.18)
has a unique entire solution. For |A| > 1, equation (2.18) has analytic solutions only for
a=0and a = —b/A1 k=1,2,.... For a # 0, the solutions of the pantograph equation
(2.13) are polynomials of degree k — 1, k = 1,2,.... This extends a result of [55].
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This method has been extended, later in 1987 [12, 13], in order to cover nonlinear
ordinary differential equations of the form

(L+A)f(2) =Gz, f(2)), (2.19)

with initial conditions f(0) = A, f'(0) = 0, where G(z, f(z)) is an analytic function of
f(z). For the nonlinear case, the method reduces the existence problem of families of
analytic solutions of H to the study of (2.19) in the Banach space

Hi(A) = {f :A—C, f(z) = > ayz"!, analyticin A, with > |a,| < +00}, (2.20)
n=1

n=1

which is embedded in H,(A) and predicts solutions which converge absolutely on the
close unit disc. The proofs are essentially based on a factorization of the operator L + A,
which brings (2.19) to the form

(L+A)f(z) =N(f), (2.21)

where L and A denote the abstract forms of L and A, respectively, in an abstract separa-
ble Hilbert space and N(f) is the abstract form of G, which has a k-invariant property
playing an important role in the theory presented. Fixed point theory and bifurcation
techniques can be applied, because the nonlinear operator G is Frechét differentiable
in an open sphere of H;(A). The most important is that the existence theorems have a
constructive character and can provide an answer to the question “how small is the initial
condition f(0) = A?” As examples, some equations of particular interest, including the
Emden equation, the one-dimensional Schrodinger equation, and others, are studied.

The results of these papers unify, extend, and improve some theorems previously ob-
tained by many authors. Results concerning entire solutions of differential equations were
published in [48].

At the same time, he published a paper [14] concerning solutions in ¢; of nonlinear
difference equations of the form

k
fn+k)+> (ai+ai(n) f(n+k—i) = G[f(n)], (2.22)
i1

under suitable conditions on «a(n) and G[ f(n)].

2.4. Zeros of Bessel and mixed Bessel functions. In 1980, in my Ph.D. thesis (supervisor
Professor Ifantis), the following was proved among other things: the number p # 0 (in
general complex) is a zero of the ordinary Bessel functions J,(z) of the first kind and
order v (in general complex), if and only if the equation

224 (< Lrone)y@ = -2, y0)=1, (2.23)

has a solution in Hy(A).
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On the other hand, it was proved that the solvability of (2.23) in H,(A) was equivalent
to the eigenvalue problem of the compact operator

Ay =L,(V+V¥) (2.24)

in an abstract separable Hilbert space H with an orthonormal base e,,, n = 1,2,..., where
L, is the diagonal operator Lye, = (1/(v+n))e, and V, V* the shift operator and its ad-
joint. This result led to an operator approach in an abstract separable Hilbert space for
the study of the zeros of ordinary Bessel functions J,(z) and allowed us to give some al-
ternative proofs of the properties of the Bessel functions, such as the Lommel-Hurwitz
theorem, the Rayleigh formula, and so forth. Also, we obtained bounds for the real and
complex zeros j,x of the corresponding Bessel functions J,(z) and g, x of the mixed Bessel
functions of,(z) + ffzJ,(z) and we discovered the following nonlinear differential equa-
tions for these zeros:

djv,k . dQv,k _ (Lvuwuv) +ﬂ2
dv = Ju Loy, dv O 2 (upy) + a2

(2.25)

From the above differential equations, we obtained some differential inequalities and
monotonicity properties, which are difficult to be found by classical methods, and im-
proved many results obtained by other authors. The results in this direction were pub-
lished in [20, 22, 31, 32, 33, 34, 35, 36, 38, 39, 40, 41, 43, 49, 50, 51].

2.5. Variation of eigenvectors and eigenvalues when these depend on a real parameter
and applications to the zeros of orthogonal polynomials. The method we used for the
derivation of the differential equations for the zeros of Bessel and mixed Bessel functions
was applied successfully by Professor Ifantis in 1988 in order to obtain for the first time
a rigorous proof of the Hellmann-Feyman theorem concerning the differentiability of
eigenvectors and eigenvalues, when these depend on a real parameter. The Hellmann-
Feyman theorem is an old result which was used by the physicists formally. Also there are
results concerning the concavity and the convexity of eigenvalues, Perron-Frobenius type
tridiagonal operators with several applications to the zeros of orthogonal polynomials.
The above results were published in [15, 16, 17, 23, 28, 37, 42, 44, 45, 46, 52].

2.6. Criteria for the nonselfadjointness of tridiagonal operators. A tridiagonal opera-
tor of the form

Ten = Qpént+1 +toy_1€p-1t bnem (226)

where a,, is not bounded, is symmetric, defined on the dense domain consisting of finite
linear combination of the base e,. Always T admits selfadjoint extensions. The problem
of finding conditions on «, and b, such that T is essentially selfadjoint (has a unique
selfadjoint extension or not) remains open for large classes of sequences «, and b,,. Ifantis
found a new criterion on &, and b, such that T is not essentially selfadjoint [18].
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2.7. Analytic theory of continued fractions. To every continued fraction of the form

1
K(z) = " , (2.27)
1
z-b-———
of

z— h] —
with o; >0 and b; € R, corresponds a tridiagonal operator of the form (2.26). It is known
thatif T is selfadjoint, then K(z) converges to a finite value for every z in the set C — A(T),
where A(T) is the set of limit points of all zeros of the orthogonal polynomials which
correspond to T. Professor Ifantis has studied conditions under which A(T) is equal to
the spectrum o(T') of T [29, 30].

2.8. Recent results of Professor Ifantis. Recent work of Professor Ifantis concerns the
study of the spectrum of tridiagonal operators [19, 24, 47] and applications of orthogonal
polynomials to semi-infinite Toda lattice [21, 53, 54].
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Mr. Vice Rector. Mr. Chairman, honorable guests and participants. Ladies and gentle-
men.

First, [ would like to thank the organizers of this conference for inviting me to give this
inaugural address. It is, and always was, a pleasure to give a talk in this department, where
I used to teach for many years and from where I retired as an emeritus professor.

Today, in my capacity as a regular member of the Academy of Athens, it is also a great
pleasure to convey to all of you, ladies and gentlemen, on behalf of the Academy, warm
greetings and to welcome you in Greece.

To Professor Evayyelog Ydarvtig, to whom this conference is dedicated, I wish hap-
piness and a prosperous life as emeritus. EOyopar k. Xvvadedde: Zidnpoxépados, Yyeia
ko ovveyion Tov a&iédoyov epevyyTiKoD gov épyov.

I come now to the subject of my lecture. A new century has already started. A new mil-
lennium has begun. So, it seemed natural to me that it would be appropriate to express
some thoughts concerning the place of mathematics in a world of values and facts, some-
thing that we mathematicians seldom do, or more precisely to express some thoughts
about the share of mathematicians in the general human condition.

This is a concern of the mathematician, but it is not a topic of mathematics. It is a topic
of philosophy, if one agrees that philosophy is not a specialized science but a discipline
that deals with the interaction of all human endeavors. I nevertheless hope to be able to
make some valid observations.

Mathematics begins with an understanding of the abstract concept of a natural num-
ber (i.e., of the numbers 1, 2, 3, and so on) and the ability to count indefinitely. In this
sense we may say that every human being is a mathematician. Modern historians hardly
mention the mathematical component in the emergence of civilization. It was different in
antiquity. In one of his plays, Aeschylus mentions: apifuév é£oyov codropdrwy (number,
outstanding (concept) among the ingenious inventions). “ With the exception of the con-
cept of number, which is man’s invention, everything else was created by God,” Aristotle’s
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saying, Aristotle (384-322 B.C.), could be the starting point for a survey of the role of
mathematicians as an object of philosophical investigations.

I cannot and I do not want to discuss these things. However, I should like to touch,
at least briefly, the work of some eminent philosophers who assigned to mathematics an
extraordinary role in their systems.

Plato (428-348 B.C.) considers knowledge of mathematics to be a prerequisite of citi-
zenship. He states that anyone who calls himself a civilized person should know that there
exist incommensurable quantities in geometry. For example, it is impossible to find a unit
of length such that both the side and the diagonal of a square are whole multiples of this
unit. This requires a sophisticated proof and it is beyond the range of intuitive perception.
But why should everybody know it? Plato wanted everybody to know that some facts are
absolute certainties. To understand this need for certainty, one should read the plays of
Aristophanes, which exhibit the emergence of nihilism in Plato’s time. Nietzsche’s doc-
trine, “Nothing is true. Everything is permitted,” is illustrated in the play Ne¢péda: (The
Clouds). In another play, ()pw@sg (The Birds), we see the human race entering into an
alliance with birds in order to destroy the power of the gods. These plays were performed
in honor of the god Dionysus. This very god receives, in another play, Barpayor (The
Frogs), a good trashing. So Plato tried to fight nihilism by exhibiting mathematics as a
source of absolute truth and certainty.

Leibniz (1646-1716) was both an eminent mathematician and a philosopher. Accord-
ing to him, mathematics is the science that tells us what is possible. As far as the physical
world is concerned, that is, that aspect of the world that Descartes called res extensa, this
statement contains at least some truth. But according to Leibniz, God created our world
by choosing among all possible worlds, in the sense that our world is “the best of all
possible worlds.”

The success of the exact sciences (which are based on the use of mathematics) has in-
creased the range of our knowledge of the universe to a degree enormously beyond that
available to Leibniz. Paradoxically, this has made many of us (including myself) more
modest because our extensive knowledge has made us more aware of the range of our
ignorance.

Like Leibniz, Descartes (1596—1650) was both a philosopher and an eminent math-
ematician. His philosophy is important to the history of the exact sciences through his
dichotomy of the world into res extensa and res cogitans, but mathematics does not play
an explicit role in his philosophy.

Spinoza (1632-1677) made an attempt to overcome this dualism by using not math-
ematics proper but at least the methods of mathematics. He proposed to derive definite
philosophical truths from self-evident statements more geometrico, that is, in the manner
of Euclid.

Spinoza provided deep and important insights, but we cannot safely say that this is due
to his method, which does not qualify as a mathematical argument. In his main work, the
Ethics, we find the statement “by God I understand being absolutely infinite.” But what is
“absolutely infinite”?

Spinoza did not know of the discovery of Georg Cantor (published in 1895), according
to which there are smaller and larger infinitudes. There are more points in a finite interval
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of a straight line than there are natural numbers 1,2,3,... (ad infinitum). There is even an
infinite sequence of infinitudes, each larger than the previous one. Now, if we assume that
there exists an infinitude containing all the previous ones, this assumption would lead to
a contradiction. Now, we may be able to live with a contradiction, but we cannot tolerate
it in a mathematical argument.

This last remark suggests that before relying on mathematics, it is necessary to under-
stand both its potential and its limitations. So the question “what is mathematics?” comes
up naturally.

I am not prepared to make an attempt at giving an epistemological definition of math-
ematics. [ will only try to provide an intuitive understanding of mathematics.

Mathematics deals with concepts subject to the rules of logic, in particular to the
postulate of the excluded middle. There exists at least one set of concepts of this type,
namely, that of natural numbers. At this point, some comments and examples are appro-
priate.

It is not true that all statements involve concepts that are subject to logic. We cannot
say that a person is either tall or not tall. Even if we give an artificial definition of tallness
(say 1.84 m or more) we may run into trouble, because no measurement is absolutely
precise. You see, there is a good reason why we have hundreds of thousands of laws. The
law uses strangely defined concepts and has to be more and more casuistic to make them
fit reality.

Nietzsche points out that only man-made concepts are subject to logic, while Kro-
necker, a 19th century mathematician, contrary to Aristotle and to Nietzche, says that
“God made the whole numbers, all the rest is the work of man.”

I think that these remarks will suffice. I will not go further by making statements about
the “reality” of the natural numbers in philosophical (ontological) terms.

Mathematical research has two important and, I believe, unique characteristics: it in-
volves an element of the infinite—being the only secular human activity to do so—and
it produces an increasing wealth of problems with increasing abstraction. The element of
the infinite in mathematics can be used to prove—in this case more geometrico, that is,
in the way Euclid does—that the human mind is “superior” to any conceivable electronic
computer. The human faculty of being able to “understand” is something that must be
achieved by some noncomputational activity of the brain or mind. The description of the
arguments needed here are very technical and they are linked with the name of one of the
greatest mathematicians of our time, Kurt Godel (1906-1978).

In an age where scientists as well as philosophers try to tell us that we are really noth-
ing particular (a survival mechanism for our genes), they speak about strong artificial
intelligence. Our mathematical abilities provide perhaps the simplest and strongest non-
metaphysical argument for our special position in nature.

To illustrate these remarks, and particularly the one concerning the “element of the
infinite,” we use the following example, which is a theorem of number theory.

Every natural number I is the sum of the squares of at most four natural
numbers. Unless I + 1 is divisible by 8, at most three squares suffice.

It is clear that no amount of direct calculations can prove this theorem because it
involves infinitude of numbers. The proof is neither easy nor obvious and was given (for
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the first part of the theorem) in the late 18th century by Lagrange. This example clearly
shows what is meant by “an element of the infinite.”

The functions of mathematics may be described as an extension of some of the func-
tions of language, and the reason is that our everyday language uses concepts that are not
subject to the formulation of mathematical arguments and results.

The ability to name things—even nonmaterial ones, like feelings and sensations—is an
act of abstraction and image making, and it is used by some philosophers to determine
man’s “specific difference” in the animal kingdom. Now, mathematics provides us with
abstract images of things that are not accessible to the direct perception of our senses. A
sophisticated and very important example of the image-making power of mathematics
is the mathematical image of an atom with a nucleus and electrons. It consists entirely
of formulas. But these formulas permit us to make predictions about the behavior of an
atom. This is an enormous achievement and is but one example of the role of mathemat-
ics in physics, chemistry, and the branches of technology based on these sciences.

Mathematics can tell us that there are things we cannot do with the means at our
disposal. For example, suppose we wish to seat the representatives, one for each, of the
180 members or so of the United Nations at a conference table. We cannot list the possible
seating arrangements since their number would be greater than the number of electrons
and protons in the known universe. Of course we are not particularly interested in such
seating arrangements. But we might be interested in arrangements of genetic material in
chromosomes where the numbers are large, too.

We now make some comments concerning “the phenomenon of mathematics,” where
the term “mathematics” is used in the strict sense: “the systematic derivation of theorems
with the help of explicitly formulated arguments.” Some mathematical insights are intu-
itively clear, for example, that a diameter divides a circle into two equal parts. Thales (ca.
624-548 B.C) has provided this. The fact that the side and the diagonal of a square are
incommensurable is not at all intuitively clear. The Pythagorean School discovered it. A
well-formulated proof of this and of related theorems appeared at the time of Plato and
was due to his friend Theaetelus.

Although Babylonian, Indian, and Chinese scholars developed a body of mathemati-
cal knowledge, it is absolutely certain that mathematics is a creation of the Greeks. This
does not mean the Athenians. With the exception of Theaetelus, none of the great Greek
mathematicians lived in Athens. Euclid lived in Alexandria (Egypt). So did Apollonius.
Archimedes lived in Syracuse (Sicily).

Nothing like the systematic work of Euclid and Apollonius is known from other civili-
zations of similar or earlier times. About Archimedes, the greatest applied mathematician
of all time, Voltaire used to say, “There was more imagination in the head of Archimedes
than in that of Homer.”

What motivated these mathematicians? Not technology, not even astronomy; not a
“practical” matter at all. It is true that Archimedes developed technological applications
of mathematics, but the Romans, who certainly needed and used high technology, never
contributed anything to mathematics. In fact, the systematic use of mathematics for the
development of technology (excluding astronomy) started only in the 18th century. The
case for the development of mathematics was not usefulness.
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Earlier we compared some functions of mathematics to some functions of language.
The analogy goes further. Language, too, is not merely an instrument of power or of
usefulness. Nor is poetry. As far as mathematics is concerned, a good summary of its role
appeared in an editorial (by Chandler and Edwards) in The Mathematical Intelligencer.

“It is a perennial problem for mathematicians to explain to the public at large what
makes mathematics worthwhile if not its practicality. It is like explaining to someone
who has never heard music what a lovely melody is .... Do let us try to teach the general
public more of the sort of mathematics that they can use in everyday life but let us not
allow them to think and certainly let us not slip into thinking that this is an essential
quality of mathematics.”

“There is a great cultural tradition to be preserved and enhanced. Each generation
must learn the tradition anew. Let us take care not to educate a generation that will be
deaf to the melodies that are the substance of our great mathematical culture.”

In the past, some poets understood the beauty of mathematics. I already mentioned
Aeschylus. Schiller calls it “divine.” But examples of this type became rare, if not extinct,
in modern times. The reason for this is of course the increasing inaccessibility of mathe-
matics. Our latest products are available only to a very few people. However, little would
be left to human civilization, if we restrict it only to things that enjoy universal appreciation.

There is one more aspect of mathematics that is usually mentioned as a mere curiosity.
I believe it is more than that, since it relates to the idea of evolution. In several cases, sci-
entists found the mathematical tools they needed, ready-made and available, sometimes,
centuries earlier. The conics, for example (ellipse, parabola, hyperbola), have been thor-
oughly investigated by Apollonius in the third century B.C. and were available to Kepler
in the 17th century A.D.

Another example is the theory of probability. First of all, it is strange that even a situa-
tion of complete disorder, that of random events, should be subject to mathematical laws.
Second, what provoked the study of probability was a despised human activity, namely,
gambling. One of the main contributors to the theory of probability was Pascal, who gave
up mathematics because he thought that the only truly important thing in life was to
work for the salvation of one’s soul. And, finally, it turned out that the laws of probability
are essential ingredients of the laws of nature. This insight started in the 19th century with
Boltzmann and culminated in our century with the development of quantum theory.

I will close this lecture by trying to answer the question: what makes a mathematician?
There exists a widespread resentment against mathematics. It is supposed to deal only
with quantity or with computing. None of this is true, but I cannot explain that in a few
words. The claim of the mathematician to be concerned with truth is frequently answered
by saying that mathematical statements are not true, but merely correct. Nevertheless, it is
true that human beings find the results of mathematics. Can anything be said about them?
The answer is, “Not enough to enable us to recognize a mathematician if we meet one in
a plane or at a party.” But there exist properties without which a mathematician cannot
exist. Some of them are a specific talent, an interest in the matter, and persistence to spend
large amounts of time and energy. The mathematician needs an exceptionally great ability
to stand frustration. His field is the only field with an “all-or-nothing” alternative. A piece
of furniture may be more or less perfect. A theorem and a proof is either true or false.
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It follows that the mathematician needs the support of a civilization that acknowledges
as valuable the product of theory of pure thought.

One advantage a mathematician has is that his thoughts are eminently communicable,
not perhaps from person to person, but certainly from nation to nation. Nothing is more
international than the community of mathematicians. But I think it is rather time to stop
here. I wish to all of you a very successful meeting and I declare this conference open.

N. K. Artemiadis
Academy of Athens, Greece
upatrasp@otenet.gr
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We study the existence of zero-convergent solutions for the second-order nonlinear dif-
ference equation A(a,®,(Ax,)) = g(n,x,+1), where ®,(u) = lulP=2u, p > 1, {a,} is a
positive real sequence for n > 1, and g is a positive continuous function on N X (0,),
0 < uy < co. The effects of singular nonlinearities and of the forcing term are treated as
well.

1. Introduction

In this paper, we study decaying nonoscillatory solutions of the second-order difference
equation

A(an®p(Axn)) = g(n,%011), (1.1)

where A is the forward difference operator Ax, = X,+1 — Xn, {as} is a positive real se-
quence for n > 1, g is a positive continuous function on N x (0,u), 0 < uy < oo, and
®,(u) = |ul?~>u with p > 1. The left-hand side in (1.1) is the one-dimensional discrete
analogue of the p-Laplacian u — div|Vu|P~2Vu that appears in searching for radial solu-
tions of nonlinear partial equations modelling various reaction-diffusion problems (see,
e.g., [8]).

Observe that our assumptions on g allow us to consider the “singular case,” that is, the
case in which the nonlinearity g is unbounded with respect to the second variable in a
right neighborhood of zero. From this point of view, a typical example is the nonlinear
equation

Aay®p (Axn)) = bu[ @y (1) ] + 1, (1.2)

where {b,} and {r,} are real sequences with b,, > 0, r, = 0, and b, +r, >0 for n > 1 and
q>1.

Copyright © 2004 Hindawi Publishing Corporation
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Equation (1.1) includes also the “regular case” with the forcing term
A(an®@p(Axy)) = by ®@g(Xp11) + 7. (1.3)

Positive decreasing solutions of (1.3) when b, >0 and r,, = 0 for n > 1 have been investi-
gated in [5, 6].

Our aim is to study the existence of decaying solutions of (1.1), that is, positive solu-
tions {x,} of (1.1) approaching zero as n — oo, in view of their crucial role in a variety
of physical applications (see, e.g., [8]). By using a topological approach, we study mainly
the effects of singular nonlinearities and those of the forcing term. Our results are also
motivated also by some recent effects stated in the continuous case, see, for example,
[1, 4, 9, 12] and the references therein. Our results complement the ones in [10, 11],
where the existence of unbounded solutions of (1.1) is considered under the assumption
b, < 0. Finally, we recall that boundary value problems for equations in a discrete inter-
val [1,Np] with singular nonlinear term in this interval have been considered recently in
(2, 3].

2. Notation and preliminaries

A solution {x,} of (1.1) is said to be a decaying solution if x,, > 0, Ax, < 0 eventually, and
lim, x,, = 0. According to the asymptotic behavior of the quasidifference

U = a,®, (Ax,), (2.1)

a decaying solution {x,} of (1.1) is called a regularly decaying solution or a strongly decay-
ing solution according to lim, xih < 0 or lim, xiY = 0, respectively. It is easy to show that

every decaying solution {x,} of (1.1) satisfies, for every n > 1,
X, >0, Ax, <0. (2.2)

Indeed, assume that (2.2) is verified for n = N > 1 and suppose there exists 1y < N such
that Ax,, = 0, Ax; <0, x; >0, fori = ng+1,...,N. From (1.1) we obtain

N-1
xy = x4 S gixi) >0 (2.3)

i:n()

that implies Axy > 0, that is, a contradiction.

The set of decaying solutions will be denoted by D and those of regularly decaying
solutions and strongly decaying solutions by Dg and Dy, respectively. Clearly, D = Dy U Dg
and

Dr = {{xn} solution of (1.1) : x,, > 0, Ax, <0, limx, = 0, limx[!) < O},
n n

(2.4)

Dg = {{xn} solution of (1.1) : x, >0, Ax,, <0, limx, = 0, limx[! = 0}.
n n
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Some notations are in order. Denote
= 1
Y, = lim —_— (2.5)
T2 )

where p* denotes the conjugate number of p, thatis, p* = p/(p—1) or I/p+1/p* = 1.
When Y, < o, denote by {A,} the sequence given by

> 1
A, = g W. (2.6)

We close this section by recalling the following lemma which is the discrete analogue
of the Lebesgue dominated convergence theorem and plays an important role in prov-
ing topological properties of certain operators associated to the problem of existence of
decaying solutions of (1.1).

LemMaA 2.1. Let {aix} be a double real sequence, ajx = 0, for i,k € N. Assume that the
series ., o) totally converges, that is, there exists a sequence {Bi} such that a;i < P,
Siie1 Br < oo, and let lim;. i = o for every k € N. Then the series ;. ok converges
and

lim >k = ok (2.7)
k=1 k=1

3. Regularly decaying solutions

In this section, we study the existence of solutions in the class Dr. We start with a neces-
sary condition. The following proposition holds.

ProprosiTioN 3.1. If Dg # &, then Y, < co.

Proof. Let x = {x,} be a solution of (1.1) in the class Dg. Because {xLl]} is negative in-
creasing and lim, xih = xl) <0, it holds that

a, Py (Ax,) < xll, (3.1)
This implies, for n < N,
N-1 1
@y (5L11) X @ () <500y (3.2)
j=n j
that gives the assertion as N — oo. O

Remark 3.2. For any solution {x,} € D, it holds that a,®,(Ax,) > x%l]. Hence, from
(3.2), we obtain the following upper and lower bounds:

— @, (A, < x, < —Dpe (1) A, (3.3)
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In addition, regularly decaying solutions {x,} are asymptotic to the sequence (2.6), that s,

limx—" =Cy, 0<cx< 00, (3.4)
n A,

where @, (cx) = IxL} ] [, as the Stolze theorem yields.

Assumption Y, < o is not sufficient for the existence of solutions in the class Dy as the
following example shows.

Example 3.3. Consider the equation

A(PD, (Axy)) = —— (3.5)

Xn+1

Let {x,} be a solution of (3.5) in the class Dy and let ng > 1 such that x,,; < 1 for n > ng.
Hence, for n > ny,

A(n*®,(Axy)) > 1 (3.6)

or

xLlJr]l > x,[;]] +n—ny (3.7)

that gives a contradiction as n — co.
The following theorem holds.

THEOREM 3.4. Assume the following conditions:
(1) Y, < o0;
(ii) there exists a continuous function F : N X (0,6] — (0,0), & < ug, monotone with re-
spect to the second variable such that for (n,v) € N x (0,6],

g(n,v) < F(n,v), (3.8)

ZF(n,AnH) < 00. (3.9)

n=1

Then (1.1) has solutions in the class Dr. More precisely, for every ¢ = 1, there exists a
positive solution {x,} such that

lim— =g, (3.10)

where ®,(c) = lim, Ix;[11] l.

Proof. First, we prove the statement for F nonincreasing. Choose 7y > 1 such that

D, (2)A,, <, (3.11)

i F(n,Ap) < 1. (3.12)

n=ny
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Denote by ¢, the Banach space of all bounded sequences defined for n > n and en-
dowed with the topology of supremum norm. Let Q) be the nonempty subset of £, given
by

Q= {{u} €€y : Ay <, < Dpe(2)An}. (3.13)

Clearly, Q is a bounded, closed, and convex subset of £;7. We define the mapping T': ) —
m DY

”U

Zcbp*( )cpp* <1+Zg i u,ﬂ)) (3.14)

=]

We prove that T satisfies the hypotheses of Schauder fixed-point theorem.
(a) The mapping T maps Q into itself. Obviously, A, < w,. Conditions (ii) and (3.12)
imply

> gl uin) = > F(jyujn) < > F(j,Ajn) <1, (3.15)
j=no j=no j=no

and taking into account (3.14) and monotonicity of ®,«, we have
< 2
Wy < D Dy (—) =@, (2)A, (3.16)
jen o N
(b) The mapping T is continuous in Q. Let {U”} be a sequence in Q converging to

U in €. Because Q) is closed, U € Q. Let U1 = Wy, U = {u,} and WO = T(UD) =
{w,(f)}, W =T(U) = {w,}. It holds for every integer n > n, that

IT(U?) =Tl
= sup |Wn _Wn|
1 i © .
< sup Zq)p* (—k> Dy ( Z (] uﬁl)) D <1+ Zg(J’”jH)) | (3.17)
nZHo gy i~k pars

= Z i ks

k=ny

where

Aik = (DP* (—)

From the continuity of g, we obtain

D, (I+Zg(], ,+1)) ~ D, (l-l—ig(j,ujﬂ))l. (3.18)

j=k

llmg(J, ]ll> g(jujr)  for j = ng, (3.19)
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and, in view of (ii) and the fact that U € Q,
(iufh) | = FGhAz). (320)

Then the series X7 g(j, ”5'21) is totally convergent and, by Lemma 2.1,

hm(Dp* (1 + Zg(], Y_il)) =0 (1 + Zg(j,ujﬂ)) , (3.21)
j=k j=k

that is,

limajr =0 forevery k = ny. (3.22)
1

In addition, using (3.12), we find

aws (00 (1)) (o (1 E ) ) v (1 S rtimen )

j=k
_2(q>p*(aik))q>p*< ;F(] JAj) ) szq>p*(2)(q>p*(aik)).

Since Y, < oo, the series >}, a;x is totally convergent. Applying again Lemma 2.1, it
follows from (3.17) and (3.22) that

(3.23)

lim||T(UY) - T(U)|| < lim > ajx = > [limai,k] =0. (3.24)
! ! k:Vlo k:no !

Hence, T is continuous in .

(c) The set T(Q) is relatively compact. By a result in [7, Theorem 3.3], it is sufficient
to prove that T(Q) is uniformly Cauchy in the topology of £, that is, for every & >0,
there exists an integer n, > ng such that |wy,,, — wp, | < € whenever m;,m, > ¢ for every
W ={w,} € T(Q). Let W = T(U), U = {u,}, and, without loss of generality, assume
m; < my. From (3.14), we obtain

mzzld)p*< ! )@P* (1+ig(z um)) ‘

|Wm1 sz | -
j=m i=j
my—1 0
<|> CDP*( )cbp* (1+ZF(1 A,H))‘ (3.25)
j=m i=j
my—1 1
<@y (2) D ch*(—>,
j=m aj

and the Cauchy criterion gives the relative compactness of T(Q2).
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Hence, by Schauder fixed-point theorem, there exists {x,} € Q such that x, = T(x,)
or, from (3.14),

Zq’p* {— (1+Zg (i,xir1) )} (3.26)

=]

One can easily check that {x,} is a solution of (1.1) with Ax, <0, lim,x, = 0, and
lim,, x5 (M _ = —1, and so {x,} € Dg. Clearly, in view of Remark 3.2, {x,} satisfies (3.10)
with ¢ = 1.

To obtain the existence of a positive solution {x,} such that lim,[x,/A,] = ¢ > 1, it is
sufficient to observe that (3.9) and monotonicity of F imply that the series

i F(mAAu) (3.27)
n=1

is convergent for any A > 1. Now, the assertion follows by considering in the subset
= {{un} €45 : Dpr (M)A, <ty < Dpe(21)A,} (3.28)
the operator T': {u,} — {wy} given by
Zcbp*( )q>p* (A+zg i, Ui ) (3.29)
i=j

and using an analogous argument as above.
In case F is nondecreasing on (0,d], the proof is quite similar with some minor chan-
ges. It is sufficient to consider the subset Q and the operator T as follows:

Q= {{uy,} ety An <u, sAﬂ},

o L (1 & (3.30)
Wy = Z(DP* (a—] <E+Zg(i,ui+1)>) 5
j=n —

=)

where ng is chosen such that

(3.31)

The details are left to the reader. O

Remark 3.5. The existence of regularly decaying solutions {x,} satisfying (3.10) for c €
(0,1) is guaranteed by the condition

i F(n,®@p«(c)Aps1) < (3.32)
n=1

instead of (3.9) and can be proved using an analogous argument as given in the proof of
Theorem 3.4.
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For the special case of (1.2), assumption (ii) of Theorem 3.4 becomes
S by (Api)] <0, D <o, (3.33)
n=1 n=1

In this case, by applying Theorem 3.4 to (1.2), for every ¢ > 0, we obtain the existence of
solutions satisfying (3.10). In addition, for (1.2), conditions Y, < c and (3.33) become
also necessary for the existence in Dy as the following result shows.

CoROLLARY 3.6. Equation (1.2) has solutions in the class Dg if and only if Y, < oo and
(3.33) hold.

Proof. Inview of Proposition 3.1 and Theorem 3.4, it is sufficient to prove that if Dp # &,
then (3.33) is verified. Let {x,} be a solution of (1.2) in the class Dg. By the summation
of (1.2) from n to N — 1 and taking into account (3.3), we have

N-1 N
] _
—XLI] = _xI[\I] + Z bj[d)q(xjﬂ)] + Z 7
j=n j=n
N N (3.34)
>Azb][®q(A]+1)] +ZT’]‘,
j=n j=n
where A = [D4[D= (—x%l] )]171. As N — oo, we obtain the assertion. O

Theorem 3.4 is applicable even if the nonlinearity g is bounded with respect to the
dependent variable in a right neighborhood of zero, that is, the boundary value problem
is “regular.” In such a case, assumption (ii) of Theorem 3.4 can be simplified.

CoROLLARY 3.7. If Y, < o and
Z by @y (Ani1) < o0, Z Ty < 00, (3.35)
n=1 n=1

then (1.3) has solutions in the class Dr. More precisely, for every ¢ > 0, there exists a positive
solution {x,} such that (3.10) is verified with ®,(c) = lim, IxLH |

Proof. The assertion follows from Theorem 3.4 and Remark 3.5 by choosing F(n,v) =
by ®g(v) + 1. O
4. Strongly decaying solutions

Here we study the existence of solutions in the class Ds for equations with possible singu-
lar nonlinearity. More precisely, in this section, we will assume that g satisfies the condi-
tion

inf ,v) =m; >0 4.1
ve%,a]g(l V) =m; (4.1)

for infinitely many i, where § is a positive constant, § < 1. The following necessary con-
ditions hold.
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ProrosritioN 4.1. If Dg # &, then

Z m, < oo, (4.2)
n=1
> Dy (iZmi) < oo, (4.3)
j=1 aj i=j

where m; is given in (4.1).
Proof. Let {x,} be a solution of (1.1) in the class Ds. Without loss of generality, we can
assume x, < 8 for n > 1. Hence,

glixin) = inf g(iv) = m; (4.4)

By summing (1.1) from 7 to oo, we obtain

(]

=D g(ipxi) = Dom; (4.5)

that implies (4.2). By summing again from n to co, we have
[e+] 1 o)
Xn 2 > Dy (me,-), (4.6)
i=n Ji=j
and so (4.3) is proved. O
Remark 4.2. Because
N LN L XN 1 N
Z(Dp* (a—zm] Zq)p* (a—zm] =(Dp*(a—>CDP* zm] > (4.7)
j=1 Ii=j Lizg 1 i=1
condition (4.3) implies (4.2).
A sufficient criterion for existence in D is given by the following theorem.

THEOREM 4.3. Assume (4.1) and (4.3). If there exists a continuous function F : N x (0,8] —

(0,00), 0 < & < ug, nonincreasing with respect to the second variable such that, for (n,v) €
Nx(0,6],

g(n,v) < F(n,v),
(4.8)

where
B,=> @y (i im,-), (4.9)

then (1.1) has solutions in the class Ds.
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Proof. Choose ny = 1 such that

By, <6, > Dy [al zF(j,BjH)} <. (4.10)
n=ng nj=n
Let Q be the subset of £, given by
Q= {{u,} €y : B, <u, <6} (4.11)

In view of (4.1), it holds that B, > 0. In addition, because {B,} is nonincreasing, from
(4.10) the set Q) is nonempty. Clearly, Q is bounded, closed, and convex in £;;. We define
the mapping T: Q — € by

) 1 00 '
e = > O [a Eg(J,um)}. (4.12)
j=n mj=n
Because
gljun) = inf g(jov) =m), (4.13)
we have

Wy D> Dpe {i > mj] = B,. (4.14)
j=n

an i,

In addition, it holds for j > ny that

Zg(jﬂ/‘jﬂ) =< ZF(j>uj+l) =< ZF(j)Bj+l) (4.15)
j=n j=n j=n
or, in view of (4.10),
o0 1 00 )
Wy < z(Dp* |:a— ZF(_],B]+1):| <. (416)
j=n " jen

Thus, T(Q) < Q. The continuity of T in Q and the compactness of T(Q2) follow by using a
similar argument as in the proof of Theorem 3.4. Hence, by applying the Schauder fixed-
point theorem, we obtain the existence of a fixed point {x,} of T. Clearly,

) 1 00 '

Xn = z (DP* (a_ Zg(l>xi+l)) > (4.17)
j=n ] i=j

and so {x,} € Ds. 0

For the special case of singular equation (1.2) with r, = 0 for n € N, Theorem 4.3 yields
the following result.
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CoROLLARY 4.4. Consider the equation
Aa,®@p (M%) = bu[@g (1) ] (4.18)
with b, > 0 for infinitely many n. Assume

nl}ggo z Dy (ai z bk> < o0 (4.19)
" k=n

and denote
- i - (al gbk) . (4.20)
If
nlg}oi@,,* [ zb q(Bj1)] ] < oo, (4.21)
n=1

then (4.18) has solutions in the class Ds.

The assumption in Theorem 4.3 (and Corollary 4.4) is not necessary for Dg # & as the
following example shows.

Example 4.5. Consider the equation

2

-1
nnr12n+2) (%p1) . (4.22)

Ax, =

Clearly, (4.19) is satisfied. We have
— —. (4.23)
%Jz‘l j+ 1 (j+2) %le

Taking into account that for n € N, n > 1, and y real positive constant, y > 1, the following
inequality holds

lznzly < L_l xflydx - m (4.24)
from (4.23) we obtain
2w 1
ﬂ"+1<l%l 3(i—1)3 _52_3 3(;1—1)2 (4.25)
Hence
> > () > Z Z M;z(lj)iz) = oo, (4.26)

n=1 j=n n=1 j=n



28  Positive solutions for BVPs

and so condition (4.21) is not satisfied. But it is easy to verify that the sequence {x,},
X, = 1/n, is a solution of (4.22) and {x,} € Ds.

The following result gives an application of Theorem 4.3 to the regular equation (1.3)
with the forcing term.

COROLLARY 4.6. If ry, > 0 for infinitely many n and

r}qi{rolo Z Dy (ai Z (b +rk)> < oo, (4.27)
n=1

" k=n
then (1.3) has solutions in the class Ds.

Proof. The assertion follows from Theorem 4.3 by choosing F(#n,v) = b, +r, and noting
that (4.1) is satisfied because m; = r; > 0. O

5. Concluding remarks

(1) The continuous case. Decaying solutions of second-order nonlinear singular differ-
ential equations without the forcing term have been investigated in [9, 12]. Corollaries
3.6 and 4.4 can be regarded as the discrete counterparts of [9, Theorem 4.2] and [12,
Theorem 5.2], respectively.

(2) An effect of singular nonlinearities. If Y, = o and

lim Y @, (al Zbk> - o, (5.1)
n=1

" k=n

then, from Propositions 3.1 and 4.1, it follows that (4.18) does not possess any decaying
solution. This fact cannot occur for equations with regular nonlinearity; for instance, the
linear equation

Axy = (1+n) %00 (5.2)

has strongly decaying solutions (see, e.g., [5, Corollary 3.3(a)]) and, in this case, Y, = o
and (5.1) is verified.

(3) An effect of the forcing term r,. As we have already noted, (1.3) without the forcing
term 7, has been investigated in [5]. Comparing the results presented here and in [5],
one can see that the existence of regularly decaying solutions of (1.3) remains valid for
the equation with the forcing term r, such that >’ r, < oo, while the existence of strongly
decaying solutions of (1.3) is caused by the forcing term. More precisely, if (4.19) is sat-
isfied, then (1.3) with r, = 0 and p < g does not have strongly decaying solutions, see [5,
Theorem 2.3]. On the contrary, by Corollary 4.6, (1.3), with the forcing term 7, r,, > 0,
for infinitely many n, and satisfying (4.27), has strongly decaying solutions.
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SYMPLECTIC DIFFERENCE SYSTEMS: OSCILLATION THEORY
AND HYPERBOLIC PRUFER TRANSFORMATION

ONDREJ DOSLY

Received 8 October 2002

We present basic methods of oscillation theory of symplectic difference systems (SDSs).
A particular attention is devoted to the variational principle and to the transformation
method. Hyperbolic Priifer transformation for SDSs is established.

1. Introduction

In this paper, we deal with oscillatory properties and transformations of symplectic dif-
ference systems (SDSs)

_ NS (e B
Zk+1 = ykzk) Zk = <uk>’ yk = <(€k @k> > (11)

where x,u € R", oA, %B,6,% € R"", and the matrix ¥ is supposed to be symplectic, that
s,

0 I
stgn-5. 5" o) (12
The last identity translates in terms of the block entries s, &, €, and & as
ATC =67, BTD =DTR, ATD —CTR =1. (1.3)

fz=(%),Z= (g) are 2n X n matrix solutions of (1.1) and ¥ = (ZZ) = (fjf]), then

using (1.2), we have
NELI%R) =% I% ke — %L % = E SIS~ F1%k =0 (1.4)

which means that % are symplectic whenever this property is satisfied at one index, say
k = 0. Consequently, (1.1) defines the discrete symplectic flow and this fact, together with
(1.2), is the justification for the terminology symplectic difference system.
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SDSs cover, as particular cases, a large variety of difference equations and systems,
among them the Sturm-Liouville second-order difference equation

A(riAxi) + prxisr = 0, 1% # 0, Axg = Xi1 — Xp (L1.5)

the higher-order selfadjoint difference equation

n

SN (1 A ki) =0, A £ 0, A= A(A), (1.6)

v=0

and the linear Hamiltonian difference system
Axy = AXker + Bk, Aug = Crxgn — Al ug, (1.7)

with A,B,C € R™", B and C symmetric (i.e., B= BT, C = CT), and I — A invertible.

Our paper is organized as follows. In the remaining part of this section we recall, for
the sake of later comparison, basic oscillatory properties of the Sturm-Liouville equation
(1.5). Section 2 contains the so-called Roundabout theorem for (1.1) which forms the
basis for the investigation of oscillatory properties of these systems. We also mention
some results concerning transformations of (1.1). Section 3 is devoted to the illustration
of the methods of oscillation theory of (1.1) and Section 4 contains a new result, the so-
called discrete hyperbolic Priifer transformation. We also formulate some open problems
associated with this type of transformation.

Now, we recall basic facts of the oscillation theory of (1.5) as can be found, for example,
in [1, 2, 11, 14]. We substitute u = rAx in (1.5). Then this equation can be written as a
2 x 2 Hamiltonian system (1.7)

1
0 —
A (xk> = e (’“”‘) (1.8)
and expanding the forward differences as a 2 x 2 symplectic system
1 1
X+l _ Tk Xk 1
(uk+1> _& 1— & (Uk) ( .9)
Tk Tk

We say that an interval (m,m + 1] contains a focal point (an alternative terminology is
generalized zero, see [13]) of a solution x of (1.5) if x,;, # 0 and 7XmXm+1 < 0. Equation
(1.5) is said to be disconjugate in the discrete interval [0, N] if the solution X given by the
initial condition Xy = 0, X; = 1/r¢ has no focal point in (0,N + 1]. This equation is said to
be nonoscillatory if there exists n € N such that (1.5) is disconjugate on [n,m] for every
m > n, and it is said to be oscillatory in the opposite case.

The next statement, usually referred to as the Roundabout theorem, shows that the
discrete quadratic functional and the discrete Riccati equation play the same role in the
oscillation theory of (1.5) as their continuous counterparts in the oscillation theory of
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the Sturm-Liouville differential equation
(r(t)x'),+p(t)x=0. (1.10)

ProrositioN 1.1. The following statements are equivalent:
(i) equation (1.5) is disconjugate on the interval [0,N],
(ii) there exists a solution x of (1.5) having no focal point in [0,N + 1],
(iii) there exists a solution w of the Riccati equation (related to (1.5) by the substitution
w=rAx/x)

2

Wi
Awg + pr + =0 1.11
Wk + pr - (L.11)

which is defined for k € [0,N + 1] and satisfies ri + wi > 0 for k € [0,N],
(iv) the quadratic functional

M=

{rk(Ayk)z—pkyiﬂ} >0 (1.12)

k=0

for every nontrivial y = { yi}X* ) with yo = 0 = yny1.
Note that the previous proposition actually shows that the Sturmian separation and
comparison theory extend verbatim to (1.5), using the same argument as in the case of
the differential equation (1.10).

2. Oscillation theory of SDSs

First, we turn our attention to Hamiltonian difference systems (1.7). Oscillation theory of
these systems attracted considerable attention in late eighties and early nineties of the last
century (see [8, 12] and the references given therein). Note that in both of these papers,
it is assumed that the matrix B is positive definite and hence nonsingular. However, such
Hamiltonian systems do not cover several important equations, for example, (1.6), in
which case the matrix B = diag{0,...,0,1/ 7} in the Hamiltonian system corresponding
to this equation. This difficulty was removed in the pioneering paper of Bohner [3], where
the concept of the focal point of a matrix solution of (1.7) with B possibly singular was
introduced. Later, this concept was extended to system (1.1) in [5] and reads as follows.
We say that a conjoined basis Z = () of (1.1) (i.e., a 21 X n matrix solution such that
XTU is symmetric and rank (5) = n) has a focal point in an interval (m,m+ 1], m € Z,
if Ker X,,41 & KerX,, or “ < ” holds, but P, := XmX,LH%m # 0, here Ker, T, and > mean
the kernel, the generalized inverse, and nonnegative definiteness of a symmetric matrix,
respectively. Note that if the inclusion “ € ” holds, then the matrix P,, is really symmetric
(see [5]). System (1.1) is said to be disconjugate on [0,N] if the solution Z = (¥) given
by the initial condition Xy = 0, Uy = I has no focal point in (0,N + 1]. Oscillation and
nonoscillation of (1.1) are defined via disconjugacy in the same way as for (1.5).

The following statement shows that, similar to the scalar case, certain discrete qua-
dratic functional and Riccati-type difference equation play a crucial role in the oscillation
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theory of (1.1). This statement is proved in [5] and we present it here in a slightly modi-
fied form.

ProrosiTiON 2.1. The following statements are equivalent:

(1) system (1.1) is disconjugate in the interval [0,N],
(ii) there exists a conjoined basis Z = () without any focal point in [0,N + 1] and with
X nonsingular in this interval,
(iii) there exists a symmetric solution Q of the Riccati matrix difference equation

Qurr = (€r +DrQy) (i + BrQi) ™ (2.1)
which is defined for k € [0,N + 1] and the matrix Py := %,{(@k — Qi1 By) is non

negative definite for k € [0,N],
(iv) let K = ((I) 8) The quadratic functional corresponding to (1.1)

N
F(2) = > 2 {FTH - K]z
o (2.2)
= Z {x{cﬁ,{&ikxk + ZxZ(@g%kuk + ”Z@Z%kuk}
k=0

is positive for every z = {zk}kN:Ol satisfying Kz = KFxzi, Hzo = 0 = Hzn, and

Hz #0, that is, if we write z = (3), then F(x,u) > 0 for every x,u satisfying x| =
Hixie + Brug, xo =0 = xn4+1, X £ 0.

It is not difficult to verify that if (1.1) is the rewritten equation (1.5), thatis, sl = 1,8 =
1/r, € = —p, and & = 1 — p/r, then the objects appearing in the previous proposition
reduce to their scalar counterparts mentioned in Proposition 1.1.

We finish this section with a short description of the transformation theory of (1.1).
Let Ry be symplectic matrices and consider the transformation of (1.1)

zZk = RiZx. (2.3)
This transformation transforms (1.1) into the system
Zrr1 = Przks Fr = R L PPy (2.4)

which is again a symplectic system as can be verified by a direct computation. The case
when R is of the form

C(He 0

is of particular importance in oscillation theory of (1.1). In this case, transformation
(2.3) preserves the oscillatory nature of transformed systems (see [5]) and if we write
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&= (%%),thenwehave

.ﬁk = Hk_+11 (Sﬁka +%ka), 973k = HEJI%ng_l,
(ék = HkT+1 (6xHy + D Gy) — GZH (ArHy + Br G ), (2.6)
gbk = HkT+1gkak o GIZ+1%1<HI;F_1'

Consequently, transformation (2.3), with R of the form (2.5), is a useful tool in the oscil-
lation theory of (1.1); this system is transformed into an “easier” system and the results
obtained for this “easier” system are then transformed back to the original system. For
some oscillation results obtained in this way, we refer to [6, 9].

3. Oscillation theory of SDSs

In addition to the transformation method mentioned in Section 2, the Roundabout the-
orem (Proposition 2.1) suggests two other methods of the oscillation theory of these sys-
tems. The first one, the so-called Riccati technique, consists in the equivalence (i) < (iii).
The oscillation results for (1.7) with B positive definite, mentioned at the beginning of
Section 2, were proved just using this method. However, as we have already mentioned,
this method does not extend directly to a Hamiltonian system with B singular or to gen-
eral SDSs. It is an open problem (which is the subject of the present investigation) how
to modify this method in order to be applicable also in the more general situation.

The second principal method of the oscillation theory of (1.1), the so-called varia-
tional principle, is based on the equivalence of disconjugacy and positivity of quadratic
functional (2.2), which is the equivalence (i) ¢ (iv) in Proposition 2.1. Unlike the Riccati
technique, this method extends to general SDSs almost without problems and the illus-
tration of this extension is the main part of this section.

The discrete version of the classical Leighton-Wintner criterion for the Sturm-Liouville
differential equation (1.10) states that the Sturm-Liouville difference equation (1.5) with
rr > 0 is oscillatory provided

(o] 1 00
2;=oo, > pi = 0. (3.1)

In this criterion, equation (1.5) is essentially viewed as a perturbation of the one-term
(nonoscillatory) equation

A(rAxy) = 0. (3.2)

According to the equivalence of oscillation of (1.5) and the existence of a sequence (with
zero boundary values) for which the associated quadratic functional (1.12) is nonposi-
tive, for the oscillation of the “perturbed” equation (1.5), the sequence px must be, in
a certain sense, sufficiently positive. The second condition in (3.1) is just a quantitative
characterization of the “sufficient positivity” of py.
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Now, we show how this criterion extends to (1.1). Let 6, be a sequence of symmetric
nonpositive definite # X n matrices and consider the system

- - 0 0
Zk+1 = (yk +Efk)Zk, yk = ((‘ék&q«k Cék%k) > (33)

as a perturbation of (1.1). The quadratic functional corresponding to (3.3) has the same
class of admissible pairs x, u, as the functional corresponding to (1.1), and takes the form

M=

@k(x,u) = {ka (6x +‘€k&ﬁk)T&ﬁkxk + 2ka (6x +%kﬂk)T%kuk

T
o

+ul (Dr +%k%k)z%kuk} (3.4)

M=

N
{ka(@,f&ﬁkxk + ZxE(@z%kuk + u[gb,{%kuk} + Z kaH(@kka.
k k=0

Il
(=]

In our extension of the Leighton-Wintner-type criterion to (1.1), we will need two
additional concepts of the oscillation theory of these systems. System (1.1) is said to be
eventually controllable if there exists N € N such that the trivial solution z = (}) = (J) is

the only solution for which x; = 0 for k > N. A conjoined basis Z = (g) is said to be the
recessive solution of (1.1) at o if there exists N € N such that X is nonsingular for k > N

and
k -1
lim ( > Xﬁll%j)zfl) = 0. (3.5)
j=N

Note that the principal solution at oo exists and it is unique (up to the right multiplica-
tion by a nonsingular constant matrix) whenever (1.1) is nonoscillatory and eventually
controllable (see [5]).

THEOREM 3.1. Suppose that (1.1) is nonoscillatory, eventually controllable and let Z = (g)
be the principal solution at oo of this system. If there exists a vector v € R" such that

ZVTX](];I%]{X](HV = —00, (3.6)

then (3.3) is oscillatory.

We skip the proof of this statement which is based on a rather complicated construc-
tion of an admissible pair x, u for which %(x,u) < 0 (for details, see [4]). We concen-
trate our attention on showing that the previous theorem is really an extension of the
Leighton-Wintner criterion (3.1). Equation (3.2) can be written as the 2 X 2 symplectic

system
1 _
<x> - Tk <x> (3.7)
Ui 0o 1/ \Wk
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which plays the role of system (1.1). The perturbation quantity is € = —p, that is, ¥ =
(,Op ,2/,), and hence the symplectic system (1.9) (which is the rewritten equation (1.5))
plays the role of (3.3). Now, the first condition in (3.1) is

o0 1 k 1 -1
S1owepm(3h) -0 (33)

k—oo

which means that % = 1 is the principal solution at co of (3.2). Since € = — p, clearly (3.6)
withv=1,n=1,and X =x=11is equivalent to the second condition in (3.1). Hence,
the Leighton-Wintner oscillation criterion (3.1) is really a consequence of Theorem 3.1.

4. Hyperbolic Priifer transformation

The classical Priifer transformation (established by Priifer in [15]) is a useful tool in the
qualitative theory of the second-order Sturm-Liouville differential equation

(r(Hx) + p(t)x =0, (4.1)

where r and p are continuous functions with r(¢) > 0. By this transformation, any non
trivial solution x of (4.1) and its quasiderivative rx’ can be expressed in the form

x(t) = p(t)sing(t), r(t)x’(t) = p(t) cos (1), (4.2)

where p and ¢ satisfy the first-order system

’

, . 1 . 1
¢ = p(t)sin’ g+ mcos2 o, p=5 nggo(t)(m —p(t))p. (4.3)

Since 1926, when the original paper of Priifer appeared, the Priifer transformation has
been extended in various directions (see [7] and the references given therein). Here, we
present another extension: the so-called hyperbolic discrete Priifer transformation which
is based on the following idea. If the Sturm-Liouville equation (4.1) possesses a solution
x such that (r(#)x'(t))?> — x>(¢t) > 0 in some interval I C R, then the solution x and its
quasiderivative rx’ can be expressed via the hyperbolic sine and cosine functions in the
form

x(t) = p(¢)sinh(t), r(t)x'(t) = p(t) coshe(t) (4.4)

in this interval, where the functions p and ¢ satisfy a first-order system similar to (4.3).
The crucial role in our extension of this transformation is played by the so-called hyper-
bolic symplectic system, which is the SDS of the form

Xkr1 = Piexie + Ly, k1 = Qiexy + Pruig, (4.5)
that is, the n X n matrices % and 2 satisfy

pTp 979 =, pTy —9Top =, (4.6)
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Note that the terminology hyperbolic symplectic system is motivated by the fact that in the
scalar case n = 1, solutions of (4.5) are, in case P, > 0, of the form

k-1 k-1
xk—sinh<Zgoj), uk—cosh(Zq)j), (4.7)

where ¢y is a sequence given by cosh ¢ = Py, sinh ¢, = 9. For basic properties of solu-
tions of hyperbolic symplectic systems, we refer to [10].

THEOREM 4.1. Suppose that (1.1) possesses a conjoined basis (%) such that U} Uy — X Xy is
positive definite for k in some discrete interval [m,n], m,n € N. Then there exist nonsingular
n X n matrices Hy and n X n matrices Py, i satisfying (4.6), k € [m,n], such that

Xe =StHy, U =ClH, (4.8)

where (2) is a conjoined basis of (4.5) satisfying CTC — STS =T (or, equivalently, CCT —
SST =1, SCT = CST). The matrices P and O are given by the formulas

Py = H](T+_11{(C€ka +QZ§kUk)TUk — (ﬂka + B Uk)TXk}Hk_l, (49)
9 = H[+]1{(ﬂkxk+%kUk)TUk — (6 Xk +£’DkUk)TXk}H];1. '

Proof. Let H be any matrix satisfying H'H = UTU — XTX, that is, H = GD, where D is
the (unique) symmetric positive definite matrix satisfying D> = UTU — XTX and G is any
orthogonal matrix. Denote % = (U +X)H ™!, % = (U — X)H'. Then the fact that (¥) is
a conjoined basis implies that

gzkﬂ = (Uk+1 +Xk+1)H];+11
=% Hi (Uk +Xk)7l(UkT —XkT)il(UkT = X) (Ut + Xier1)H

— BT (U] = XT) (Ui + X H, 1o
=% (Pl +]).
By the same computation, we get
Fpr = F(PT - 90). (4.11)
Set
Se=3 ([ -F),  Co= (] +3D). (4.12)
Then we have
Sks1 = %(951{“ %) = %[(@k +90) %) — (P — Qk)ﬁi] = PiSk + 2 Cy, )
Cir = 3 (F[ +FL) = 5[ Pu+90F] + (Pe - 203 | = usi+ PiCe.
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Further,
1 ~ ~ 1 - -
CkaT — SkS{ = Z (%,{ +QZ{) (Eik +g£k) - Z (gz —%Z) (ﬁik — sz)
= %(%,{S‘fk+§£,{%k)
1 (4.14)
= SHU(UF = X0) (Ue+ X0 + (UF +X) (Ui - i) [ H!
1

= EHkT—l QU Uk —2X{ X H ' =1,
and similarly C¢S{ — SkCJ = 0. The last two identities imply that the matrix (§ ) is
symplectic. Hence, its transpose has the same property, which means that (2) is a con-
joined basis and CTC — STS = I holds. Finally, from the hyperbolic system (4.5) and the
identities for its solution (&), we have

Pr = CinCf —=SknaSE, 2% = Sk G — CenSf, (4.15)

and by a direct computation, we get PPT — 29T = [ and PAT = 9PT, which, by the
same argument as above, implies that also TP — 279 = [ and P79 — 9T% = 0. This
completes the proof. O

Remark 4.2. Hyperbolic Priifer transformation suggests an open problem in the trans-
formation theory of (1.1), which can be explained as follows. In the hyperbolic Priifer
transformation, a conjoined basis () is expressed in the form (4.8), where (3) is a con-
joined basis of the hyperbolic system (4.5). By the classical Priifer transformation for (1.1)
(established in [7]), a conjoined basis of (1.1) is expressed by (4.8), but (é) is a conjoined

basis of the trigonometric SDS
Skr1 = PiSk + 2y, Cri1 = =Sk + PrCr (4.16)

(similarly, as in the “hyperbolic” case, the terminology trigonometric system is justified
by the fact that in the scalar case n = 1, solutions of (4.16) can be expressed via classi-
cal trigonometric sine and cosine functions). Observe that hyperbolic and trigonometric
systems are SDSs whose matrices satisfy (in addition to (1.2))

I 0 I 0
EfT(O I)sz(o 1)’ (4.17)

respectively,

g7 (é _OI> g = (é _OI>. (4.18)

Now, let N be any 2# X 2n matrix and denote by Yy the subgroup of 2n X 2n symplectic
matrices satisfying

FTNS = N. (4.19)



40

Symplectic difference systems

The open problem is under what conditions on (1.1) any conjoined basis of this system

S

can be expressed in the form (4.8) where () is a conjoined basis of the SDS (1.1) whose
matrix ¥ € Gy.
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INTEGRAL REPRESENTATION OF THE SOLUTIONS
TO HEUN’S BICONFLUENT EQUATION

S. BELMEHDI AND J.-P. CHEHAB

Received 1 October 2002

First, we trace the genesis of the canonical form of Heun’s biconfluent equation. Second,
we present a method which allows us to find an integral expression as a solution to our
equation, and finally, using the properties of Meijer G-functions, we give an integral rep-
resentation of a fundamental system of solutions to the biconfluent equation.

1. Preliminaries

Heun’s differential equation and its confluent forms are used to build up new classes
of solvable potentials. The Schrodinger equation formed with those potentials can be
reduced to Heun’s biconfluent differential equation. We list some examples:

(i) radial Schrodinger equation for the harmonic oscillator [15];
(ii) radial Schrodinger equation for the doubly anharmonic oscillator [4, 5, 10];
(iii) radial Schrédinger equation of a three-dimensional anharmonic oscillator [7, 8,
10];
(iv) radial Schrodinger equation of a class of confinement potentials [10, 16].

For other kinds of potentials, see [11, 12].

Recently, a very interesting and valuable monography was dedicated to Heun’s equa-
tions [17]. Arscott [1] conjectures that solutions of Heun’s equations are not expressible
in terms of definite or contour integrals involving simpler functions. One should men-
tion the work of Sleeman who gave a solution in the form of factorial series, which leads
to Barnes-type contour integrals [18]. In the sequel, we will see that it is possible to give
integral representations in terms of Mellin’s kernel of solutions to biconfluent Heun’s
equation.

We start with the canonical form of a second-order differential equation with p (p = 2)
elementary singular points (p — 1 finite singularities and the c0):

y,,+P§ 2/p ‘4 zi’;fAka*k

-1
rm1 X7 ar Hle (x—ay)

y=0. (1.1)
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42 Heun’s biconfluent equation—integral representation

Many differential equations which occur in a large variety of problems arising from pure
or applied mathematics or mathematical physics, often after appropriate algebraic or
transcendental changes of variable, can be derived by the confluences of the singulari-
ties from (1.1). The classes of these equations are characterized by the Klein-B&cher-Ince
symbol (¢,q,71,72,...,7s) with

p=2C0+2q+ > (k+2)r, (1.2)
k=1

where ¢ is the number of elementary singular points, g is the number of nonelementary
regular singular points, and rx is the number of irregular singular points of kind k. For
the terminology, see [9].

If we set p = 8 by means of confluence process and after parametric reduction, we
mention hereby some remarkable equations.

(1) Heun’s equation (0,4,0). The confluence of ay,as — 0, as,as — a, as,a, — 1, and
a; — o leads to

B

1% g 8’1(x_/1)
4 (x)+(x+x—1 xX—a

x(x—1)(x—a)

)y’(x) + y(x) =0, (1.3)
where a, 3, , 8, A, and a are six independent parameters and y = a+f+y -5 — 1.

(2) Confluent Heun’s equation (0,2, 1,). The confluence of a;,as,as — o, as,a3 — 1,
and a,,a; — 0 leads to

., p+1 y+1) ,
y'(x) + <a+—x +x7—1 y'(x)
0+ (1/2)(a+y+2)|x+n+p/2+(1/2)(y —a)(f+1)
x(x—1)

(1.4)
L

J’(x) =0,

with five independent parameters: a, 3, y, §, and 7.
(3) Biconfluent of Heun’s equation (0,1,14). The confluence of az,as,as,as,a3 — o
and a,,a; — 0 leads to

xy" (%) + (1+a—PBx—2x*)y (x)

15
+[(y—(x—Z)x—%(6+ﬂ+0¢[)’)]y(x)=0, (1.3)

with four independent parameters: «, f3, y, and §.
(4) Double confluent of Heun’s equation (0,0,2;). The confluence of a7,as,a5 — o
and ay,as,az,a; — 0 leads to

x*y" (x) + [1 +oc<x+ i)]xy’(x)

[(-5)2 54 e

with four independent parameters: «, f3, y, and §.

(1.6)
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(5) Triconfluent of Heun’s equation (0,0,1¢). The confluence of ay,as,as,as,as,a,
a; — o leads to

Y (x)+ (p+3x%) ¥ (x) + [a+ (B —3)x]y(x) =0, (1.7)
with three independent parameters: «, f3, and y.
2. The statement of the problem
Let &, be a three-term differential operator [2, 3, 9]

@, - @ +Py(6) + xR, (0), 2.1)

where P;(0), Py(6), and R;(8) are polynomials and 6 = x(d/dx).
We are looking for a solution to

Zilyl=0 (2.2)
as
y(x) = LK(x, Dz, (2.3)
where
K(x,t) = @ + Ko(xt) + xL (xt). (2.4)

The path of integration C and the function Z(t) will be defined in the sequel. We respec-
tively introduce an auxiliary kernel and a companion differential operator:

K (x,t) = tK; (xt) + Ko(xt) + @
R (2.5)
My = tPy(6) + Py(6) + RlTw)_

In this last equation 8 symbolizes the operator #(d/dt). We have the following assumption:
Lo K(x, )] = M [K(x,1)]. (2.6)
We denote by .il; and A(K, Z), respectively, the formal adjoint of J(; and the concomitant
(a bilinear functional of K, Z and their derivatives).
If

and A(K,2Z) ¢ = 0, then (2.3) is a solution to (2.2).
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Setting { = xt, (2.6) may be translated into the following system:
Pi(8 - D[K(O)] = CPi(8+ DK ()],

P1(0)[Ko(Q)] +Po(0 — D[Ki()] = {{P1(0)[Ko()] + Po(6+ DK ()]},
Pi(0+1)[L1({)] +Po(0)[Ko(O)] + R (8 — 1)[Ki({)]

= P16~ D[Li({)] +Po(0)[Ko(O)] + Ri (6 + 1) [Ki (D], (2
C{Po(0+ D[Li(D] + Ri(O[Ko(D)]} = Po(0 — D [Li(O)] + Ri(O)[Ko (D],
CRiUO+D[Li()] = Ri(6 - DL (D)].
According to the study in [2, 3], the previous system may be reduced to
Py()[Ko({)] = (Po(6+ D)[Ki(O)], (2.9)
Po(0)[Ko(§)] = Po(0)[Ko()], (2.10)
CRI(O)[Ko(O)] = P1(6 = D)[L1(O) ]. (2.11)

In the last system, we have three equations for four unknowns. To solve this system, we
have to choose two basic equations and an interdependency relation between the com-
ponents of the auxiliary kernel. Our choice will be guided by the kind of solution we are
looking for.

3. Heun’s biconfluent equation

The canonical form of an equation of class (0,1,14) reads (see [6, 14])

Xy () + (1+ a— B — 2x2) y/ (x) + {(y— a=2x- 218+ +a)/3]}y(x) —0. (3.1)

Using the operator 6 = x(d/dx), we get that

{19(9+(x <ﬁ9+—7[8+(1+o¢)/3]) +x(y—oc—2—26)7s>[y] —0. (32
X
We set

Pi(0) =0(0+a), (3.3)
Py(0) = —p(0 +a), (3.4)

where a = (1/2)(8/f+a+ 1), with § # 0, and
Ri(0) = —2(0+b), (3.5)

where b = (a — y+2)/2.
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According to the scheme described in Section 2, the companion operator reads
My =Py(0)=0+1+d, (3.6)

where d € C.
To solve the system defined by (2.9), (2.10), and (2.11), we will take the first two equa-
tions as basic equations; the interdependency relation is

K; = AK,, (3.7)
with A € C*. By elimination, we obtain
{Po(6 —1)P1(0) —A{Py(0+1)Py(0)} [Ko] = 0. (3.8)

Taking into account (3.3), (3.4), and (3.5), we have

{60(60+a)(0+d)+pA(0+2+d)(0+a)}[Ko] =0. (3.9)
If we take
1
A=—=, 3.10
B (3.10)
then Kj satisfies
{00+a)(0+d)—((0+2+d)(0+a)}[K] =0, (3.11)

which is nothing but a generalized hypergeometric differential equation whose solutions
may be expressed as

Ko(0) :ze(li—c;,‘i’f-oc (>, (3.12)
Ko@) =R (72T R, (3.13)
Ko(():C*"’ze<1_2’j;Z_d C). (3.14)

3.1. First integral representation. In this subsection, we will use the kernel given by
(3.12). First, we will compute the components of the auxiliary kernel. From (2.10), we
have

Ko(¢) = [Po(6)] ' [Po(6) [Ko(O)]]. (3.15)
If we take into account (3.4), (3.6), and (3.12), then (3.15) becomes

2+d,a

Ro(©) = g6 +1+d) [0+alF( | 75

(). (3.16)
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Using the properties of the operator 0, we get that

Ko(0) = ﬂ{ ! F1<1+a C)+(711F1( ¢ ‘()}: (3.17)

1+dl1+a" 24« l1+a

with R(1+d) > 0.
According to (3.5), (3.6), and (3.12), L; satisfies the following differential equation:

Li(Q) = —20(B+1+d)"! [(6+b) [ze(l i;‘if_“‘(m (3.18)

The solution to the previous equation is

202 { a <1+a

C1+dl1+a 1+

Li(0) =

Oeue b (10} (3.19)

1+«

with R(1+d) >0.
Thus, the auxiliary kernel reads

Rxt) = 1 {axtz [1_2x+/3]1F1(1+ax

1+d 1+« t 2+«
(3.20)
2bx+af a
+t|:ll——:|1F1( ‘Xt)},
t 1+«
with R(1+d) >0.
Using (3.6), the solution to (2.7) takes the form
Z(t) =t (3.21)
The concomitant associated with (2.6) is given by
AK,Z) = tZ(H)K (x,1). (3.22)
The conjunction of (3.20), (3.21), and (3.22) leads to
. 1 (axt>*d 2x+f l+a
AK,Z) = 1+d{ 1+a [1_ t ]1F1(2+¢x xt)
" (3.23)
+t2+d[a— x+aﬁ:|1F1( a xt)},
t 1+«

with R(1+d) >0.

Now it is time to seek for a path of integration along which the concomitant will van-
ish. With this end in view, we need asymptotic expansion of generalized hypergeometric
function which is obtainable via G-functions.
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ProrosITION 3.1 [13]. Recall that

1F (2 u) = %Gté(—u

1-A )
0,1-B)’
where Gy is a Meijer G-function.
Ifa1 €N, a, € C, and §, — /2 < Arg(u) < 1/2+ 83, 61,8, >0, then

N-1
i3~ ") = St rowM ), Jul — e,
’ k=0
with
M, = F(1+b1—a1) (1+b1—a1,k)(l+b2—a1,k)
kT F(al—bz) k! ’
I(y+k)
k) =
(y,k) )

(3.24)

(3.25)

(3.26)

CoroLLARY 3.2. IfA ¢ {1 —n, ne N}, and & — /2 < Arg(u) < n1/2+ 65, 81,6, >0, then

N-1
u) = uA{ > Mkuk+O(uN)}, |u| — oo,

k=0

A
1F (B

where My = (I'(B)/T(A)) M.

Finally, we have

ARz < {ax“ (1 - M)

N-1
_ i _
o . [k=0M1,k(Xt) +0((xt) N)}
_ 2bx+a,8 N Kk _N
+x “(a— . )[ 2k (xt)F + O ((xt) )}}’
k=0
with
(i)
W e = I'2+a) (l1+a,k)(a—ak)
KT T(1+a—a) k! ’
- I'(l+a) (a,k)(a—ak)
Mok =t0ra—a) Kk

(i1) aé {1 —n, ne N}and R(1+d) >0,
(iil) 61+ 7/2 < Arg(xt) <371/2+ 6, 61,0, > 0.

In accordance with what we have already seen, we have the following theorem.

(3.27)

(3.28)

(3.29)
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THEOREM 3.3. Ifaé {1—n, n€ N}, R(a—a) >R(1+d) >0, 6 +71/2 < Arg(xt) <
31/2+ 685, 81,0, > 0, and C is the path of integration running from co along the direction
Arg(t), surrounding the origin and going back to o following the same direction, then

()_J' F( 2+d,a
Y= s d 1+ a

is a solution of Heun’s biconfluent equation.

xt) tdt (3.30)

3.2. The second integral representation. Now we will work with the kernel given by
(3.13), that is,

2—a+d,a—«
l-a+d,1 -«

Ko(¢) = C_“2F2<

(). (3.31)

Using the same technique as above, we get that

> o1 (a—oc)xl’“tz’“(l—Zx 1) <1+a—oc )
K(x,t)—l_(x+d{ = ; [ L U xt
(3.32)
+x—zxt1—a(a—oc—2(b—oc)x_ a—(x)lF1<a—oc xt)},
t B l-a
with R(a — a+d) >0, and the concomitant takes the following expression:
% ximeprerd (g 1-2x 1 l+a—-«o
AR,Z) == —— {1—04( t _B)l 1( o xt)
(3.33)
_I_l(a—oc—Zx(b—oc)_a—oc)lFl(a—axt)}‘
xt t B 1—

Using the machinery of G-functions, we have the following proposition.

ProrosiTioN 3.4. Ifa—a & {1 —n, ne N}, R(a) <R(1+d)<R(a—-1), 6 +7n/2 <
Arg(xt) < 31/2+ 6, 81,82 >0, and C is the path of integration running from co along the
direction Arg(t), surrounding the origin and going back to oo following the same direction,
then

A(K,Z)|c=0. (3.34)

Under the hypothesis of the previous proposition, we get the following theorem.

THEOREM 3.5. Provided that the hypotheses of Proposition 3.4 are satisfied, then

a 2—a+d,a—« d
y(x) = L(xt) 2F2<1 —atdl _a'xt)t dt (3.35)

is a solution of Heun’s biconfluent equation.
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The conjunction of Theorems 3.3 and 3.5 gives a fundamental system of solutions to
Heun’s biconfluent equation.

Remarks. A similar study shows that

(i) the kernel Ky(¢) = (*%4,F, ( l_é’j;z_d ‘ () does not lead to a solution;
(ii) the interdependency relations

Kl = yil, K() = ‘l/lil (336)
do not allow to produce a solution to the biconfluent equation.

4.Casefs =0

The Heun’s biconfluent equation reads

xy" () 4+ (14 &= 2x7) ' (x) + {(y—a—2)x— g}y(x) -0 (4.1)
or
ex Gx 1) 2 —
{¥_5_2x(eﬁy)}w)]zo_ )

This situation gives rise to two subcases

4.1. Case § = 0. Heun’s biconfluent equation becomes a simple hypergeometric equa-
tion, that is,

xy" () + (1+a—2x%)y"(x)+(y —a—2)xy(x) =0, (4.3)
which has
2+a—vy
4 2
yl(x) =1F X1,
144
2 (4.4)
2—a-—y '
o 4 2
y2(x) =x"%F e
=3

as a fundamental system of solutions that admits an integral representation of Mellin’s
type (see [2]).

4.2. Case § # 0. In this case, (3.8) becomes

{94(9(+o¢)(9¢+d)+);—6((9g+2+d)}[K0(()] 0, (4.5)
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Choosing A = —2/4, the previous equation takes the following form:

{6 (6 + ) (B¢ +d) = {(6; +2+d) } [Ko(0)] = 0. (4.6)
Hence
K@ =00, 50 L) (47)
K@ =can(, 25 ), (18)
Ko@) = 0By e al®): (49)

Proceeding as in Section 3, we get the following proposition.

ProrosiTioN 4.1. The pairs of auxiliary kernel and the concomitant associated with (2.6)
are given by

(4.10)
2 (r2-§ x
AK,2) 1+d{[T_2+“ V?]OFI( o)
2x
1+a°F1<2+oc‘xt>}’
_oxe 8+2x(2 0+2x(2-a—y)
K(x’t)_l—oﬁd{[l ]OFI(I—oc )
2
R (a4}
l1—«a
(4.11)
)/

5 —ag2+d—a +2x(2 -
A(K,Z):x t {[ 0+2x(2—a—

T+d—a ]
12x2 °F1< ' )}

Remark 4.2. The kernel given by (4.9) does not lead to an integral representation of a
solution.

0F1(

THEOREM 4.3. If 0 < R(ar) < R1+d < (1/4)R(2a—3), y < Arg(xt) <2m —p, u >0, and
C is the path of integration running from oo along the direction Arg(t), surrounding the
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origin and going back to oo following the same direction, then

3 2+d J
yi(x) = JCIF2<1+d,1+a'xt>t dt,

2—a+d

(4.12)
— —a d
yi(x) = Jc(xt) 1Fz(1 Catdl _“'xt)t dt,

is a fundamental system of solutions to the Heun’s biconfluent equation (4.1).
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ON THE EXTERIOR MAGNETIC FIELD AND SILENT
SOURCES IN MAGNETOENCEPHALOGRAPHY

GEORGE DASSIOS AND FOTINI KARIOTOU

Received 27 September 2002

Two main results are included in this paper. The first one deals with the leading asymp-
totic term of the magnetic field outside any conductive medium. In accord with physical
reality, it is proved mathematically that the leading approximation is a quadrupole term
which means that the conductive brain tissue weakens the intensity of the magnetic field
outside the head. The second one concerns the orientation of the silent sources when
the geometry of the brain model is not a sphere but an ellipsoid which provides the best
possible mathematical approximation of the human brain. It is shown that what char-
acterizes a dipole source as “silent” is not the collinearity of the dipole moment with its
position vector, but the fact that the dipole moment lives in the Gaussian image space at
the point where the position vector meets the surface of the ellipsoid. The appropriate
representation for the spheroidal case is also included.

1. The magnetic field

The mathematical theory of magnetoencephalography (MEG) is governed by the equa-
tions of quasistatic theory of electromagnetism [11, 14, 15, 19, 20]. If we denote by V~
the region occupied by the conductive brain tissue, with conductivity ¢ > 0 and magnetic
permeability yo > 0, then, as Geselowitz has shown [3, 9, 10], the magnetic field in the
exterior of V'~ region, V*, due to the internal electric dipole current

JP(r) =Q8(r—ry), 1€V, (1.1)
assumes the representation
B(r) = ﬂer_ir%—Mf (KA X o ds(r), (1.2)
477 |r—r0| 4 Jov- lr—1'|

where r € V* and Q stands for the electric dipole moment.
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The scalar field 4~ in the integrand of (1.2), over the boundary 0V~ of V-, describes
the interior electric potential and solves the interior Neumann problem

oAu (r)=V-JP(r), reV-, (1.3a)
iLf(l') =0, reodV-, (1.3b)
on

where J? is given by (1.1) and the boundary 0V~ is assumed to be smooth.
Note that the solution of the boundary value problem (1.3) is unique up to an additive
constant. Hence, the general solution of (1.3) has the form

u (r)=c+u(r), reVv-, (1.4)

where 1~ satisfies (1.3).

What we are going to show in the sequel is that, no matter what the shape of the
smooth bounded boundary 0V~ is, the leading term of the multipole expansion of (1.2)
is not a dipole but a quadrupole term. Observe that an expansion of the source term, in
(1.2) in terms of inverse powers of r, offers the leading dipole term

— X"
Hogy T roazﬂQ 1'+O<i>, r— o, (1.5)
4 |1-_r0| 4 r2 7'3

where r = rf.
Similarly, the surface integral in (1.2) provides the expansion

- MJ W x T i)
4 Jov- [r—r'|3
o t 1 (1.6)
= —MLJ u (r')ds(r')x =+0 <—> , T — 00,
4 Jov- r? r3
We will show that
Q= GI u” (r)Ads(r). (1.7)
V-
To this end we consider the Biot-Savart law
B(r) = @J J) x 25 _dur), re v, (1.8)
41 Jy- lr—r'|3
where the total current J is written as
J(@&') =JP(r') + 0B~ (r') = QO (r —19) —oVru (1) (1.9)
and
E-=-Vu (1.10)

is the interior electric field. The quasistatic form of the Ampere-Maxwell equation

V X B = yoJ (1.11)
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implies that the total current is a solenoidal field, that is,
vV-J=0. (1.12)
Then condition (1.12) is used to prove the dyadic identity
V-Jer)=(V-Nr+]J-Ver=]J, (1.13)
in view of which

_& / _ 1 ’
B(r)—4ﬂ Vﬁ](l‘)X< Vr|r_r,|)dv(r)

_ Mo J(r') ,

_4ﬂvaJV* |1‘_r,lalv(r)

v waue+o(5)]

v 1] ves 0 erdue +o( )] o
S
_ _i‘_;riz > .LV’ A -Jr')er'ds(r') +O(rl3).

The fact that ry € V-, the expression (1.9) for the current J, and the boundary condition
(1.3b) on 9V~ imply that

A -Jr')=0, reodv-. (1.15)

Consequently, (1.14) concludes that

B(r):O(%), r — oo, (1.16)
In other words, the leading term of B in the exterior of V™ is a quadrupole for any smooth
boundary 0V ~. This result is compatible with physical reality.

Note that in the absence of conductive material, surrounding the source dipole current
at ro, the expansion of B starts with a dipole term, that is , a term of order 2. But, in the
presence of conductive material, the corresponding expansion starts with a quadrupole
term, that is, a term of order r=3. Hence, the conductive material partially “hides” the
dipole.

As far as MEG measurements are concerned, this means that the conductive brain
tissue weakens the intensity of the magnetic field exterior to the head.

This result is in accord with what is known for the special cases, where 0V~ is a sphere
[12, 17], a spheroid [1, 4, 5, 6, 7, 13], or an ellipsoid [2].
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2. Silent sources

For the case of a sphere [17], where a complete expression for the magnetic field outside
the sphere is known in the form

_ _[i—r@V]F(r)
B(l‘)—4ﬂ(Q><1‘o) T R@) (2.1)
with
F(r)=r|r—r0|2+r-(r—r0)|r—r0|, (2.2)

it is obvious that if Q is collinear to ry, then B vanishes. This is then characterized as a
silent source since it represents a nontrivial activity of the brain that is not detectable in
the exterior to the head space.

Unfortunately, the complete expression for B, when 0V~ is an ellipsoid, is not known
and it seems far from being possible with the present knowledge of ellipsoidal harmonics.
On the other hand, since the human brain is actually shaped in the form of an ellipsoid,
with average semiaxes 6, 6.5, and 9 cm [18], even the leading analytic approximation [2]
is of value.

In fact, the quadrupole term of B for a sphere, a prolate spheroid, and an ellipsoid can
be written as

L3 Bo o &

Bi(r) = }1}21’ B(r) = %d - G(r), (2.3)
where d is a vector which involves the location, the intensity, and the orientation of the
source and G is a dyadic which is solely dependent on the geometry of the conductive
medium. Hence, d represents the source and G represents the geometry.

In particular, if 9V~ is a sphere of radius «, then

d=d;=Qxryo, (2.4)
1 o
Gy (r) = —3( -3t®1f). (2.5)
If 0V~ is the prolate spheroid
2 2., .2
ML0TH g <, (2.6)
ay o
then
d:de:(()XI‘O)')A(l®)A(1+2(2'§X1‘0'(.I'—A )Ail) (27)
with
~ o s
§=—1— ekt s Lo (I-%0%), 2.8
My ( frok) (2.8)

and Gy is some complicated dyadic function given in [13].
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Finally, if 0V~ is the triaxial ellipsoid

x—§+x—%+x—§=l, a3 < o <o, (2.9)
1 0y 03
then
d=dg=2(Q-Mxry) -N (2.10)
with

M= (X%)A(l ®)A(1 +(X%)A(2 ®)A(2 +0(§)A(3 ®)A(3,
0% X0X; (2-11)
o af+ad al+ad’

where again G is given in terms of elliptic integrals and complicated expressions which
can be found in [2].
Note that the dyadic M specifies the ellipsoid in the sense that the equation

r-M!-r=1 (2.12)

coincides with the ellipsoid (2.9), while the dyadic N characterizes the principal moments
of inertia of the ellipsoid since

N- %ifl, (2.13)

where L is the inertia dyadic of the ellipsoid (2.9) and m is its total mass.

Obviously, the ellipsoid is considered to be homogeneous, in which case its inertia
dyadic reflects its geometrical characteristics.

It is worth noticing that the dyadic S divides the space into the 1D axis of revolution
represented by X; ® %; and its 2D orthogonal complement represented by

I-%0% =%0X +%X;9X%;, (2.14)
where all directions are equivalent (2D isotropy).
In the limit, as «; — a« and o, — «,

1
2 (2.15)
T

Similarly, the complete geometrical anisotropy, carried by the ellipsoid, is expressed via
the dyadics M and N, which dictate the characteristics of each principal direction in space.
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In the limit, as &y — &, &z — a, and a3 — a, the following limits are obtained

M—al, N— -1
20 (2.16)
del - Q Xy = dsr)

so that the spherical behavior is recovered.

Obviously, the vector dyg for the spheroid and the vector dg for the ellipsoid incor-
porate the modifications of the cross product (2.4) that are imposed by the particular
geometry.

If the quadrupole contribution B4 is known, then

d="Bir). G \(r), (2.17)
Ho

where G is also known if the geometry is given.

This means that, if the spherical model is considered, then Q and ry belong to the
plane, through the origin, which is perpendicular to dq.

For the case of the ellipsoid,

dy-N'=2Q -Mxry, (2.18)

which means that the modified dg vector, that is, the vector dj - N~ defines a perpen-
dicular plane on which both the modified moment Q - M and the position vector ry lie.

The intermediate case of the spheroid shows that if dyg is known, then we can extract
information about the x;-component of Q X ry and the projection of 2Q - § X 1y on the
orthogonal complement of ;.

This geometric analysis of the d’s identifies the orientation of the silent sources.

For the simplest case of the sphere, a silent source is a dipole with a radial moment
[17]. For the general case of the ellipsoid a silent source is a dipole with a modified mo-
ment Q - M parallel to ry. Then, since M~! represents the Gaussian map [16], which takes
a position vector on the surface of the ellipsoid to a vector in the normal to the surface
direction at that point, it follows that Q will be silent if it is parallel to the normal of the
ellipsoid in the direction of ry.

This silent direction for Q becomes parallel to ry for the case of a sphere, but it is now
clear that it is the normal to the surface direction, and not the collinearity with ro, that
characterizes a dipole as silent.

Finally, we consider the spheroidal case. From (2.7), it follows that the vanishing of dsg
comes from the simultaneous solvability of the system

(Qxr) - % =0, (2.19)
(Q-Sxr) - %, =0, (2.20)
(Q-Sxr) - %3 =0. (2.21)

Condition (2.19) holds whenever the projections of Q and r; on the x,x3-plane are paral-
lel, while (2.20) and (2.21) hold whenever the projections of Q - S and ry on the x;x; and
on the x;x; planes are also parallel.
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From (2.20) and (2.21), we obtain

G Q_ xo Qi _ xor (2.22)
2 - > 2 - > .
Q2 xp a; Qs Xo3
where Q = (Q1,Q2,Qs3) and 1y = (Xo1,X02,%03)-
Taking the ratio of (2.22), we obtain

QX2
- =—, (2.23)
Qs Xxo3

which is exactly what comes out of (2.19). Interpreting everything in geometrical lan-
guage, we see that the vectors Q and ry should be coplanar and they should lie on the
meridian plane specified by ry. Then Q should point in the direction of the normal to the
ellipse on this meridian plane in the direction of ry. We see, once more, that Q should be
normal to the surface of the spheroid in the direction of ro. The only difference with the
ellipsoid is that, as a consequence of the rotational symmetry, both Q and ry always lie on
a meridian plane.

As a final conclusion we remark that modeling the human brain, which is a genuine
triaxial ellipsoid, by a sphere, the MEG measurements are misinterpreted, since detectable
sources are considered as silent while at the same time information is lost from detectable
sources that we think they are silent.

For a complete characterization of silent electromagnetic activity within the brain,
which concerns not only a single dipole but any current distribution inside a spherical
conductor, we refer to the work of Fokas, et al. [8].

Acknowledgments

The authors want to express their appreciation to Professor Athanassios Fokas for fruitful
discussion during the preparation of the present work.

References

[1] B.N. Cuffin and D. Cohen, Magnetic fields of a dipole in special volume conductor shapes, IEEE
Trans. Biomedical Eng. 24 (1977), no. 4, 372-381.

[2] G. Dassios and F. Kariotou, Magnetoencephalography in ellipsoidal geometry, J. Math. Phys. 44
(2003), no. 1, 220-241.

, On the Geselowitz formula in biomagnetics, Quart. Appl. Math. 61 (2003), no. 2, 387—

400.

[4] J. C. de Munck, The potential distribution in a layered anisotropic spheroidal volume conductor,
J. Appl. Phys. 64 (1988), no. 2, 464-470.

[5] T.Fieseler, A. Ioannides, M. Liu, and H. Nowak, Model studies of the accuracy of the conducting
sphere model in MEG using the spheroid, Biomagnetism: Fundamental Research and Clinical
Applications (Proceedings of the 9th International Conference on Biomagnetism, Vienna,
1993) (C. Baumgartner, L. Deecke, G. Stroink, and S. J. Williamson, eds.), Studies in Ap-
plied Electromagnetics and Mechanics, vol. 7, IOS Press, Amsterdam, 1995, pp. 445-449.

, A numerically stable approximation for the magnetic field of the conducting spheroid

close to the symmetry axis, Biomag 96: Proceedings of the 10th International Conference

Biomagnetism (Santa Fe, 1996), Springer-Verlag, New york, 2000, pp. 209-212.




60

(19]

[20]

Exterior field and silent sources in MEG

T. Fieseler, A. Ioannides, and H. Nowak, Influence of the global volume conductor curvature on
point and distributed inverse solutions studied with the spheroid model., Models for Biomag-
netic Inverse/Forward Problem (11th International Conference on Biomagnetism, Sendai,
1998) (T. Yoshimoto et al., eds.), Tohok University Press, Sendai, 1999, pp. 185-188.

A. S. Fokas, I. M. Gelfand, and Y. Kurylev, Inversion method for magnetoencephalography, In-
verse Problems 12 (1996), no. 3, L9-L11.

D. B. Geselowitz, Multipole representation for an equivalent cardiac generator, Proc. IRE 48
(1960), no. 1, 75-79.

, On the magnetic field generated outside an inhomogeneous volume conductor by internal
current sources, IEEE Trans. Magn. 6 (1970), no. 2, 346-347.

M. Hiamildinen, R. Hari, R. J. Ilmoniemi, J. Knuutila, and O. Lounasmaa, Magnetoencephalo-
graphy—theory, instrumentation, and applications to noninvasive studies of the working hu-
man brain, Rev. Modern Phys. 65 (1993), no. 2, 413-497.

R. J. Ilmoniemi, M. S. Hamaldinen, and J. Knuutila, The forward and inverse problems in the
spherical model, Biomagnetism: Applications and Theory (H. Weinberg, G. Stroink, and
T. Katila, eds.), Pergamon Press, New York, 1985, pp. 278-282.

F. Kariotou, Magnetoencephalography in spheroidal geometry, Bulletin of the Greek Mathemat-
ical Society 47 (2003), 117-135.

L. D. Landau and E. M. Lifshitz, Electrodynamics of Continuous Media, Course of Theoretical
Physics, vol. 8, Pergamon Press, London, 1960.

J. Malmivuo and R. Plonsey, Bioelectromagnetism, Oxford University Press, New York, 1995.

B. O’ Neill, Elementary Differential Geometry, Academic press, 1997.

J. Sarvas, Basic mathematical and electromagnetic concepts of the biomagnetic inverse problem,
Phys. Med. Biol. 32 (1987), no. 1, 11-22.

W. S. Snyder, H. L. Fisher Jr., M. R. Ford, and G. G. Warner, Estimates of absorbed fractions
for monoenergetic photon sources uniformly distributed in various organs of a heterogeneous
phantom, Journal of Nuclear Medicine 10 (1969), no. Suppl. 3, 7-52.

A. Sommerfeld, Electrodynamics. Lectures on Theoretical Physics, Vol. III, Academic Press, New
York, 1952.

J. A. Stratton, Electromagnetic Theory, McGraw-Hill, New York, 1941.

George Dassios: Division of Applied Mathematics, Department of Chemical Engineering, Univer-
sity of Patras, 26504 Patras, Greece
E-mail address: dassios@chemeng.upatras.gr

Fotini Kariotou: Institute of Chemical Engineering and High Temperature Chemical Processes
(ICE/HT), Foundation for Research Technology-Hellas (FORTH), 26504 Patras, Greece
E-mail address: fkario@chemeng.upatras.gr


mailto:dassios@chemeng.upatras.gr
mailto:fkario@chemeng.upatras.gr

NEW SINGULAR SOLUTIONS OF PROTTER’S PROBLEM
FOR THE 3D WAVE EQUATION
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In 1952, for the wave equation, Protter formulated some boundary value problems
(BVPs), which are multidimensional analogues of Darboux problems on the plane. He
studied these problems in a 3D domain ), bounded by two characteristic cones %, and
%0 and a plane region X,. What is the situation around these BVPs now after 50 years?
It is well known that, for the infinite number of smooth functions in the right-hand side
of the equation, these problems do not have classical solutions. Popivanov and Schneider
(1995) discovered the reason of this fact for the cases of Dirichlet’s or Neumann’s con-
ditions on Zy. In the present paper, we consider the case of third BVP on %, and obtain
the existence of many singular solutions for the wave equation. Especially, for Protter’s
problems in IR?, it is shown here that for any n € N there exists a C"(Q)) - right-hand side
function, for which the corresponding unique generalized solution belongs to C"(Q\0),
but has a strong power-type singularity of order » at the point O. This singularity is iso-
lated only at the vertex O of the characteristic cone X, and does not propagate along the
cone.

1. Introduction
In 1952, at a conference of the American Mathematical Society in New York, Protter in-
troduced some boundary value problems (BVPs) for the 3D wave equation

Ou = sy, + Uy, — U = f (1.1)

in a domain Q) C R3. These problems are three-dimensional analogous of the Darboux
problems (or Cauchy-Goursat problems) on the plane. The simply connected domain

1
Qozz{(xl,xz,t):0<t< E,t<\/x%+x%<1—t} (1.2)
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is bounded by the disk
To:={(x1,%,t) 1t =0, x3 +x3 < 1}, (1.3)

centered at the origin O(0,0,0) and by the two characteristic cones of (1.1)

1
3= {(xl,xz,t) 10<t< > Jal+x3 =1 —t},
1
o= {(xl,xbt) :0<t< > \Jxl+x3 = t}.

Similar to the plane problems, Protter formulated and studied [24] some 3D problems
with data on the noncharacteristic disk %y and on one of the cones ¥; and X, . These
problems are known now as Portter’s problems, defined as follows.

(1.4)

Protter’s problems. Find a solution of the wave equation (1.1) in Qo with the boundary
conditions

(P1) ulz,uz, =0,
(P1%) uls,us,, = 0,

(P2) ulz, =0, u¢ls, =0,
(PZ*) u|zzy0 = 0, ut|zo =0.

Substituting the boundary condition on X, by the third-type condition [u; + au]ls, =
0, we arrive at the following problems.

Problems (P,) and (P%). Find a solution of the wave equation (1.1) in Qo which satisfies
the boundary conditions

(Po) uls, =0, [ur +aullsyo =0,
(Py) uls,, =0, [us +aullsno =0,

where o € C1(2\0).

The boundary conditions of problem (P1*) (resp., of (P2*)) are the adjoined bound-
ary conditions to such ones of (P1) (resp., of (P2)) for the wave equation (1.1) in Q. Note
that Garabedian in [10] proved the uniqueness of a classical solution of problem (P1).
For recent results concerning Protter’s problems (P1) and (P1*), we refer to [23] and the
references therein. For further publications in this area, see [1, 2, 8, 14, 17, 18, 19, 21].
For problems (P,), we refer to [11] and the references therein. In the case of the hyper-
bolic equation with the wave operator in the main part, which involves either lower-order
terms or other type perturbations, problem (P,) in Qg has been studied by Aldashev in
[1,2, 3] and by Grammatikopoulos et al. [12]. On the other hand, Ar. B. Bazarbekov and
Ak. B. Bazarbekov [5] give another analogue of the classical Darboux problem in the same
domain . Some other statements of Darboux-type problems can be found in [4, 6, 16]
in bounded or unbounded domains different from Q.

It is well known that, in contrast to the Darboux problem on the plane, the 3D prob-
lems (P1) and (P2) are not well posed. It is due to the fact that their adjoint homogeneous
problems (P1*) and (P2*) have smooth solutions, whose span is infinite-dimensional
(see, e.g., Tong [26], Popivanov and Schneider [22], and Khe [18]).
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Now we formulate the following useful lemma, the proof of which is given in Section 2.

LemMmaA 1.1. Let (p, ¢, t) be the polar coordinates in R? : x; = pcos¢, x, = psing, and x3 = t.
Letne N, n=>4,

k ) o\ n=3/2—k—i
t —t
Hip. = YA
i=0
k ( 2 tz)n—l/Z—k—i (15)
Ep(pt) =Y Bl
i=0 P
where
Af'( = (1) (k—i+ 1).i(n - 1./2 —k - 1),-)
il(n—1); (1.6)
P (k—i+1)i(n+1/2—k—1i); )
Bi = (_1)1 R B >
il(n—1);
and a;:=a(a+1)---(a+i—1). Then the functions
Vil (p,t,@) = Hi (p,t)sinng, V" (p,t,0) = H}'(p,t) cosng, (1.7)

fork =0,1,...,[n/2] — 2, are classical solutions of the homogeneous problem (P1*) (i.e., for
f =0), and the functions

W,:"l(p, t,) = E}(p,t)sinng, W,?’z (p,t,9) = E}(p,t) cosng, (1.8)
fork =0,1,...,[(n—1)/2] — 1, are classical solutions of the homogeneous problem (P2*).

A necessary condition for the existence of a classical solution for problem (P2) is the
orthogonality of the right-hand side function f to all solutions W} of the homoge-
neous adjoined problem. In order to avoid an infinite number of necessary conditions
in the frame of classical solvability, Popivanov and Schneider in [22, 23] gave definitions
of a generalized solution of problem (P2) with an eventual singularity on the characteris-
tic cone X, or only at its vertex O. On the other hand, Popivanov and Schneider [23]
and Grammatikopoulos et al. [11] proved that for the right-hand side f = W{" the cor-
responding unique generalized solution of problem (P,) behaves like (x{ + x3 + t2) "2
around the origin O (for more comments about this subject, we refer to Remarks 1.4 and
1.6). Now we know some solutions, W}, of the homogeneous adjoined problem (P2*),
and if we take one of these solutions in the right-hand side of (1.1), then we have to ex-
pect that the generalized solution of problem (P,) will also be singular, possibly with a
different power type of singularity. An analogous result, in the case of problem (P1) and
functions V}/ ', has been proved by Popivanov and Popov in [21]. Having this in mind,
here we are looking for some new singular solutions of problem (P,), which are different
from those found in [11].

In the case of problem (P,) with a(x) # 0, there are only few publications, while for
problem (P, ), concerning the wave equation (1.1), see the results of [11]. Moreover, some
results of this type can also be found in Section 3.
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For the homogeneous problem (P}) even for the wave equation (except the case & =
0, i.e., except problem (P2*)), we do not know nontrivial solutions analogous to (1.7)
and (1.8). In Section 2, we give an approach for finding nontrivial solutions. Relatively,
we refer to Khe [18], who found nontrivial solutions for the homogeneous problems
(P1*) and (P2*), but in the case of the Euler-Poisson-Darboux equation. These results
are closely connected to such ones of Lemma 1.1.

In order to obtain our results, we formulate the following definition of a generalized
solution of problem (P,) with a possible singularity at O.

Definition 1.2. A function u = u(x; x,,t) is called a generalized solution of the problem
(Pa) Ou = f, uls, =0, [ur + a(x)ullz, =0,
in Qy, if
(1) u € CH(Q\O), [ug +alx)ullz0 = 0, and uly, =0,
(2) the identity

J (Ueve — Uy, Vi, — U, Vi, — fv)dxidxadt = J a(x)(uv)(x,0)dx; dx; (1.9)
(o 2y
holds for all v in

Vo:={ve C'(Qo) : [vi +av] |y, =0, v=0inaneighborhood of £, }. (1.10)

Existence and uniqueness results for a generalized solution of problems (P1) and (P2)
can be found in [23], while for problem (P,), see [11].

In order to deal successfully with the encountered difficulties, as are singularities of
generalized solutions on the cone %, , we introduce the region

Qe=Qynip—-t>e}, e€]0,1), (1.11)
which in polar coordinates becomes
Qe ={(0,p,1):t>0,0=<@<2m, e+t<p<1—t} (1.12)

Note that a generalized solution u, which belongs to C!(:)NC?(Q,) and satisfies the
wave equation (1.1) in Q,, is called a classical solution of problem (P,) in Q,, € € (0,1). It
should be pointed out that the case € = 0 is totally different from the case ¢ # 0.

This paper is an extension of some results obtained in [11, 12] and, besides the in-
troduction, involves two more sections. In Section 2, we formulate the 2D BVPs corre-
sponding to the 3D Protter’s problems. Using Riemann functions, we show the way for
finding nontrivial solutions. For the same goal, we consider functions orthogonal to the
Legendre one and formulate some open questions for finding more functions of this type
in the frame of nontrivial solutions of problems (P1*), (P2*), and (P}). Also, using the
results of Sections 1 and 2, in Section 3, we study the existence of a singular generalized
solution of 3D problem (P,). To investigate the behavior of such singular solutions, we
need some information about them. In Theorem 3.1, we state a maximum principle for
the singular generalized solution of 2D problem (Py,), corresponding to problem (Pg)
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in Qq. This solution is a classical one in each domain Q,, ¢ € (0,1). Note that this max-
imum principle can be applied even in the cases where the right-hand side changes its
sign in the domain. (Theorem 1.3 deals exactly with this special situation.) Other max-
imum principles can be found in [6, 25]. Using information of this kind, we present
singular generalized solutions which are smooth enough away from the point O, while at
the point O, they have power-type singularity. More precisely, in Section 3, we prove the
following theorem.

TaEOREM 1.3. Let a = a(p) € C*(0,1] n C[0,1] and let a(p) = 0 be an arbitrary function.
Then, for each n € N, n = 4, there exists a function f, € C"3(Qp) N C®(Qy), for which the
corresponding unique generalized solution u, of problem (P,) belongs to C"~'(Q\O) and
satisfies the estimates

X2
cosn| arctan — | |,

1
| tn (x1,%2, |x]) | = Elun(le,sz,O) | +|x]~(=2) -

(1.13)
, O0=s1<1,

1—1m )‘ (n—2
Up | X1,%, — |x > |x| (=2
( o Trrlal) | = Ix

X2
cosn| arctan —
X1

where the constant n; € (0,1) depends only on n.

Remark 1.4. For the right-hand side of the wave equation equals W{"*, the exact be-
havior of the corresponding singular solution u,(x;,x2,¢) around the origin O is (x? +
x3 + t2) "2 cosn(arctanx,/x;) (see [11, 12]), while for the right-hand side equals
Wi = 9%/t {W'*}, the singularities are at least of type (x} + x3 + t2)~("2/2cos
n(arctanx,/x;) (see Theorem 1.3 ). The following open question arises: is this the exact
type of singularity or not? If the last case is true, it would be possible, using an appropri-
ate linear combination of both right-hand sides, to find a solution of the last lower-type
singularity. Then the result of this kind could give an answer to Open Question (1).

Remark 1.5. It is interesting that for any parameter a(x) > 0, involved in the bound-
ary condition (P,) on X, there are infinitely many singular solutions of the wave equa-
tion. Note that all these solutions have strong singularities at the vertex O of the cone
2,,0. These singularities of generalized solutions do not propagate in the direction of the
bicharacteristics on the characteristic cone. It is traditionally assumed that the wave equa-
tion with right-hand side sufficiently smooth in {y cannot have a solution with an iso-
lated singular point. For results concerning the propagation of singularities for second-
order operators, see Hormander [13, Chapter 24.5]. For some related results in the case
of the plane Darboux problem, see [20].

Remark 1.6. Considering problems (P1) and (P2), Popivanov and Schneider [22] an-
nounced the existence of singular solutions for both wave and degenerate hyperbolic
equations. First a priori estimates for singular solutions of Protter’s problems (P1) and
(P2), concerning the wave equation in R?, were obtained in [23]. In [1], Aldashev men-
tioned the results of [22] and, for the case of the wave equation in R™*!, showed that
there exist solutions of problem (P1) (resp., (P2)) in the domain Q,, which grow up on
the cone 2, like e=("*"=2) (resp., e="*"~1) and the cone %, := {o = t+ ¢} approxi-
mates X, when ¢ — 0. It is obvious that, for m = 2, these results can be compared to
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the estimates of [11]. Finally, we point out that in the case of an equation which involves
the wave operator and nonzero lower-order terms, Karatoprakliev [15] obtained a priori
estimates, but only for the enough smooth solutions of problem (P1) in Q.

We fix the right-hand side as a trigonometric polynomial of the order I:

!
f(x1,%2,1) Z fil(t,p)cosng + f2(t,p)sinng}. (1.14)

We already know that the corresponding solution u(x;,x2,¢) may have behavior of type
(x2 +x3 + t2) 72 at the point O. We conclude this section with the following questions.

Open Questions. (1) Find the exact behavior of all singular solutions at the point O,
which differ from those of Theorem 1.3. In other words,

(i) are there generalized solutions for the right-hand side (1.14) with a higher order
of singularity, for example, of the form (x} +x3 +t2)%=¥2, k > 0?

(ii) are there generalized solutions for the right-hand side (1.14) with a lower order
of singularity, for example, of the form (x? +x3 + t2)k"/2, k > 0?

(2) Find appropriate conditions for the function f under which problem (P) has only
classical solutions. We do not know any kind of such results even for problem (P2).

(3) From the a priori estimates, obtained in [11], for all solutions of problem (P,),
including singular ones, it follows that, as p — 0, none of these solutions can grow up
faster than the exponential one. The arising question is: are there singular solutions of
problem (P,) with exponential growth as p — 0 or any such solution is of polynomial
growth less than or equal to (x? +x3 +12)~"??

(4) Why there appear singularities for smooth right-hand side, even for the wave equa-
tion? Can we explain this phenomenon numerically?

In the case of problem (P1), the answers to Open Questions (1), (2), and (3) can be
found in [21].

2. Nontrivial solutions for the homogeneous problems (P1*), (P2*), and (P})

Suppose that the right-hand side f of the wave equation is of the form
f(p,t,0) = f,l(p,t) cosnp+ f2(p,t)sinng, neN. (2.1)
Then we are seeking solutions of the wave equation of the same form
u(p,t,¢) = ul(p,t) cosng + uz(p,t) sinng, (2.2)

and due to this fact, the wave equation reduces to

2
(), + I%(un),, ~ ()= e = (23)

inGy={0<t<1/2;t<p<1—t} CR2
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Now introduce the new coordinates x = (p +1)/2, y = (p —t)/2 and set

v(x,y) = pPualp,t),  glxy) =p" fulpst). (2.4)

Then, denoting v = n — (1/2), problems (P1*), (P2*), and (P}) transform into the fol-
lowing problems.

Problems (P31), (P32), and (P3,). Find a solution v(x, y) of the equation

; _v(v+1)v_
e (x+y)? -8

(2.5)

in the domain D = {0 < x < 1/2; 0 < y < x} with the following corresponding boundary
conditions:
(P31) v(x,x) =0, x € (0,1/2) and v(1/2,y) = 0, y € (0,1/2),
(P32) (vy —vx)(x,x) =0, x € (0,1/2) and v(1/2,y) = 0, y € (0,1/2),
(P34) (vy = v)(2%,x) — a(x)v(x,x) =0, x € (0,1/2) and v(1/2,y) = 0, y € (0,1/2).
A basic tool for our treatment of problems (P3) is the Legendre functions P, (for more
information, see [9]). Note that the function

(x = p)(x1 = y1) +2x1 31 +2x}’) (2.6)

R(xl,yl;x’)’) :P”( (x1+y1)(x+}’)

is a Riemann one for (2.5) (see Copson [7]), that is, with respect to the variables (x;, y1),
it is a solution of (2.5) with g = 0, and

R(x,y13x,9) =1, R(x1, y3x,9) = 1. (2.7)

Therefore, we can construct the function u(x, y) in the following way. Integrating (2.5)
over the characteristic triangle A with vertices M(x,y) € D, P(y,y), and Q(x,x), and
using the properties (2.7) of the Riemann function, we see that

ﬂ& R(x1, y15%, ¥) g (x1, y1)dx1dy

= J [R(x1,x15%, ) Vi, (x1,x1) = R(x1, y50, y) v, (x1,7) [dxy

y
—J [Ry, (x, y132, y)v (%, y1) = Ry, (y1, y15%, y) v (y1, 1) [d (2.8)
y
= J [R(x1,x15%, y) vy, (x1,1) + Ry, (x1,x15%, y) v (x1,%1) [dx)
y
—v(x,y)+v(y,y).
Hence
v(x,y) = v(y,y) +J [R(x1,%15%, ) vy, (x1,%1) + Ry, (x1,%15%, y) v (x1,1) | dxy

y (2.9)

- JLR(xl,yl;x,y)g(xhyl)dxldyl.
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In the case of g = 0, we obtain

vix,y)=v(y,y)+ Lx [PV(M)% (x1,%1)

S xi+xy ) (g —x) (x1+ )
+P"<x1(x+y)> 2x}(x+y)

Using the condition v(x,0) = 0, finally we find that

0= I P,,(%)vxl (x1,%1) +P;<%> (1 - ) v(x1,x1)dx;

. 2x1X
_(p(n 2 o
= JO Pv( . >{Vx1 (xlaxl) - ox, |:V(X1,x1) 2x1 ]}dxl

if we suppose, in addition, that lim¢~'v(¢,t) = 0, t — +0. Thus,

1 1
J Py( {—vx tx, tx) + —tv),(tx,tx) — —v(tx, tx)}dt =0.
t xt?
Suppose that there exist two functions y and v, such that
t+1 1-t¢ 1
y(Hy(x) = Tvx(tx, tx) + Tvy(tx, tx) — Ev(tx, tx).
Then we are looking for a solution y(t) of the equation

1
JO POy (t)dt =

Now we are ready to formulate the following useful lemma.

LemMa 2.1. The following identity holds:

1
J PPNt =0, p=v—27—dy..; p>—L.
0

v(xl,xl)]dxl.

(2.10)

(2.11)

(2.12)

(2.13)

(2.14)

(2.15)

Proof. As known, the Legendre functions P, (t) are solutions of the Legendre differential

equation

(1-13)z" =2tz +v(v+1)z=0.

(2.16)
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Using this fact, we see that
1 1
v(v+1)J tPPV(t)dt=J [ (2 - 1)P.(t)] dt
0 0

= —le (Pt — P~ V)Pl (t)dt
0 (2.17)

1
= pJ (Pt — P~ 1) Pl(H)dt
0

= le [(p+1)tP — (p— 1)tP2|P,(t)dt
0

if p > 1. This means that

[v(r+1) = p(p+1)] f (P, (1)dt = —p(p - 1)J1 PP d, p>1. (218
0

0

Since, for p = v, the left-hand side here is zero, clearly

1
J -2 (1)dt = 0. (2.19)
0

Using this fact and (2.18) with p = v — 2, we conclude that
1
J 4P, ()dt =0, ifv—2>1, (2.20)
0

and so the proof of the lemma follows by induction. O

Since, in our case, v = n — 1/2, returning to problems (P1*), (P2*), and (P}), we re-
mark that, for each of these problems, we have the following conclusions.

Problem (P1*). On theline {y = x}, we have the condition v(x,x) = 0. Thus, (vy +v,)(x,
x) = 0and (2.13) becomes y(#)y; (x) = 2v,(tx, tx). It follows that in this case, by Lemma
2.1, possible solutions are the functions

v(x,x) =0, Ve(x,x) = xP, (2.21)

where p=n—->5/2,n-9/2,...,1/2,if nisan odd number, or p = n —5/2,n - 9/2,...,-1/2,
if n is an even number. Thus, the solution v(x, y) of the homogeneous problem (P1*) is
explicitly found by (2.10) with values of v and v, on {y = x} given by (2.21).

Problem (P2*). In this case, for y = x, we have (vy —v,)(x,x) =0. Denote h(x) := v(x,x),
then h'(x) = vx(x,x) + v, (x,x). Hence, we see that v, = v, = h’/2 and (2.13) becomes

Nynx) = 1 (2) - Zhiz) = @)
w(x)llfl(x)— Zh(Z) zzh(z)_x( . ) (2.22)
By Lemma 2.1, possible solutions of the above equation are the functions
p-1
v(x,x) = xF, Ve(x,x) = Px_ (2.23)

2



70  New singular solutions of Protter’s problem

where p=n—-1/2,n-5/2,...,5/2, if nis an odd number, or p =n—1/2,n—-5/2,...,3/2,
if n is an even number. The corresponding solution v(x, y) of the homogeneous problem
(P2*) is found again by (2.10) with values of v(x,x) and v,(x,x) given by (2.23).

Problem (P¥). Denote h(x) := v(x,x). Then together with the condition on the line
{y = x}, we see that

b (x) = v (x,x) + v, (x, %), vy (%, %) — v (x,x) — a(x)v(x,x) = 0, (2.24)

from where we have v, = (h' + ah)/2 and v = (h" — ah)/2. In this case, (2.13) becomes

1//(—)1//1(96) =x<@>, —a(2)h(z). (2.25)

If a(z) is not identically zero, it is not obvious whether there are some nontrivial solutions
of problem (P}) or not.

Open problems. (1) Find a solution y/(t) of (2.14), different from those of (2.15), which
gives a new nontrivial solution of problem (P1*) or (P2*).

(2) Using the way described above, find nontrivial solutions of problem (P}), when
a(x) is a nonzero function.

The representation (2.10), together with (2.21) and (2.23), gives us exact formulae
for the solution of the homogeneous problems (P1*) and (P2*). Using Lemma 1.1, we
obtain a different representation of the same solutions. The solutions V{ " and w§ ' were
found by Popivanov and Schneider, while the functions H}! and E}} can be found in [18]
with a different presentation, where they are defined by using the Gauss hypergeometric
function.

The following result implies Lemma 1.1.

LEmMA 2.2. The representations

9

&H,:‘(p,t) =2(n—k—-1)E{.,(p,1), (2.26)
9 . N,

S El(pot) = —2<n —k= 3 )H .0 (2.27)

hold, where H! and Ej; represent derivatives of Eg(p,t) with respect to t, that is,

(_1)k+1 p) 2k+1 (pz_tz)"—l/Z
Hk (p’t) - (2}1—2]{— 1)2k+1 (&) P” ’

oo (CDE K ()"
Ek(P’t)_(Zn—Zk)zk(al‘)( pr '

Proof. Tt is enough to check directly formulae (2.26) and (2.27). O

(2.28)
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Proof of Lemma 1.1. We already know (see [23]) that V(;l’i and Wg’i (i =1,2) are solu-
tions of the wave equation (1.1). Using formulae (2.26) and (2.27), we conclude that V}! !
and W}"' are also solutions of the wave equation. Thus, the functions p"/2H}'(t,p) and
p2E}(t,p) are solutions of the 2D equation (2.5). It is easy to see directly that

J(p'2Ey)

k
= (p0) =0, (p2E)(p,0) = p" V2 X AL (2.29)

i=0

These Cauchy conditions on {x = y} (i.e., on {t = 0}) coincide with the conditions of
(2.23) for p = n— 2k — 1/2 with the accuracy of a multiplicative constant. Moreover, be-
cause of the uniqueness of the solution of Cauchy problem for (2.5), the function v(x, y)
defined by (2.10), together with the conditions of (2.23) for p = n — 2k — 1/2, coincides
with the function (ZfzoAff)‘lpl/zE,'j(p, t). O

3. New singular solutions of problem (P,)

We are seeking a generalized solution of BVP (P,) for the wave equation

Ou = é(gu9)9+éuw—u“:f(Q,go,t), (3.1)
which has some power type of singularity at the origin O. While in [11, 23] the function
W{" (p,t,) has been used systematically as the right-hand side function, we will try to
use here, for the same reason, the function W7’ ’i(p, t,9). Due to the fact that the function
El(p,t) changes its sign inside the domain, the appearing situation causes some compli-
cations. Note first that, by Lemma 1.1, the functions

2 t2 n—3/2 _ 3/2 2 tz n—5/2
Wi (0,0,t) = { (0 Q") - (?n— 1)) (0 Q”)z cosng, n=4, (3.2)

with W2 € C"3( ), are classical solutions of problem (P¥) when a = 0.
To prove Theorem 1.3, consider now the special case of problem (P,):

1 1 n .
=L ot), + g 0= W) im0 63)
uls, =0, [ur +a(o)u]lzn0 = 0. (3.4)

Theorem 5.1 of [11] declares that problem (3.3), (3.4) has at most one generalized so-
lution. On the other hand, by [11, Theorem 5.2], we know that for this right-hand side
there exists a generalized solution in Qg of the form

un(0,9,1) = uM (0,t) cosng € C"~1 () 0), (3.5)
which is a classical solution in Q,, € € (0,1). By introducing a new function

u®(o,t) = 0"2uV (g, 1), (3.6)
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we transform (3.3) into the equation

2 47’12 -1
o '~ g =@ EH@), (37)

with the string operator in the main part. The domain, corresponding to ), in this case, is
Ge={(0,1):t>0, e+t<p<1—t}. (3.8)

In order to use directly the results of [11], we introduce the new coordinates
E=1-p-1t, n=1-p+t (3.9

and transform the singular point O into the point (1,1).
From (3.7), we derive that

4n* -1

1
Vo~ sa-t 2V a2

2-n-8"F&n) (3.10)
inD,={(&n):0<&<n<1—¢}, where

U m =u® (p&mt&m),  F(&n) = Ef(p(&n):tEm). (3.11)
In order to investigate the smoothness or the singularity of a solution for the original 3D
problem (P,) on 2, , we are seeking a classical solution of the corresponding 2D problem

(Pay2), not only in the domain D, but also in the domain

DV :={(&n):0<é<n<1,0<E<1—¢}, &>0. (3.12)

Clearly, D, C DV, Thus, we arrive at the Goursat-Darboux problem.

Problem (P,). Find a solution of the following BVP:

Ug, — c(&,mU =g(&,5) inDY,

(3.13)
U =0,  [Uy-Us+a(l-&U]|,_=0.
Here, the coefficients c(§,%) and g(&,7) are defined by
(&) = Aol eC®(DY), n=4,¢e>0, (3.14)
42-n-¢§)? ‘

e A=A =] =32y [0 - ]
g&n) =2 (5/2){ (2—n—&n-172 _4(n—1) (2_,I_E)n—5/2 ,» (3.15)
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where g € C”‘3(D§1)). In this case, it is obvious that ¢(¢,7) = 0in Dy\(1,1), but the func-
tion g(&,#) is not nonnegative in Dy.

Note that, according to [11], solving problem (Py,) is equivalent to solving the follow-
ing integral equation:

E() 0
UEom) = | L" Le(Em) + cCEUE ) dn dé
fo n
22| ls@m v nUEmlasay (3.16)
0 0
&
+ [ a(1—EUEE)E  for (&,m0) € DLV,

For this reason, we define (see [11]) the following sequence of successive approximations
um,

& o
U o) = | L [g(&m) +e(€mU™ (&) ldndg

S (1 (m)
w2 ] leEmreEnu G nldgan

&
+L a(1—HUMEEE,  (§0.m0) € DY,

U(O)(Eo,l/]o) =0 in Dg

In [11], the uniform convergence of U™ in each domain Dgl), € >0, has been proved.
To use this fact here, we now formulate the following maximum principle, which is very
important for the investigation of the singularity of a generalized solution of problem
(Pa).

THEOREM 3.1 (maximum principle). Let c¢(&,1),g(&,1) € C(DM), let c(&n) =0in DY,
leta(&) =0 for0<é <1, and

(a) let

50 o fo n _
L L g(f,n)dnderzL L g(EdEdn =0 in DY, (3.18)

Then, for the solution U(&,n) of problem (3.13), it holds that

U,n) =0 inDV. (3.19)

&
f g(&no)dé=0 inDY, (3.20)
0
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then
UEn) =0, Uy&n) =0 for(&n) €DV, (3.21)
(©) Ifg(&,1) = 0in D, then
U =0, Uy&n) =0, Ue(&n) =0 inDY. (3.22)

Remark 3.2. Other variants of this maximum principle can be found in [11, 12]. In the
cases which we consider below, the conditions of [11, 12] are not satisfied. For example,
there are subdomains of D{" where E7 <0.

Proof of Theorem 3.1. (a) Condition (3.18) says that for the first approximation UV of
the sequence (3.17), we directly have UV (&y,70)>0. Suppose that (U™ —U"=1D) (&, 10)>
0 for some m € N. Then

& 1o
(U(m+1) _ U(m))(EOyﬂO) _ JO J: C(f,fl)(U(m) _ U(mfl))(f,r])d?]df

&
+sz jo"c@,n)(uw _UmD) (E p)dE dn

(3.23)
E()
+ [ a-pm U@ o
0
>0 inD,
and thus, by induction,
U(éo,m0) = > (U™ —U™) (&,10) =0 in DV, (3.24)

m=0

(b) If condition (3.20) is satisfied, then it is easy to check that UM (&y,70) > 0 for any

(&o,m0) € Dél), and so, in view of (a), we see that U(&,70) > 0 for (&,7o) € DY, Using
the results of [11], we derive the following representation:

3 &
Uﬂo (£0>’10) = ,[0 g(f)ﬂo)df‘f'ﬁ) C(f,l’]o)U(E,?]o)dE, (325)

and hence we conclude that U, > 0 in bV,

(c)Ifg(&,n) =0in Dﬁ”, then conditions (3.18) and (3.20) are obviously satisfied, and
thus U = 0 and Uy, = 0 in DYV The conclusion Ug, = 0in D follows from the fact that
(see [11])

&
Ut (8o0) = (1 = E)U ko) + | [g(6.80) + (80D U (. 80) 1§

+ [ g + o) U o) ldn
& 0

(3.26)
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In order to prove our results, we make use of the following proposition.

ProrosiTioN 3.3. Let U(&,7) be the unique generalized solution for problem (3.13), where
c(&n) and g(&,n) are given by (3.14) and (3.15). Then U(&,n) € C""1(Do\(1,1)) and
U(&,n) =0 in Do\(1,1); in addition Ug(&,1) = 0, U,(&n) = 0 in some neighborhood of
the point (1,1).

Proof. First note that in this case neither condition g(&,7) > 0 nor condition (3.20) is
fulfilled. We will prove that condition (3.18) is satisfied. Introduce the polar coordinates
(p,t) and consider the function g(p,t) = pV2E](p,t) in the domain Gy = {(g,£): t >0, ¢ <
0 < 1 —t}, then the representation formula (see (2.26))

)

5P “Hi (pst) = 2(n = 1)p2EY (p,1) = 2(n — 1)g(p, 1) (3.27)
holds. Let 0 < p; < p, < 1. Using (3.27), it is easy to see that, for the first approximation
UW of the solution, one has (see (3.17))

_ u>ﬂi£%&;£ﬁ
2(;11)U(2,2

(I+p1)/2

1
= J p"?Hy (p,1 —P)dP+J p"2Hg (p,p — p1)dp
(1+p1)/2 p1

(p2tp1)/2 (3.28)

P2
- J p"2H (pop2 — p)dp - J p'?Hi (p.p — p1)dp
(p2+p1)/2 p1

1 (1+p2)/2
+J P1/2H61(p)1 _P)dP"'J Pl/zH(’,‘(p,p—Pz)dp.
(1+4p2)/2 P2

Since Hy > 0, to prove that UM >0, it is enough to show that

1 P2
I= J pV2HY (p,1 - p)dp — J p2H{ (p,p2 — p)dp = 0. (3.29)
(14p1)/2 (p2tp1)/2

For this purpose, we see that

1
I= (1 7p)pfn+1/2(2p _ 1)n73/2dp
(1+p1)/2

P2 n—
B J s P2 PP 2 o) Ydp

Jl . 1 n—3/2
- 1= p)p- (z - 7) d
( (I-plp P p

1+p1)/2

(3.30)

1 I ’ P2 n—3/2
- 1- +pr—1) “3%2——————> dp.
Lzm_pm( p)p+p2—1) p prpr 1 P

As a final step, notice that

24p —
o1 P2~y hr—ﬁ%lzstsL (3.31)

>2——
t t+p2—1
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and therefore I > 0. So, we conclude that condition (3.18) is satisfied. It follows now,
by Theorem 3.1, that U(p,t) = 0 in Gy\(0,0). More precisely, for p, < 6, the last term in
(3.30) is small enough for small positive §, and so

1 1 n—1/2
IzJ (1—p)<2—;> dpi=co > 0. (3.32)

3/4

Thus, we find that UV (p,t) > ¢y > 0 in a small neighborhood of the origin (0,0). There-
fore, for the solution U(&,%) of problem (P,) in coordinates (&,7), it follows that
U(&n) = UV(&,1) = ¢ > 0in the corresponding neighborhood of the point (1,1). Using
the representation

& 2 _
Uﬂo (EO:”]O) = JO {8(53710) + m[](&ﬂo)}d& (333)

it is easy to see now that Uy, (&,70) = 0 for 1 — & < & <o < 1if § >0 is small enough.
Furthermore, using the representation (3.26) of Uy, (&y,7o), we can prove an analogous
result for Uy, (o, 7). O

Remark 3.4. In our opinion, the analogous result follows for all functions E/(p,t), k =
2,3,...,[n/2] —1. As before, for k > 0, the function E}(p,t) changes its sign in the domain,
but due to the monotonicity of the solution U(&,7), the desired result would follow. Also,
by using the more general formula

0
EH,:‘(p,t) =2(n—k—-1)E;,(p,t), (3.34)

this result could be obtained for k > 1 too.
Now we are ready to prove Theorem 1.3 formulated in the introduction.

Proof of Theorem 1.3. We will find the desired lower estimates for the singular solution
u(p,¢,t) of problem (3.3), (3.4). For the corresponding right-hand side g(&,7), defined
by (3.15), set

K= me &(&,m)dndE > 0. (3.35)

Let € € (0,1/2) be fixed. Then, for the generalized solution U(&,n) of problem (3.13), it
follows that

0<K < JD“)gZ(E,n)dEdq

- [ UaEmsg@mdsan- [ | cenuEmgEndeay 39

=L+,
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where

l1-¢ 1
I = L L Ugy (&g (&, m)dnd
l1-¢
= [ U g6 ) - Ve £1g(€. D1

_J W (Uegy) (&,m)dndE.
D:

In view of (3.15), it is obvious that g(&,1) = 0. Thus,

1-¢
h=-| VDR | | (Uig) Emdnde.

Since

1-¢ ry
JDE“ (Ufgn)(f)’l)dfdﬂ = L Jo (Uggq)(f,ﬂ)dfdr]
1 1-¢
+L_JO (Usgy) (& m)d& dn

1-¢
=j0 [(Ugy) (1) — (Ugy) (0,) ]y

1
+ | [(Ug)=em - (Ugy) 0.m)]dn

- L)m (Ugey) (&, m)dEdn

1

1-¢
- |, Wedtmdn+ | (Ug)1-emdn

—&

B I W (Ugey) (&, m)dE dn,
D¢

(3.38) becomes

1-¢
L=- jo [Us(€,6)g(8,8) + U(E,E)gy (£,8)]dE

1

1-¢
An elementary calculation shows that

gen(&m) — (& mg&n) =0,
gf(f:f) :gﬂ(‘f)f) = (5—2;1)(1_&‘)71—7/2<0.

1
32(n—1)

- Ul —¢&n)g, (1 —&n)dn+ J'DW (Ugey) (&, m)dE dn.

(3.37)

(3.38)

(3.39)

(3.40)

(3.41)
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By (3.40) and (3.36), it follows that
1-¢
0<K<hi+L =~ L [Ue(§,6)g(8,8) + U(&,§)ge(§,6)]dE

1
- J’li U(l—-&n)g,(1—¢&n)dn

T U(&,n)[gen — cgl(€m)dE dy.

Thus, we see that

1-¢
0<K<I+Ih=— jo [Us(8,6)g(&,6) + U(E,E)ge (,8)|dé

[ va-eng-enan
where, as it is easy to check,
& =S [gED]e
The function U(£,7) is a classical solution of (3.13) in Dy, ¢ € (0,1), with
Ue(6.6) = S [UEH)]e + 31 - HUEE)

If we substitute (3.44) and (3.45) into (3.43), we get

1-¢

1-¢
Kshth=-3 | [VEOEDIE-3 ] ol - HUEDEDHE

0
1
— U(l—-&n)g,(1—¢n)dy

1-¢

1-¢
U -a1-a-3 [ a1-OUEHEDE
1
- U(1l-&n)g,(1—¢mn)dy.

1-¢

L
2

Note that a(€) > 0, g(&,&) > 0, and according to Proposition 3.3, we have
U,n) =0 inDWY, Uy(1—¢&n) =0 for small enough ¢ >0.

Calculating g, (1 — &,77) and denoting

8(271 -3)2n+1)-222n-3)2n+1)(n—-1)

b= n? -1

=é&ny,

where the number #n; € (0,1), we find

g(1—gn)<0 forl-e<ny<p,,
g&(1—&n)>0 forn.<ny<l

(3.42)

(3.43)

(3.44)

(3.45)

(3.46)

(3.47)

(3.48)

(3.49)
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This, together with (3.46), implies that

Ne 1
K<L+L < Li U(l-¢&n)|g(1—¢&n)|dy— E(Ug)(l—s,l —¢)

1
- L U(l—en)|g(1—en)|dy
<U(l-&n)[g(l—e1-¢) —g(l-&n.)]

—U(l-en)[gl-¢&1)—g(l—&n)] - %(Ug)(l —gl—¢)

= [U(l—e,ng) - %U(l—e,l—e)]g(l —gl—¢)

(3.50)

because g(1 —¢,1) = 0. Moreover, since g(1 —¢,1 —¢) = ¢">2/8(n — 1), we see that

1
0<K < [U(l —&l—eny) - EU(I —&l-— s)]cns”_(sm.
Using the fact that U > 0 and U, > 0, we obtain

0<K<U(l—-¢gl1—7en)c,e™ %, 0<1<1,

1
0<K =< [U(l —-&1)— EU(1 —g1 _8)]%8%(5/2)'
Foré =1-¢,1n=1,wehavep =1t =¢/2and (3.53) becomes

1
0< Ke®d" < uff) (%,%) — Euﬁlz)(s,O).

Finally, the inverse transformation gives

UM (p,p) = Sul (2p,0) + Kop™ "2 = Kop~ 72,

1
2
where the positive constant K, depends only on n. Analogously, (3.52) gives

1—1n ) (-
Wp,—"L) > Kp ™2, 0<7<1.
“n (p’1+rn1p =t2p » UETS

Multiplying the function u, by K5 !, we see that

1
|un(psgop) | = 5 [un(2p,9,0) | +p~" [ cosng | = p=* | cosnep],

1—1m
1+1m

U (p,go, p) ’ >p " Dcosngl, 0<t<l,

hold, and then (1.13) follows. The proof of the theorem is complete.

(3.51)

(3.52)

(3.53)

(3.54)

(3.55)

(3.56)

(3.57)
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LINEAR DIFFERENTIAL EQUATIONS WITH UNBOUNDED
DELAYS AND A FORCING TERM

JAN CERMAK AND PETR KUNDRAT

Received 10 September 2002

The paper discusses the asymptotic behaviour of all solutions of the differential equa-
tion y(t) = —a(t)y(t) + 2L, bi(t) y(7:(t)) + f (1), t € I = [y, 00), with a positive continu-
ous function g, continuous functions b;, f, and n continuously differentiable unbounded
lags. We establish conditions under which any solution y of this equation can be esti-
mated by means of a solution of an auxiliary functional equation with one unbounded
lag. Moreover, some related questions concerning functional equations are discussed as
well.

1. Introduction

In this paper, we study the problem of the asymptotic bounds of all solutions for the delay
differential equation

y(t) = —at)y(t)+ > bit)y(ri(t) + f(), tel=[t,), (1.1)
i=1

where a is a positive continuous function on I; b;, f are continuous functions on I, 7; are
continuously differentiable functions on I fulfilling 7;(¢) < t,0 < 7;(t) < A; < 1 forallt € I
and 7;(f) > w0 ast — o0, i=1,...,1.

The prototype of such equations may serve the equation with proportional delays

n

P(t) = —ay(t)+ > biy(\it) + f(), t=0, (1.2)

i=1

where a >0, b; #0, 0<A; <1, i=1,...,n, are real scalars. There are numerous inter-
esting applications for (1.2) and its modifications, such as collection of current by the
pantograph head of an electric locomotive, probability theory on algebraic structures or
partition problems in number theory. Various special cases of (1.2) have been studied
because of these applications, as well as for theoretical reasons (see, e.g., Bereketoglu and
Pituk [1], Lim [11], Liu [12], or Ockendon and Taylor [15]).
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The study of these differential equations with proportional delays turned out to be the
useful paradigm for the investigation of qualitative properties of differential equations
with general unbounded lags. Some results of the above-cited papers have been general-
ized in this direction by Heard [7], Makay and Terjéki [13], and in [2, 3, 4]. For further
related results on the asymptotic behaviour of solutions, see, for example, Diblik [5, 6],
Iserles [8], or Krisztin [9].

In this paper, we combine standard methods from the theory of functional differential
equations and some results of the theory of functional equations and difference equations
to analyze the asymptotic properties of all solutions of (1.1). The main results are formu-
lated in Sections 3 and 4. In Section 3, we derive the asymptotic estimate of all solutions
of (1.1). Section 4 discusses some particular cases of (1.1) and improves the above de-
rived estimate for these special cases. Both sections also present the illustrating examples
involving, among others, (1.2).

2. Preliminaries

Let t_; := min{7i(ty), i = 1,2,...,n} and I_; := [t_;, ). By a solution of (1.1), we under-
stand a real-valued function y € C(I-;) n C'(I) such that y satisfies (1.1) on I.

In the sequel, we introduce the notion of embeddability of given functions into an
iteration group. This property will be imposed on the set of delays {7y,...,7,} throughout
next sections.

Definition 2.1. Let w € C'(I_1), ¥ >0 on I_;. Say that {11,...,7,} can be embedded into
an iteration group [y/] if for any 7; there exists a constant d; such that

() =y (y()—d), teL (2.1)

Remark 2.2. The problem of embeddability of given functions {7j,...,7,} into an itera-
tion group [y] is closely related to the existence of a common solution ¥ to the system of
the simultaneous Abel equations

v(n(t) =y(t)—d;, tel,i=1,..,n (2.2)

The complete solution of these problems have been described by Neuman [14] and Zdun
[16]. These papers contain conditions under which (2.1) holds for any 7;, i = 1,...,n (see
also [10, Theorem 9.4.1]). We only note that the most important necessary condition is
commutativity of any pair 7;, 7j, i, j = 1,...,n. Notice also, that if 7; are delays, then d;
must be positive.

3. The asymptotic bound of all solutions of (1.1)

The aim of this section is to formulate and prove the asymptotic estimate of all solutions
of (1.1). We assume that all the assumptions imposed on a, b;, 7;, and f in Section 1 are
valid.
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TaEOREM 3.1. Let {Ty,...,7,} be embedded into an iteration group [y]. Let y be a solution
of (1.1), where a(t) > K/exp{ay(t)},0< >, [bi(t)| < Mal(t) forall t € I and suitable real
constants K >0, M >0, a < 1. If f(t) = O(exp{fy(t)}) ast — co for a suitable real 3, then

y(t) = O(exp {yy(£)}) ast— oo, y>max ((x+ﬁ, 10311\4,...,105—]\4), (3.1)
where d;, i = 1,...,n, are given by (2.1).
Proof. The substitution
s=y(t), z(s)=exp{—yy(t)}y(t) (3.2)
transforms (1.1) into the form
Z'(s) = —[a(h(s)) W z(s) + Zb s))exp { — ydi}h' (s)z(ui(s)) (33)

+ f (h(s)) exp{—ys}h'(s),

where “’” stands for d/ds, h(s) = y~1(s), and p;(s) = y(7i(h(s))) =s—d; on y(I), i =
1,...,n. This form can be rewritten as

h(s)
% [exp {ys + J a(u)du}z(s)}

n h(s)
Z (h(s))exp{ —yd;} i (s)exp{ys+[ a(u)du}z(s—d,-) (3.4)

h(s)
+exp {y5+ J a(u)du}f(h(s)) exp{—ysth'(s),

So

where sy € y(I) is such that y +a(h(s))h'(s) >0 for all s = s,.
Put § := min(d,,...,d,) >0, sk := so + k&, Ji := [sk_1,5k), k = 1,2,.... Let s* € J41. The
integration of (3.4) over [s,s*] yields

h(s) "
exp {ys + J a(u)du}z(s) | Zk

So

noest h(s)
ZJ i(h(s)) exp{ —ydi} ' (s) exp{ys+J a(u)du}z(s—di)ds (3.5)

i=1 So

s* h(s)
+J exp{ys+J a(u)du}f(h(s))exp{—ys}h'(s)ds,

Sk So
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that is,

h(s*)
z(s*) = exp {y(sk —s*) - J a(u)du}z(sk)

h(st)

h(s*)
+exp{ —J a(u)du—ys*}

<3 | b exp -y W exp s
i=17%

h(s*)
+exp{ —J a(u)du—ys*}

s* h(s)
XJ exp{ys+{ a(u)du}f(h(s))exp{—ys}h’(s)ds.

So

h(s)
a(u)du}z(s —d;)ds (3.6)

Put My :=sup{lz(s)], s € U];,:Jp}, k =1,2,.... Then one can estimate z(s*) as

h(s*)
|z(s*) | < Mgexp {y(sk —s*) — J a(u)du}

h(sk)

h(s*)
+Mkexp{ —J a(u)du—ys*}

So

st n h(s)
X Z [ bi(h(s)) | exp { — ydi}h' (s) exp {ys +I a(u)du}ds (3.7)

Sk oj=1 %o

h(s*)
+exp{ —J a(u)du — ys*}

s* h(s)
X j exp{y5+J a(u)du} | f(h(s)) | exp{—ys}h'(s)ds.

So

Noting that

n

2. |bi(h(s)) [ exp{ = ydi} < Mexp { - ydi}a(h(s)) < a(h(s)), )

| f(h(s)) | exp{—ys} < Kiexp {(B—y)s}, Ki>0,

we can rewrite (3.7) as

h(s*)
|z(s*)| < Mgexp {y(sk —5*) - J a(u)du}

h(sk)

h(s*)
+Mkexp{ —I a(u)du—ys*}

s0

s* h(s)
XJ a(h(s))h'(s)exp{ys+J a(u)du}ds

S0
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h(s*)
+K; exp{—J a(u)du—ys"‘}>

So

s* h(s)
X [ exp {ys+ J a(u)du}h'(s) exp {(f—y)s}ds.

Sk S0

(3.9)

From here, we get

h(s*)
|z(s*)] < Mkexp{y(sk —s*) — L(S ) a(u)du}

h(s*)
+ (My + K, exp{(oc+[5—y)sk})exp{ —J a(u)du—ys*} (3.10)
s* h(s)
X I a(h(s))H (s)exp {y5+J a(u)du}ds,

So

where K, = K;/K. Using the assumptions imposed on a and 7;, we can estimate the inte-
gral I:= [ a(h(s))h (s)exp{ys+ fsﬁ(s) a(u)du}ds as

h(s) «
I< exp{ys-i—J a(u)du} \jk (1+Kze7 %), Kz3>0,w=1-a>0 (3.11)

So

(for a similar situation see also [4]). Hence,

h(s*)
|z(s*)| < Mgexp {y(sk —s*) - J a(u)du}

h(sk)

h(s*)
+(Mk+Kzexp{((x+ﬂ—y)sk})exp{—J a(u)du—ys*}

h(s)
X exp {ys + J a(u)du}

. (3.12)
(1+Ksexp{— wsk})

<Mi(1+Ksexp{—wsk}) + Kaexp {(a+B—p)sk} (1+Ksexp{ — wsi})

<M (1+Nexp{—xs}),

Sk

where M := max(My,K;), « := min(w,y —a — ) >0, and N >0 is a constant large
enough. Since s* € Ji4; was arbitrary,

=~

M, < MF(1+Nexp{—xs}) < Mf[[(1+Nexp{—xs;}). (3.13)
=1

Now, the boundedness of (M;") as k — co implies via substitution (3.2) the asymptotic
estimate (3.1). O

Remark 3.2. This remark concerns the possible extension of our results to differential
equations with delays intersecting the identity at the initial point #,. These equations
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form a wide and natural class of delay differential equations (see the following examples)
and have many applications (some of them have been mentioned in Section 1). Since we
are interested in the behaviour at infinity, it is obvious that the main notions and results
of this paper can be easily reformulated to this case.

Example 3.3. Consider the equation

y(t) = —(a+cexpi{—t})y t)+Zh,y (M) + f(t), t=0, (3.14)

i=1

where a >0,¢>0,b; #0,0<1;<1,i=1,...,n are constants and f € C([0,)) fulfils
f(t) = O(tP) as t — 0. Let y(t) = logt, then functions {Af,...,1,¢} can be embedded
into an iteration group [v]. Indeed,

v(Lit) =y(t) —logh;!, t>0,i=1,...,n. (3.15)

Then, by Theorem 3.1, the estimate

log>", |bi|/a log> ", |bi|/a
= y N i i
y(t)=0(t") ast 00, ¥ > max ([3, logh.! e logh1 (3.16)
holds for any solution y of (3.14).
4. Some particular cases of (1.1)
In this section, we first consider (1.1) in the homogeneous form
y(t) = —a(t)y(t +zb(t 7i(t)), tel (4.1)

Using a simple modification of the proof of Theorem 3.1, we improve the conclusion of
this theorem for the case of (4.1). We assume that all the assumptions of Theorem 3.1
are valid (the assumptions on f are missing, of course). Using the same notation as in
Theorem 3.1, we have the following theorem.

THEOREM 4.1. Let y be a solution of (4.1). Then

logM 10gM>' (4.2)

y(t) = O(exp {yy()}) asf—’°°x)’=max< 4 d

Proof. Following the proof of Theorem 3.1, we can see that the condition on y in (3.1)
becomes

logM logM> (4.3)

y>max( 4 d
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in view of f = 0 on I. Moreover, the inequality (3.8) can be replaced by

n

> |bi(h(s)) | exp{ - ydi} < a(h(s)), (4.4)

i=1
and this implies the validity of (4.2). O

Now, we consider (1.1) in another special form

y(t) = —ay(t)+by(z(t)) + f(1), tel, (4.5)

where a >0, b # 0 are constants, 7 € C'(I), 7(t) < t,0< #(t) <A< 1 forallt € I, 7(t) — oo
ast — oo, and f € C(I) fulfils f(#) = O(exp{fy(t)}) as t — co. Under these assumptions
on 7, there exists a function y € cl(D), ¥ >0 on I such that

y(z(t) = y(t)—logA~!, tel (4.6)

(for this and related results concerning (4.6) see, e.g., [10]). Then applying Theorem 3.1
to (4.5), we can easily deduce that the property

1
y(t) = O(exp {yy(£)}) ast— oo, y>max<a+ﬁ,%?_/la)> (4.7)
holds for any solution y of (4.5).
The asymptotic behaviour of (4.5) has been studied in [3]. If we put
. log(|bl/a)
0:= logh-1 (4.8)

then using the previous notation we can recall the following result.

THEOREM 4.2 [3, Theorem 2.3]. Consider (4.5), where a >0, b # 0 are constants, T,f IS
CHI), t(t)<t,0<i(t) <A< 1forallt €I, 1(t) — oo, f(t) = O(exp{fy(t)}), and f(t) =
O(exp{(f—1)w(t)}) ast — co. If y is a solution of (4.5), then

O(exp{oy(t)}) ast — o if f< 0,
y(t) =41 0(exp{ov(D)}w(t)) ast— w0 ifff=o0, (4.9)
O(exp{Buv(t)}) ast — oo if f > 0.

It is easy to see that relations (4.9) yield sharper estimates of solutions than (4.7). On
the other hand, we emphasize that the proof technique used in [3] is effective just for (4.5)
and cannot be applied to more general equation (1.1). In the final part of this paper, we
propose a simple way on how to extend the conclusions of Theorem 4.2 to some equation
(4.5) with nonconstant coefficients. To explain the main idea, we consider (4.5), where
the delayed argument is a power function.

Example 4.3. We consider the delay equation

y(t) =—ay(t)+by(t") + f(1), t=1, (4.10)
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where a >0, b # 0,0 <A< 1 are constants and f € C'([1, o)) fulfils the properties
f(©)=0((ogt)), f(t)=O((logt)™!) ast— oo, (4.11)
The corresponding Abel equation (4.6) has the form
v(tY) =w(t)—logA™!, t=1, (4.12)

and admits the function y(t) = loglogt as a solution with the required properties. Substi-
tuting this y into assumptions and conclusions of Theorem 4.2, we obtain the following
result, where o is given by (4.8), if y is a solution of (4.10), then

O((logt)?) ast — o if f< o,
y(t) = 10((logt)?loglogt) ast— «if =0, (4.13)
O((logt)P) ast — oo if f > 0.
Now, we consider the equation
. a b
y(O) = =2yO+ 2y () +f(), t=1, (4.14)

where a, b, and A are the same as above and f € C!([1,)).
Setting

s=logt, =z(s)=y(t), (4.15)
we can convert (4.14) into the form
Z'(s) = —az(s) + bz(As) + f (exp{s}) exp{s}, s=0. (4.16)

Now if the forcing term in (4.16) fulfils the required asymptotic properties, then applying
Theorem 4.2 to (4.16) and substituting this back into (4.15), we get that relations (4.13)
are valid for any solution y of (4.14).

Remark 4.4. Following Example 4.3, we can extend asymptotic estimates (4.13) also to
some other equations of the form

y() = —p)[ay(t) —by() ]+ f(1), t=1, (4.17)
where ¢ € C!([1,00)) and ¢ > 0 on [1, ). If we introduce the change of variables
s=¢(t), z(s) = y(1), (4.18)
then (4.17) can be transformed into
Z'(s) = —az(s) +bz(u()) + f (971 (9)) (971 (), (4.19)

where u(s) = p((¢! ()M, se ¢(I). Now if the delayed argument and the forcing term in
(4.19) fulfil the assumptions of Theorem 4.2, then we can apply this theorem to (4.19)
and via substituting (4.18) obtain the validity of (4.13) for any solution y of (4.17).
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COMPARISON OF DIFFERENTIAL REPRESENTATIONS
FOR RADIALLY SYMMETRIC STOKES FLOW

GEORGE DASSIOS AND PANAYIOTIS VAFEAS

Received 10 September 2002

Papkovich and Neuber (PN), and Palaniappan, Nigam, Amaranath, and Usha (PNAU)
proposed two different representations of the velocity and the pressure fields in Stokes
flow, in terms of harmonic and biharmonic functions, which form a practical tool for
many important physical applications. One is the particle-in-cell model for Stokes flow
through a swarm of particles. Most of the analytical models in this realm consider spher-
ical particles since for many interior and exterior flow problems involving small particles,
spherical geometry provides a very good approximation. In the interest of producing
ready-to-use basic functions for Stokes flow, we calculate the PNAU and the PN eigen-
solutions generated by the appropriate eigenfunctions, and the full series expansion is
provided. We obtain connection formulae by which we can transform any solution of
the Stokes system from the PN to the PNAU eigenform. This procedure shows that any
PNAU eigenform corresponds to a combination of PN eigenfunctions, a fact that reflects
the flexibility of the second representation. Hence, the advantage of the PN representation
as it compares to the PNAU solution is obvious. An application is included, which solves
the problem of the flow in a fluid cell filling the space between two concentric spherical
surfaces with Kuwabara-type boundary conditions.

1. Introduction

Slow motion of a mass of particles relative to a viscous fluid has been studied extensively
because of its importance in practical applications. In order to construct tractable math-
ematical models of the flow systems involving particles, it is necessary to conform to a
number of simplifications. A dimensionless criterion, which determines the relative im-
portance of inertial and viscous effects, is the Reynolds number [3]. Stokes equations for
the steady flow of a viscous, incompressible fluid at small Reynolds number (creeping
flow) have been known for over one and a half centuries (1851). They connect the vector
velocity with the scalar total pressure field [3]. The total pressure and vorticity fields are
harmonic, while the velocity is biharmonic and divergence-free.
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Complications often arise because of the complex geometry encountered in assem-
blages composed of particles of arbitrary shape. There are many efficient methods in use
to solve this kind of problems with Stokes flow, such as numerical computation, stream-
function techniques, and analytic-function methods [10]. One of the largest physical ar-
eas of importance concerns the construction of particle-in-cell models which are useful
in the development of simple but reliable analytical expressions for heat and mass trans-
fer in swarms of particles. The technique of cell models is based on the idea according to
which a large enough porous concentration of particles within a fluid can be represented
by many separate unit cells where every cell contains one particle. Thus, the considera-
tion of a full-dimensional porous media is being referred to as that of a single particle
and its fluid cover. That way, the mathematical formulation of any physical problem is
significantly simplified. For many interior and exterior flow problems involving small
particles, spherical geometry [6] provides very good approximation and stands for the
simplest geometry that can be employed. Although relative physical problems enjoy ro-
tational symmetry, we retain the nonaxisymmetric character of three-dimensional (3D)
flows.

The introduction of differential representations of the solutions of Stokes equations
[1, 8,9, 10] serves to unify our own approach on all 3D incompressible fluid motions.
Based on the previous formulation of cell models, the problem is now focused on the use
of the appropriate representation that coincides with the physical problem. The major
advantage of the differential representations is that they provide us with the flow fields
for Stokes flow in terms of harmonic potentials. The most famous general spatial so-
lutions are the PN solution [8, 10], the Boussinesq-Galerkin solution [1, 10], and the
PNAU solution [9]. Recently, a method of connecting 3D differential representations has
been developed [2], where the PN and the Boussinesq-Galerkin differential representa-
tions were interrelated and connection formulae between the corresponding spherical
harmonic and biharmonic potentials were developed.

Here we are interested in the connection of the PN solution with the PNAU repre-
sentation in spherical coordinates. This is made possible by connecting the appropriate
eigenfunctions that generate the flow fields through these representations. Our aim is
to calculate the nonaxisymmetric flow fields, generated by the vector spherical harmonic
eigenfunctions [4, 7], through the PN representation and then to face the inverse problem
of determining those vector spherical harmonic and biharmonic eigenfunctions [4, 6, 10],
which lead to the same velocity and total pressure fields via the PNAU representation.
Furthermore, both the internal and the external flow problems are being examined. The
above procedure cannot be inverted as a consequence of the flexibility that the PN repre-
sentation enjoys as it compares to the PNAU solution. This indicates that the use of the
PN differential representation forms a more complete way to solve particle-in-cell flow
problems.

As a demonstration of the usefulness and the possibilities offered by the PN repre-
sentation, we derive the solution of the problem of creeping flow through a swarm of
stationary spherical particles, embedded within an otherwise quiescent Newtonian fluid
that moves with constant uniform velocity in the axial direction using the Kuwabara-type
boundary conditions [5].
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2. Fundamentals of stokes flow

Stokes flow which is characterized by steady, nonaxisymmetric 3D, creeping (Re < 1),
incompressible (density p = const), and viscous (dynamic viscosity y = const) motion
around particles embedded within smooth, bounded domains Q(IR?) is governed by the
following set of partial differential equations [3]:

pAv(r) — VP(r) =0, re Q(R’), (2.1)

V-v(r)=0, reQ(R?), (2.2)

where v(r) is the biharmonic velocity field, P(r) is the harmonic total pressure field, and
r stands for the position vector. An immediate consequence of (2.1) is that, for creeping
flow, the generated pressure is compensated by the viscous forces while equation (2.2) se-

cures the incompressibility of the fluid. Once the velocity field is obtained, the harmonic
vorticity field is defined as

w(r) =V xv(r), reQ(R?). (2.3)

Papkovich and Neuber [8] proposed the following 3D differential representation of
the solutions for Stokes flow, in terms of the harmonic potentials ®(r) and ®y(r):

vPN(r) = ®(r) — %V(r -D(r)+Dy(r)), reQ(R?),

(2.4)
PN(r) = P{N —uV - ®(r), re Q(R?),
whereas PEN is a constant pressure and
AD(r) =0, ADy(r)=0, reQ(R?). (2.5)

On the other hand, Palaniappan et al. [9] assumed another 3D differential representa-
tion for the solutions of Stokes equations as a function of the harmonic and biharmonic
potentials A(r) and B(r), respectively:

vPNAU(r) = V X V X (rA(r)) + V x (rB(r)), re Q(R?),

2.6
PPN () = PENAY 4+ (1 +1- V)AA(r), reQ(RY), (26)

where PENAY is a constant pressure, while
A’A(r) =0, AB(r)=0, reQ(R%), (2.7)

and A and V stand for the Laplacian and the gradient operators, respectively.

In what follows, we find the interrelation of these differential representations in or-
der to obtain connection formulae between the spherical harmonic (®,®y, B) and bihar-
monic (A) eigenfunctions. Putting it in a different way, given an eigenmode of one of the
representations, we look for the particular combination of eigenmodes of the other repre-
sentation that generates the same velocity and total pressure fields. Initially, the physically
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important internal and external fields of the velocity and the total pressure (v,P) are con-
structed using the representations (2.4) and (2.6). Since spherical geometry is employed,
we are using vector spherical harmonics [7] in order to simplify our calculations.

Furthermore, in order to demonstrate the usefulness of the PN differential represen-
tation, we use it to solve the Stokes flow problem within a fluid cell limited between
two concentric spherical surfaces. In this way, we are led to recover the solution of the
Kuwabara-type problem [5] for the small Reynolds number flow around spheres embed-
ded in a viscous fluid.

3. Vector spherical harmonic and biharmonic eigenfunctions

Introducing the spherical coordinate system [6] ({ = cosf, -1 <{ < 1),
X] = r\/l—ipcoup, X = rﬂsing&, x3 =1(, (3.1)
where 0 <7 < +00,0 <0 < m,and 0 < ¢ < 27w, we define the sphere B, for r > 0 as the set
B, ={reR’ | x}+x3+x3 <r?}. (3.2)

The outward unit normal vector on the surface of the sphere r = ry is furnished by the
formula

n(ro, () = <\/1 —Czcosgo,\/l —(zsinq),() = M, (3.3)

o

where for any nondegenerate sphere B, we have ry > 0. Furthermore, |{| < 1. The differ-
ential operators V and A, in spherical coordinates, assume the forms

J1-¢,
vopd V1700 1 0 (3.4)

10 0 10 d 1 02
=5 ("5 el -7 r e 53

while t, ( , and ¢ stand for the coordinate unit vectors of our system for r >0 and |{| < 1.
For every value of n = 0,1,2,..., there exist (2n + 1) linearly independent spherical
surface harmonics [4] given by

Y (3) = p;”((){cf’sm"” O (3.6)
sinmg, s=o,
form=0,1,2,...,n, |{| <1, ¢ €[0,27), where
b 41 (n+m)! 1
ms [ a m's’ (4 &) — ’ ’ ;—
fgl Yn (I')an (I')dS(l‘) = I+ 1 (I’l — m)!(srm 5mm 833 & > (37)

with 6;j, i = n,m,s, j = n',m’,s’, the Kronecker delta, ¢,, the Neumann factor (e, = 1,
m =0, and &,, = 2, m = 1), and s denoting the even (e) or the odd (o) character of the
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spherical surface harmonics; P = P™({) are the associated Legendre functions of the
first kind [4] given by the relation

(1 _ CZ)m/z qn+m
2npl d(;ﬁm

P = (-1"% K<t (3.8)
where n denotes the degree and m the order.

In spherical coordinates, the linear space of harmonic functions can be expressed via
the complete set of internal and external solid spherical harmonics, that is,

Y (),

p ) yms ), (3.9)

Ag(r) =0=g(r) = {

forn=0, m=0,1,...,n, and s = e,0. Similarly, according to the representation theorem
of Almansi (1897) [10], every biharmonic function permits an appropriate decomposi-
tion into two harmonic functions A (r) and h,(r), that is,

h(r) = hy(r) +7%hy(r)  with Al (x) = Ahy(r) = 0. (3.10)

Forevery —1 < { < 1 and ¢ € [0,27), the vector spherical surface harmonics [7] which
are defined by the relations

P (§) = Y5 (£), (3.11)
ms(p) = 71 — — Ai ! Ai ms(a

B = s | 1= Gl l_czq)a(P]Yﬂ (®), (3.12)
ms(a\ _ 1 PN _ _ Ai 1 Ai ms (4

Crs(¢) = n(n+1)rx[ /1 (2(8(+ 1_(2q)8(p]Y” (#), (3.13)

foranyn =0, m =0,1,...,n,and s = e,0, are pointwise perpendicular; that is,
P .C=Cl B =B} P =0. (3.14)

Moreover they satisfy the orthogonality relations

f P ey dse) = § By By 0ds)
SZ SZ

- £2 Cms(8) - C< (2)dS(#) (3.15)
_ 4nm (n+m) 1
C2n+1(n—m) O Omm s &m

where

1, m=0,
smz{ - (3.16)
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Thus, for any r € Q(IR?), the internal vector spherical harmonics [7] are provided as
NP7 (e) = V(r Y (1) =/ (n 4+ D) (n+2)r" B (8) + (n+ Dy (8) - (3.17)
forn=0,1,2,...,m=0,1,...,n+1,and s = e, 0;
MO (p) = V x (er"YS(#)) = \/n(n+ 1)r"C(#) (3.18)
forn=1,2,....,m=0,1,...,n,and s = e,0;
GUms(r) = P2 IN@™S (p) = \[n(n — 1)r"B7S | () — nr"P7S | (£) (3.19)

forn=0,1,2,..., m=0,1,...,n— 1, and s = e,0. On the other hand, the external vector
spherical harmonics [7] assume the forms

N;e)ms(r) _ V(r—n ms (f')) (Yl _ 1) (n+1) Bmsl(f.) _ n+1)Pmsl(r) (3‘20)
forn=1,2,....m=0,1,...,n—1,and s = e, 0;
MM (r) = V x (er =Y (2)) = \[n(n+ 1)r-"TDCTS(#) (3.21)
forn=1,2,....,m=0,1,...,n,and s = e,0;
G;e)ms(r) _ r7(2n+1)N£li)ms(r)

=(n+1)(n+2)r OB (#) + (n+ 1)r~"UP™ ()

forn=0,1,2,..., m=0,1,...,n+ 1, and s = e,0. Then, the following complete expansion
of any vector function u(r) which belongs to the kernel space of the operator A is ob-
tained:

(3.22)

u(r) = Z (z)OsNO S(r) + Z a(()i)lsNéi)ls(r)

$=e,0 $=¢6,0

+ Z OsG(e)Os( )+ Z lsG(e)ls( )

$=e,0 $=e,0

n+l o n-—1
z (i)msN’(j)mS(r)+ Z Z Z a(ne)msN(ne)mS(r)
m=0 n=1m=0 s=e,0

i

(3.23)

> a
s=e,0
Z b,(j)mSMS)ms(l‘)dl‘ i i Z emsM e)m. )
s=e,0

n=1 m=0 s=e,0

3§
'—‘o

o n+l

Z Z Cgli)msG’(j)rnS(r)_'_ Z Z Z C’(qe)msG(ne)rm(r)
m=0 s=e,0

n=1m=0s=e,0

||M8 u[\/_|8 ||[\/_|8

for every r € Q(R?). In the interest of making this work more complete and independent,
we provide in an appendix some relations between the vector spherical harmonics. The
relevant information and recurrence relations for the associated Legendre functions of
the first kind can be found in [4].
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4. PN eigenflows
In view of equations (2.4), (2.5) and (3.9), (3.23), the harmonic eigenfunctions ®(r) and

Dq(1), r E Q(R?), with constant coefficients alms plims - foms - glems gy ems - Lams g

(ms  glehms respectively,

= i i Z a(i)msN,(f)mS(r)-f— i i Z b;i)msM’(f)mg(r)
n=0 m=0 s=e,0

s= n=1 m=0 s=e,0

_l_z i Z C(i)mngli)ms(r)_{_Z i Z (e)msN’(f)mS(l.) (4'1)
n=1m=0 s=e,0 =0s=

s= n=1m €,0

+ i i Z b(e)msM ems )+ i ’f Z C’(f)msGSle)ms(r),
m=0 s= n=0 m=0 s=e

=e,0

qu

) n [
:ZZ £Lms Yms Z

Z d(e)ms n+l)Y;ns(i.)) (4.2)

generate the velocity and total pressure fields vPN, PN, In terms of (3.11)—(3.22) and
(A.1)—-(A.11), the PN flow fields are written as

- n

(n-1) ; 1 yms  (n+2)(2n+5) :
2 [_T“S)ms 24 e 3) C%Srz]Nmms(r)

M (e)ms _ l (e)ms w (e)ms
[ ¢ 2T T G ]N )

+ Z z Z [b (iyms M(z ms(p) + Z Z z (e)ms gle)ms(l_)

n=1 m=0 s=e,0 n=1 m=0 s=e,0

(4.3)

PPN :Pgw{ S S S (et D20t Dy E)
o (4.4)

+2 > 2 nn- 1>c,i€>’z“(r<"+”Y,:"S<f>)}

for every r € Q(R?).
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5. PNAU eigenflows

According to (2.6), (2.7) and (3.9), (3.10), (3.23), the biharmonic and harmonic eigen-
functions A(r) and B(r), r € Q(RR?), with constant coefficients fn(l)ms g,(,l)ms, fn(e)ms, gr(le)ms,

and ei™, el respectively,
i i Z fni)ms(rnY,:m(l') +i i Z (e) ms 1’ (n+1)Yms( ))
n=0 m=0 s=e,0 n=0 m=0 s=e,0
(5.1)
PIPIPN Sl E GLSPIPIDN e
n=0 m=0 s=e,0 =0 m=0 s=e

[eS] n o n

B(r) = Z Z Z tms T YmS(r) 2 Z z e)ms n+1)Yrrlns(f.)) (5.2)

generate the PNAU velocity and total pressure fields v?NAU and PPNV by virtue of (3.11)-
(3.22) as well as (A.1)—(A.11). That is,

o n+l
(n+2)(2n+5) (iyms 2:|N£1i)ms(r)

DI [T T

n=0 m=0 s=e,0

Z |:_ (l’l _ l)f(e)ms (7’1 - 1)(2}’! 3)g(e)m5 Z]N(e)ms(r)

n—1 (n_l) n—1

[e8] n

+ Z_:l Z_:O :Z: [ iyms M(I)MS(I.)+ Z:l ZO Z e)ms e S(r) (5.3)
+i n—1 Z |:2(7’l—1) (1)ms:|G(1)m5(r)
4 (21’1 _ l)gnfl n

0 ntl
2(l/l+2) (e)ms] (e)ms
+ Z z ' [(2n+3)gn+1 Gn (1‘),

PPNAU (1) — pINAU +‘u{ D> D 2n+1)(2n+3)gim (1Y (1))
n=0 m=0 s=e,0
(5.4)

for every r € Q(R?).

6. Comparison of the PN and PNAU representations

In this section, our aim is to find the exact harmonic and biharmonic potentials given
by equations (4.1), (4.2) and (5.1), (5.2), which lead to the same velocity and total pres-
sure fields. From this point of view, we look for connection formulae for the differential
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representations that secure the identities
vPN(r) = vPNAU (), PPN(r) = PPMU(r) re Q(R?). (6.1)

By virtue of (6.1), we proceed by interrelating the PN flow fields (4.3), (4.4) with the
corresponding PNAU flow fields (5.3), (5.4). This correlation leads to connection formu-
lae that interrelate the corresponding constant coefficients of the potentials (4.1), (4.2),
(5.1), and (5.2). What is actually happening is that the connection of the velocity and
total pressure fields has been transferred to the corresponding connection of the constant
coefficients of the potentials. Indeed, after some calculations, we obtain the relations

(iyms

cots =2g0ms forn =0,1,2,..., m=0,1,...,n, s = e,0, (6.2)
cloms =2g'9m forn=1,2,..., m=0,1,...,n, s =e,o0, (6.3)
plims — glims forn=1,2,...,m=0,1,...,n,s=e,o, (6.4)
bff)m‘ = eff)"“ forn=1,2,..., m=0,1,...,n, s=e,o0, (6.5)

(n —2)115,")r;15+d(")mS =-2(n+ l)frl(i)m‘ forn=1,2,...,m=0,1,...,n,s=e¢e,0, (6.6)
(n+3)a ,fﬂ d;@’”s = —211fﬂ(‘3)"1S forn=1,2,..., m=0,1,...,n, s=e¢,0, (6.7)

which establish the connection between the PN and PNAU representations at the coef-
ficient level. The cases that do not follow the general relations (6.2)—(6.7) for n = 0 are
treated separately. These concern the coefficients

g(()e)Oe’ e(()i)Oe,e Oe i)0e ﬁ) Oe’fe e cR. (68)

Furthermore, the interrelation of the total pressures implies the equation of the constant
pressures defined earlier, that is,

PN _ pENAU, (6.9)

Flows of zero vorticity are irrotational flows. Consequently, irrotational fields force the
corresponding terms of the potentials, or of the flow fields, to vanish. Then, according to
(4.3) and (5.3) of the velocity fields, in view of (2.3) and the relations (A.7), (A.9), and
(A.11), the following constant coefficients are set to zero on the basis of orthogonality
arguments:

cms — gm0 forn=0,1,2,..., m=0,1,..., 1, s = e,0, (6.10)
cﬁe)?:ggem:o forn=12,...,m=0,1,...,n, s=e,o, (6.11)
pims — ems — 0 forn=1,2,..., m=0,1,..., 1, s = &,0, (6.12)
bﬁf)’"szeﬁf)mszo forn=1,2,..., m=0,1,...,n, s =e,o. (6.13)
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Even though the biharmonic part of the biharmonic potential A and the harmonic
potential B are connected directly to the G-component and the M-component of the
harmonic potential @, respectively, as shown from the general equations (6.2)—(6.5), the
procedure of interrelation is not invertible. The reason for this lack of invertibility is due
to the general connection relations (6.6) and (6.7), where the harmonic part of the bihar-
monic potential A is given through the N-component of the harmonic potential ® and
through the harmonic potential ®y. The transformation from one representation to the
other is not obtainable analytically in the sense that one can start with the PN differential
representation and regain the results from the PNAU differential solution through the
relations above, but one cannot come the opposite way since two sets of internal and ex-
ternal constant coefficients of the PN solution cannot be determined. Consequently, we
deal with a higher number of degrees of freedom for the PN differential representation,
a fact that implies the flexibility of the PN representation. In other words, for the same
eigenflow, the PN representation lives in a higher-dimensional space than the PNAU one.

7. Application: the Kuwabara sphere-in-cell model

In order to demonstrate the usefulness of the PN differential representation ((2.4), (2.5)
or (4.3), (4.4)), we use it to solve the axisymmetric Stokes flow problem through a swarm
of stationary spherical particles, embedded within an otherwise quiescent Newtonian
fluid that moves with constant uniform velocity in the polar direction. In other words,
according to the idea of particle-in-cell models described in the introduction, we are in-
terested in solving the creeping flow within a fluid cell limited between two concentric
spherical surfaces.

Two concentric spheres are considered. The inner one, indicated by S, at ¥ = «, is solid
and stationary. It lives within a spherical layer, which is confined by the outer sphere in-
dicated by S, at ¥ = b. A uniformly approaching velocity of magnitude U, in the negative
direction of the x3-axis, generates the axisymmetric flow in the fluid layer between the
two spheres. The boundary conditions assume the forms

v,=0 onr=aqa, (7.1)
vy=0 onr=a (7.2)
v,=-U{ onr=b, (7.3)
wpy=¢-w=0 onr=b, (7.4)

where v, and v; are the r and { components of the axisymmetric PN velocity field and w,
refers to the ¢ component of the vorticity field given by (2.3). Equations (7.1) and (7.2)
express the nonslip flow condition. Equation (7.3) implies that there is a flow across the
boundary of the fluid envelope S;. Furthermore, according to the Kuwabara argument,
the vorticity is assumed to vanish on the external sphere, as shown by equation (7.4). This
completes the statement of a well-posed boundary value problem.

Since the PN representation covers 3D flow fields, for 2D flows, as in our case, we are
obliged to make a considerable reduction considering rotational symmetry. This is attain-
able and requires the same velocity field on every meridian plane. That is, the velocity is
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independent of the azimuthal angle ¢:

ovPN(r)dp =0, re Q(R?), (7.5)
and its vector lives on a meridian plane:

¢-vPN(r) =0, reQ(R?). (7.6)

Now, imposing the axisymetric conditions (7.5) and (7.6) to our representation, the
velocity field (4.3) is written in a suitable form:

vP r(—vPNr()r+v r()( r>0, (] <1, (7.7)

where the components of the velocity are expressed in terms of the radial component and
Legendre functions of the first kind via

oyN(r, () = g%{(]’l—f— 1)<((2nn:_33)) &9, +de ) ~(n42) 4 % £ o .
LS L PO

R T L
+ (((271”—_21)) 5;i31+‘;;i))rn-1+%cn+l n+1}P o, .

while for the total pressure we obtain, from equation (4.4),

[e9]

PN(r, ) = PEN —u Z {(n+ l)cnﬂr - nE(e) r (”“)}Pn((), r>0, (| <1. (7.10)

n=0

The vorticity field given in (2.3), in view of (7.7), (7.8), and (7.9), is easily confirmed to
be expressible in

PN(r,C):¢w$N(r,C), r>0, (] <1, (7.11)
whereas
N = S {auhr+a2ir D IPL(Q). (7.12)
n=1

The constant coefficients c,(f), 55, , dn , and dn , n > 0, must be determined from the ap-

propriate boundary conditions.
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In order to apply the boundary conditions (7.1)—(7.4), we use the expressions (7.8),
(7.9), and (7.12) as well as certain recurrence and orthogonality relations for the Le-
gendre functions [4]. After some extensive algebra, one obtains a complicated system of
linear algebraic equations involving the unknown constant coefficients, where only the
first term provides us with the solution and then we obtain the corrected solution of the
Kuwabara-type boundary value problem [5], that is,

VN(,0) = 0PN (O + 0N (1), (7.13)

P0Gl ) ()0 o

20 =2 [ (2) - () 36) 3 (- ) () ] o

000 S50 ()] 7o
)

+ (%)2} (7.17)

where £ = b/a>1, K = (£ — 1)3(1+3€+ 662 +5€3)/5¢°, and «, b are the radii of the con-
centric spheres. We remark here on the simple way one can obtain the solution preserving
at the same time the mathematical rigor.

8. Conclusions

A method for connecting two differential representations for nonaxisymmetric Stokes
flow was developed. Based on this method, we examined the Papkovich-Neuber (PN)
[8, 10] and the Palaniappan et al. (PNAU) [9] differential representations, which offer so-
lutions for such flow problems in spherical geometry. The important physical flow fields
(velocity, total pressure) are presented in terms of vector spherical harmonics. Further-
more, interrelation of the flow fields leads to connection formulae for the constant co-
efficients of the potentials, using the corresponding potentials as a function of spherical
eigenfunctions. An immediate consequence of the interrelation of our representations for
Stokes flow is that this procedure cannot be inverted. Consequently, one can always cal-
culate the flow fields via the PNAU representation once the PN eigenmodes are known,
but one cannot obtain relations that provide the PN potentials through the harmonic and
biharmonic PNAU potentials.

An application of the present theory to an axisymmetric Stokes flow problem in a
spherical cell (as a mean of modeling flow through a swarm of spherical particles) with
the help of the PN differential representation was provided. An extension of the problem
presented here to the case of ellipsoidal geometry for the creeping flow of small ellipsoidal
particles is under current investigation.
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Appendix

For completeness, we present the following relations between the vector surface and solid
spherical harmonics:

By X P = YSC, P X CI = YBIY, (A1)
B"™ =t xC"™, C"=B"™xt, (A.2)
romtl 1)ms rit? (e)ms
P (#) = - N , A3
n (T) (2H+1) ( ) (21’l+1) n+l (I‘) ( )
n+l 1 rntl (i)ym n T (e)ms

B(#) = +y|— : Ad
n (I‘) (2l’l+ l) n— (I‘) 1 (2n+ 1) n+l (I‘) ( )

ms 1 ms rn+1 (e)ms
Cr(t) = (1) + 5=——==M,7™(r), (A.5)

2\/ n+1 2/n(n+1)

forn=0,1,2,...,m=0,1,...,n+1,s = e,0, and r € Q(R?). Finally, for the vector spheri-
cal harmonics, one can easily derive the following relations:

V. Nﬁ,")ms(r) -0, V. Ngle)rm(r) =0, (A.6)
VXNP™(r)=0,  VxNY™(r)=0, (A7)
VM) =0, V-MP"™(r) =0, (A-8)
VXM(i (1) = (n+ DN (1), ¥ x MO™(r) = —naNOT(r), (A9)
ms(r) = —n(2n+1)r" Y™ (1),
(A.10)
’”S(r) —(n+1)(2n+1)r " yms (),

VXGI™(r) = —2n+ DMP™(x), VX GO™(r) = 2n+ DM (x).  (A.11)
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ZERO-DISPERSION LIMIT FOR INTEGRABLE EQUATIONS
ON THE HALF-LINE WITH LINEARISABLE DATA

A. S. FOKAS AND S. KAMVISSIS

Received 4 December 2002

We study the zero-dispersion limit for certain initial boundary value problems for the
defocusing nonlinear Schrédinger (NLS) equation and for the Korteweg-de Vries (KdV)
equation with dominant surface tension. These problems are formulated on the half-line
and they involve linearisable boundary conditions.

1. An initial boundary value problem for soliton equations

In recent years, there has been a series of results of Fokas and collaborators on boundary
value problems for soliton equations (see [3] for a comprehensive review). The method
of Fokas in [3] goes beyond existence and uniqueness. In fact, it reduces these problems
to Riemann-Hilbert factorisation problems in the complex plane, thus generalising the
existing theory which reduces initial value problems to Riemann-Hilbert problems via
the method of inverse scattering. One of the main advantages of the Riemann-Hilbert
formulation is that one can use recent powerful results on the asymptotic behaviour of
solutions to these problems (as some parameter goes to infinity) to derive asymptotics
for the solution of the associated soliton equation. For the study of the long-time asymp-
totics, such methods were pioneered by Its and then made rigorous and systematic by
Deift and Zhou; the method is known as “nonlinear steepest descent” in analogy with the
linear steepest descent method which is applicable to asymptotic problems for Fourier-
type integrals (see, e.g., [2]). A generalisation of the steepest descent method developed
in [1] is able to give rigorous results for the so-called “semiclassical” or “zero-dispersion”
limit of the solution of the Cauchy problem for (1 + 1)-dimensional integrable evolution
equations, in the case where the Lax operator is selfadjoint. The method has been further
extended in [9] for the “nonselfadjoint” case.

In a recent paper [8], Kamvissis, by making use of the nonlinear steepest descent
method, has studied the “zero-dispersion” limit of the initial boundary value problem for
the (1 + 1)-dimensional, integrable, defocusing, nonlinear Schrodinger (NLS) equation
on the half-line, for quite general initial and boundary data. In this paper, we consider
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the simplest case of “linearisable” data. More precisely, we consider the two “archetypal”
soliton equations

ihuy (x,t) + Wt (x, 1) — 2 | u(x, t) |2u(x,t) =0, x>0,t>0,

(1.1)
u(x,0) = up(x) € S(R*), 0<x< oo,
with the linearisable boundary condition
u(0,t) — yu(0,t) =0, >0, (1.2)

for some constant y > 0, where / is the semiclassical parameter which is assumed to be
small and positive and S(R™) denotes the Schwartz class on [0, ®);

(3, 1) + e (2, 8) + 6uL (0, 1) — WPty (%,8) =0, x>0, >0,

1.3
u(x,0) = up(x) € S(R*), 0<x< oo, (13)

with the linearisable boundary condition
u(0,t) =y, ux(0,8) = x+3y% t =0, (1.4)

for some constant y, where h is the dispersion parameter which is assumed to be small
and positive.

It is well known that these equations admit a “Lax-pair” formulation. Namely, these
equations are the compatibility condition for the equations Ly = 0 and By = 0, where L
and B are differential operators on a Hilbert space. In the NLS equation case, for example,

they are given by
0y — ik iu
LZ( — il ax+ik>’

(i +4ik? +ilul*  —2ku —iu,
B —2kit+ i iho; —ilul? )

(1.5)

Here, the bar denotes complex conjugation, k is the spectral variable, and u = u(x,t) is
the solution of (1.1).

The traditional method of solving initial value problems for soliton equations that ad-
mit a Lax-pair formulation is to focus on the operator L and apply the theory of scattering
and inverse scattering to this operator.

On the other hand, one of the main ideas of the method of Fokas is that for initial
boundary value problems, the two operators L and B should be on an equal footing. The
scattering transform should be applied to both operators simultaneously, while a so-called
global relation has to be imposed on the data to ensure compatibility (see relation (2.6)).
The global relation will ensure existence, uniqueness, and the validity of the Riemann-
Hilbert formulation.
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2. The Riemann-Hilbert problem

As shown in [4], initial boundary value problems for integrable evolution PDEs can be

reduced to a Riemann-Hilbert factorisation problem, under the special assumption that

the so-called global relation, a condition on the given data, holds (see relation (2.6)).
Consider first the NLS equation with general boundary conditions. Namely, either

u(0,1), u.(0,t), or a relation between u(0,t) and u,(0,t) is given. The situation for

Korteweg-de Vries (KdV) equation is similar where two boundary conditions are given.
Let X be the contour R U iR with the following orientation:

(i) the real axis is oriented from left to right,
(ii) the positive imaginary axis is oriented from infinity towards zero,
(iii) the negative imaginary axis is oriented from infinity towards zero.

We use the following convention: the +-side of an oriented contour is always to its left,
according to the given orientation.

Letting M, and M_ denote the limits of M on X from left and right, respectively, we
define the Riemann-Hilbert factorisation problem

M, (x,t,k) = M_(x,t,k)] (x,1,k), (2.1)
where
Il keRH,
Jx,t,k)=4J7!, k€iRt,
]3—1’ ke iR_, (22)
L=kl keR,
with

A (2.3)
fim 1 —y(k)e‘2’®
e 1-|yi|?)

O(x,t,k) = %, 0 = kx +2k*t.
The functions y and I' are defined in terms of the spectral functions of the problem (see
[5, (2.25), (2.28)]), with important analyticity properties (see [5, (2.21), (2.22)]). In par-
ticular,

I'(k) = (2.4)
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where a, b are the spectral functions for the x-problem and A, B are the spectral functions
for the t-problem. The functions a, b are analytic and bounded in the upper half-plane,
while A, B are analytic and bounded in the first and third quadrants of the k-plane.

The solution of the NLS equation can be recovered from the solution of (2.1) as fol-
lows:

u(x,t) = 2ihlim (kM (x,t,k)), (2.5)

— 00

where the index 12 denotes the (12)-entry of a matrix.
The following “global relation” is imposed on the scattering data:

a(k)B(k) — b(k)A(k) = e**Tc(k), (2.6)

where c(k) is analytic and bounded for Im k >0, and c¢(k) = O(1/k) as k — oo. Here, T is
the time up to which we solve the initial boundary value problem for NLS. In general, A,
B are functions of T.

There exists a complicated relation between u(0,t) and u,(0,t); the global relation is
the expression of this in the spectral space.

In our particular case (problem (1.1)), T = oo and the global relation becomes

a(k)B(k) — b(k)A(k) =0 (2.7)
for arg(k) € [0,7/2].

The KdV is treated similarly. The contour X4V consists of the real line oriented from
left to right, together with the curves

L = {kszHkI, ki >0, 1+3k§—k%:o},

4

1 (2.8)
I = SLkszHkI, ki <0, Z+3k§—k§=o}

oriented from right to left. Instead of (2.1), the Riemann-Hilbert problem becomes
MY (x,t,k) = MRV (x, £, k)T (x, 1, k), (2.9)
where

U kel
X~ kel, (2.10)

]%<dv _ ]§<dv (]de)—IJ{(dV’ keR,

JEY (x,t,k) = {
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with

]KdV: 1- KdV 0
! I(k)e® " 1)’

JKav _ 1 _f(k)efz@m
3 - 0 1 5

JEY = < 1- Kdv _y(k)EZiG)K:V)
¢ y(k)e*® 1- |y )’

Kdv
KV (x,t,k) = HT 0KV = _kx+ (k +4k%)t.

(2.11)

Here, T is still defined via (2.4) and the spectral functions a, b, A, and B still satisfy (2.7),
where of course these functions are now expressed in terms of the KdV spectral problems.

3. Linearisable data

In general, the global relation together with the definition of A(k) and B(k) imply a
nonlinear Volterra integral equation for the missing boundary values. For example, it is
shown in [5] that in the case of the defocusing NLS equation with q(0,¢) = f;(t) given, the
unknown boundary value q,(0,¢) = f(t) satisfies a nonlinear Volterra equation which
has a global solution.

We note that the analogous step for linear evolution equations is solved by algebraic
manipulations [3]. This is a consequence of the invariance of the unknown terms in the
global relation under k — v(k), where w(v(k)) = w(k) and w is k? and k + 4k> for the NLS
and KdV, respectively. Unfortunately, the global relation now involves the solution of the
t-problem @(t,k) which in general breaks the invariance. However, for a particular class
of boundary conditions, this invariance survives. This is precisely the class of “linearisable
problems,” namely a class of problems for which A(k) and B(k) can be explicitly written
in terms of a(k) and b(k).

It is shown in [4] that for the NLS equation with the boundary condition (1.2),

B(k)  2k+iy b(—k)

A(k) — 2k—iya(-k)’ (3D
while for the KdV with the boundary condition (1.4),
B(k) _ f(k)b(v(k)) — a(v(k)) (3.2)
A(k)  f(ka(v(k)) —b(v(k))’ '
where
v2+kv+k2+i =0,
v+k 4vk (3.3)

i 251 %)
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Now we restrict ourselves to NLS equation first. It is then easy to see that B/A is analytic
and O(1/k) in the first quadrant. Hence, the coefficient I' is analytic (at least) in the first
quadrant of the k-plane, and bounded there.

This has an important consequence. Noting the decay properties of the term exp(2i®)
as k — oo in the first quadrant, it is immediate that the positive imaginary axis of the
contour can be deformed clockwise to the positive real part. This deformation is exact,
not approximate.

Similarly, the negative imaginary part of the contour can be deformed to the negative
real axis. We end up with a Riemann-Hilbert problem with jumps only along the real axis.
In fact, let

N(x,t,k) = M(x,t,k), arg(k) € (%3771)’

N, 4k) = M(x, k) !, arg(k) € (o, g) (3.4)

N(x,t,k) = M(x,t,k)J5', arg(k) € (%,271).

The Riemann-Hilbert problem becomes

Ni(xtk) =N-(66K)](x6k), keR,  ImN(xtk) =1,
1 (y-T)(k e—2i®> (3.5)
1 _ >

(
where Jy (x, 1,k) = (_()7—1“) (k)e*® ly(k) |

and formula (2.5) holds with N instead of M. Again, we stress that problems (2.1) and
(3.5) are exactly equivalent, not just approximately equivalent.

Note that for k > 0, y(k) — ['(k) = 0. This follows from the definition in (2.4) and
the global relation (2.6). For negative k, y(k) — ['(k) = (bA —aB)/(aA — bB) has all the
smoothness and decay properties that are required from a bona fide reflection coefficient
corresponding to a realised potential. For example, if the initial data u, belongs to the
Schwartz class of RT, then a and b are also Schwartz, while A and B are smooth and
bounded. Hence, R = y — I belongs to the Schwartz class of R. There is a unique potential
vo corresponding to R, which is a continuation of uy. The Riemann-Hilbert problem (3.5)
then gives the evolution of the solution to the NLS equation under initial data vo.

Thus, we have shown that, in the linearisable case for NLS equation, the half-line prob-
lem can be recovered from the solution of the full real line problem by appropriately
continuing the initial data.

The above observations are an immediate consequence of the question of studying
the semiclassical limit of NLS equation. Since the initial boundary value problem can be
considered as a restriction of an initial value problem and since the initial value problem
for NLS equation is well understood (studied by Jin et al. in [6, 7]), the results for the
initial boundary value problem are recovered immediately.



A. S. Fokas and S. Kamvissis 113

More precisely, with the introduction of a small dispersive constant ki, the changes in
the Riemann-Hilbert problem (2.1) will be as follows:

(1) x, t will be replaced by x/h, t/h;
(ii) the coefficients y, ' will now be dependent on h.

Since the deformation leading to (3.5) is exact, that is, there is no error (possibly de-
pendent on h), the reduction to a Riemann-Hilbert problem on the line is possible, ex-
actly as in the h = 1 case.

Phenomenologically, one sees that the half-plane x,# > 0 can be divided into two re-
gions. In the first “smooth” region, strong semiclassical limits exist and satisfy the for-
mally limiting system. In the NLS equation case, letting p = lul?, p = hlm(iuy), the
strong limits p, i, as h — 0, exist and satisfy

~2 ~2
pitiix =0, m+(%—%)x:o. (3.6)

In the second “turbulent” region, fast oscillations appear that can be described in terms
of slowly modulating finite-gap solutions. Only weak limits exist for p, g as h — 0 and they
can be expressed in terms of the solutions of the so-called Whitham system. Rigorous
asymptotic formulae for p, p are also easily available (see, e.g., [9]).

In the case of the KdV equation, even with the appropriate changes of contour and
phase, the situation is more complicated. It is not true anymore, even for linearisable
data, that the half-line problem can be recovered from the solution of the full real line
problem by appropriately continuing the initial data, for any value of the small dispersion
parameter h. However, we will show that this reduction is possible asymptotically as h — 0.

Denote by D; and D, the domains bounded by I+ UR and I_ U R, respectively. In
order to follow the argument used above for the NLS equation, we need to “deform” the
curves [ and I, to the real line. This is not possible because I'(k)e2®“"" and T'(k)e2®"
are not bounded as k — oo in the domains D; and D,, respectively. What we can do is to
“conjugate away” the jumps on /- and [, by introducing an auxiliary Riemann-Hilbert
problem which can be reduced to a scalar (hence explicitly solvable) Riemann-Hilbert
problem. This is possible because of the triangularity of the jump matrices /K¢ and JXV.

In the end, we still obtain a Riemann-Hilbert problem on the real line, which, however,
is not of the “standard” KdV form, at least for general h. As long as we are only interested
in the asymptotics h — 0, though, the reduction to a “standard” Riemann-Hilbert prob-
lem is possible. This means that the already existing analysis of the zero-dispersion limit
of KAV on the full line (see [10, 11, 12, 13]) is after all applicable.

More precisely, following [8], we consider the following Riemann-Hilbert problem:

L+(xrt)k) = L—(-x)tak)]KdV(x)t)k)a (37)
where

TV (x,5,k) = 7K kel (3.8)
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with

1 —T(k)e 2@ gKav
]§<dv _ ( ( ) >, G)Kdv(x,t,k) — z

where
XV = _kx + (k +4K>)t,

such that limy_ . L(x,t,k) = I.
This problem can be solved explicitly as follows:

L(x,t,k) = (é l("’f’k )),

where

1 —[(5)e 210" (xt9) g
bR = i) T s

Similarly, consider
U, (6, t,k) = U_ (6,656 75 (e, 1,k), kel

with

Kdv 1- KdV 0
1 F(k)em 1)’

such that limg_ ., U(x,t,k) = I. We now have

1 0
U(X> t>k) = (u(x, t,k) 1) ’

where

1 r 2i@KdY (x,£,5) d
u(x,t,k) = 7J M_
2mi Ji- s—k

Now set

M(x,t,k)U(x,t,k), ke Dy,
N(x,t,k) =y M(x,t,k)L"(x,t,k), k€ D,
M(x,t,k), otherwise.

>

(3.9)

(3.10)

(3.11)

(3.12)

(3.13)

(3.14)

(3.15)

(3.16)

(3.17)
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Then N(x,t,k) is analytic in C\ R, with lim_ N(x,t,k) = I, and across R the jump is
given by

N (x,t,k) = N_(x,t,k)L(x,t,k)] (x, £, k) U~ (x, 1, k). (3.18)

An easy deformation argument shows that L = I+ O(h), U = I+ O(h) as h — 0 (one can
simply deform the contour “upwards” or “downwards” and the real part of the phase will
become negative). This means that the factor L can be ignored asymptotically. (This is not
entirely obvious at this point. The full-line zero-dispersion analysis of KdV involves the
introduction of a so-called g-function and a conjugation of the Riemann-Hilbert problem
by a term e%&", Only after obtaining the new “conjugated” Riemann-Hilbert problem
one is allowed to use the fact that L, U = I+ O(h) as h — 0. See [8] for details.)

Again, the half-plane x,t > 0 can be divided into two regions. In the first “smooth” re-
gion, a strong zero-dispersion limit & = limy,_o u exists and satisfies the formally limiting
system

ity (x, 1) + i1 (x, £) + 611, (x, 1) = 0. (3.19)

In the second “turbulent” region, fast oscillations appear that can be described in terms
of slowly modulating finite-gap solutions. Only a weak limit exists for u as h — 0 and it
can be expressed in terms of the solutions of the Whitham system for KdV. A rigorous
asymptotic formula for u is also easily available (see, e.g., [13]).
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ON SAMPLING EXPANSIONS OF KRAMER TYPE

ANTHIPPI POULKOU

Received 31 October 2002

We treat some recent results concerning sampling expansions of Kramer type. The link
of the sampling theorem of Whittaker-Shannon-Kotelnikov with the Kramer sampling
theorem is considered and the connection of these theorems with boundary value prob-
lems is specified. Essentially, this paper surveys certain results in the field of sampling
theories and linear, ordinary, first-, and second-order boundary value problems that gen-
erate Kramer analytic kernels. The investigation of the first-order problems is tackled in
a joint work with Everitt. For the second-order problems, we refer to the work of Everitt
and Nasri-Roudsari in their survey paper in 1999. All these problems are represented by
unbounded selfadjoint differential operators on Hilbert function spaces, with a discrete
spectrum which allows the introduction of the associated Kramer analytic kernel. How-
ever, for the first-order problems, the analysis of this paper is restricted to the specification
of conditions under which the associated operators have a discrete spectrum.

1. Introduction

This paper surveys certain results in the area of sampling theories and linear, ordinary,
first- and second-order boundary value problems that produce Kramer analytic kernels.

1.1. Notations. The symbol H(U) represents the class of Cauchy analytic functions that
are holomorphic (analytic and regular) on the open set U < C, that is, H(C) represents
the class of all entire or integral functions on C. The symbol I = (a,b) denotes an arbitrary
open interval of R; the use of “loc” restricts a property to compact subintervals of R. All
the functions f : (a,b) — C are taken to be Lebesgue measurable on (4, ), all integrals are
in the sense of Lebesgue, and AC denotes absolute continuity with respect to Lebesgue
measure.

If w is a weight function on I, then the Hilbert function space L?>(I;w) is the set
of all complex-valued, Lebesgue measurable functions f :I — C such that fah wlfl? =
f: w(x)| f(x) |2dx < +o0 and then, with due regard to equivalence classes, the norm and
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inner product are given by

b
IFIR = LW' B (fughwi= j w(x) f (0g(x)dx. (L.1)

1.2. The W.S.K. sampling theorem. This sampling theorem owes its first appearance to
Whittaker, in 1915. The same result was obtained later and independently by Kotel'nikov,
in 1933, and by Shannon, in 1949. So, it is presently known in the mathematical litera-
ture as the W.S.K. theorem (see [31, 35, 40]). However, there are more names who have
legitimate claims to be included and for a historical review, we refer to (26, 27]. Turning
to the seminal paper by Shannon, this theorem, the proof of which is found in [35], reads
as follows.

TaEOREM 1.1 (see [35]). If a signal (function) f(t) contains no frequencies higher than
W/2 cycles per second, that is, is band limited to [—nW,n W, which means that f(t) is of
the form

W

£t = J g explixtds, (1.2)

-7

then f(t) is completely determined by giving its ordinates at a sequence of points spaced 1/W
apart and f (t) is the sum of its “scaled” cardinal series

B > n \sing(Wt—n)
f= Z f<W> n(Wt—n) (1.3)

n=-—o0o

Remark 1.2. This is the first of the sampling theory results; the signal f cannot change to
a substantially new value in a time less than half a cycle of its highest frequency, W/2 cy-
cles per second. And moreover, the collection of “samples” { f(n/W):n=0,£1,%2,...}
specifies g via its Fourier series, since the general Fourier coefficient of g (in (1.2)) is
f(n/W), and then g specifies f via (1.2). So, if f can be “measured” at the sampling
points {n/W : n € Z}, which are equidistantly spaced over the whole real line R, then f
can be reconstructed uniquely at every point of the real line R. The engineering principle
established in this way leads to the assertion that certain functions whose frequency con-
tent is bounded are equivalent to an information source with discrete time. This has a ma-
jor application in signal analysis, and in order to obtain, in general, a great appreciation
of the broad scope of sampling theory, we refer, for example, to [4, 5, 6, 26, 28, 30, 33].

The contents of the paper are as follows: Section 2 gives an analytical background in-
formation about the original and the analytic form of the Kramer theorem followed by
a discussion concerning quasidifferential problems and operators; Section 3 gives an ac-
count of results with respect to the generation of Kramer analytic kernels from first-order
boundary value problems, but without mentioning the spectral properties that yield a dis-
crete spectrum of the associated operators; and finally, Section 4 deals with results about
the connection of second-order linear ordinary boundary value problems and the Kramer
sampling theorem.
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2. Introduction to the analytical background

2.1. The original and the analytic form of the Kramer theorem. In 1959, Kramer pub-
lished the following remarkable result, the proof of which is given in [32].

TueOREM 2.1 (Kramer theorem). Suppose that f(t):= [,K(x,t)g(x)dx, t € R, for some
g € L*(I), where I is an open interval of R and the kernel K : I X R — R satisfies the proper-
ties that, for each real t, K(-,t) € L*(I), and there exists a countable set of reals {t, :n € Z}
such that {K(+,t,) : n € Z} forms a complete orthogonal set on L*(I). Then

FO =3 F)S0,  Su(t):= IKCoDRwb)dx (2.1)

nez fI|K(')tn)|2dx '

And moreover, the conditions on the kernel are met by certain solutions of selfadjoint eigen-
value problems, where the parameter t is an eigenvalue parameter; the eigenvalues are chosen
to be the sampling points and the complete orthogonal system of eigenfunctions, the set of
functions {K(x,A,) : n € Z}.

Remark 2.2. (i) Each eigenvalue problem that produces a complete set of eigenfunctions
and also real simple and countably infinite many eigenvalues is suitable for the Kramer
theorem. For a study of Kramer kernels constructed from boundary value problems, see,
for example, [7, 32].

(ii) A certain class of boundary value problems transforms the W.S.K. sampling theo-
rem (Theorem 1.1) into a particular case of the Kramer theorem. For example, take under
consideration the selfadjoint, regular eigenvalue problem, for ¢ >0, A € R:

—-iy'(x) = Ay(x), x¢€[-0,0], y(-0) = y(0). (2.2)

The eigenvalues are given by A,, = nm/0, n € Z, and the corresponding eigenfunctions are
Yn(x) = exp(innx/0), n € Z. The general solution K(x,1) = exp(ixA) of the differential
equation is a suitable kernel for Theorem 1.1. So, if f is of the form

fQ) = Jj exp(ixA)g(x)dx, g€ L*(-0,0), L €R, (2.3)

then there exists the sampling representation

FO = Z f(?) sin(oA — mr). (2.4)

= (oA — nm)

(iii) The Kramer kernel that arises from the above example has a significant prop-
erty. This property also emerges in a number of other cases of symmetric boundary value
problems and is not predicted in the statement of Kramer’s theorem, that is, K(x,-) €
H(C), x € I (see Section 1.1). For additional details of the previous boundary value prob-
lem, see the results in [15, Section 5.1].

The following theorem gives an analytic form of the Kramer theorem in the way that
allows analytic dependence of the kernel on the sampling parameter.
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THEOREM 2.3. Let I = (a,b) be an arbitrary open interval of R and let w be a weight func-
tion on 1. Let the mapping K : I X C — C satisfy the following properties:

() K(+,1) € L(I;w) (L€ C),
(2) K(x,-) e H(C) (x € (a,])),
(3) there exists a sequence {A, € R:n € Z} satisfying
(D) An <Ani1 (n € Z),
(i1) limy 400 Ay = £ 00,
(iii) the sequence of functions {K(-,A,) : n € Z} forms a locally linearly independent
and a complete orthogonal set in the Hilbert space L*(I;w),

(4) the mapping A — f: w(x)|K (x,4)|?dx is locally bounded on C.

Define the set of functions {K} as the collection of all functions F : L*(I;w) Xx C — C
determined by, for f € L*(I;w),

b
F(f;A)=F(\):= I w(x)K(x,A) f(x)dx (A€ C). (2.5)

Then for all F € {K},

(a) F(f,-) € H(C) (f € L*(Iw));
(b) if Sp : C — C is defined by, for alln € Z,

b
Sp(A) = ||1<(-,A,1)||;V2J w(x)K(x MK (x,1,)dx (L e C), (2.6)

then S, € H(C);
(c) F(f,A) = F(A) = >,z F(A)Su(A), for all F € {K}, where the series is absolutely
convergent, for each A € C, and locally uniformly convergent on C.

Proof. For the proof of this theorem see [18, Theorem 2 and Corollary 1]; the ideas for
these results come from [10] and [21, Theorem 1.1]. O

Remark 2.4. (i) Suitable problems for the above theorem are, for example, regular selfad-
joint eigenvalue problems of nth-order and singular selfadjoint problems of second-order
in the limit-circle endpoint case (for classifications of eigenvalue problems, see [34], and
for information concerning Kramer analytic kernels, see, e.g., [15, 19, 41]).

(ii) As outlined in Remark 2.2(ii), the W.S.K. theorem can be seen as a particular case
of Kramer’s result for a certain class of problems. So, the question arises whether these two
theorems are equivalent to each other or not. The link of the W.S.K. “sampling results”
and Kramer’s theorem has been the concern of many authors. The first person who dealt
with this problem was Campbell in 1964 (see [7]). Later, there is a lot to be found in
the literature; see, for example, [29, 42]. Also, an extensive historical perspective of the
equivalence of Kramer and W.S.K. theorems for second-order boundary value problems
is given in [24]; there also may be found some results for the Bessel and the general Jacobi
cases.
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2.2. Quasidifferential problems and operators. The environment of the general theory
of quasiderivatives is the best for the study of symmetric (selfadjoint) boundary value
problems which, as noticed in Remark 2.4(i), are a source for the generation of Kramer
analytic kernels. Furthermore, all the classical differential expressions appear as special
cases of quasidifferential expressions; for confirmation, we refer to [13, 14, 20, 25, 34].
Finally, the Shin-Zettl quasidifferential expressions are considered to be the most gen-
eral ordinary linear differential expressions so far defined, for order n € N and n > 2; for
details see [9, 11, 22, 23, 36, 37, 38, 43]. Accordingly, the general formulation of quasidif-
ferential boundary value problems will be performed as follows.

LetI = (a,b) be an open interval of the real line R. Let M, be a linear ordinary differen-
tial expression. In the classical case, M, is of finite order n = 1 on I with complex-valued
coefficients, and of the form

Ml f1=puf D+ puci fO Vo pif +pof, (2.7)

where p;: 1 — C with p; € LIIOC(I), j=0,1,...,n—1, n, and further p, € ACj,(I) with
Pn(x) # 0, for almost all x € I. For the special case n = 1, see details in [12].

In the more general quasidifferential case, the expression M, is defined as in [23] and
[14, Section I]. For n > 2, the expression M,, := M, is determined by a complex Shin-Zettl
matrix A = [a,s] € Z,(I) with the domain D(M,,) of M4 defined by

D(My,) := {f:I — (C:fA[r_ll € ACioc(I), forr = 1,2,...,n},

(2.8)
Malf):=1"f" (f € D(Ma)),

where the quasiderivatives fjj ], for j = 1,2,...,n, are taken relative to the matrix A €
Zq(I). For these results and additional properties, see the notes [9]. In this investigation,
M, is Lagrange symmetric in the notation of [9, 20].

Every classical ordinary linear differential expression M, as in (2.7), can be written as
a quasidifferential expression My, as in (2.8), with the same order n > 2. The first-order
differential expressions are essentially classical in form. Therefore, we can assume that
when n > 2, M, is a quasidifferential expression specified by an appropriate Shin-Zettl
matrix A € Z,(I). When n = 1, we consider M, as a classical expression and the analysis
given here works also in this case.

Now, the Green’s formula for M,, has the form

B
L EMIf1 - [MLIT} = 1,81 - [f.8)@ (f.geD(M,), (29

for any compact subinterval [a, 8] of (a,b). Here the skew-symmetric sesquilinear form
[-,-] is taken from (2.9); that is, it maps D(M,,) X D(M,) — C and is defined, for n > 2,
by

(—l)rflf[”*’](x)g(’*l)(x) (x € (ab), f.g € D(M,)) (2.10)

M=

[f>gl(x):=i"

r=1
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and, for n = 1, by
[f,8]1(x) :=ip(x) f(x)g(x) (x € (a,), f,g €D(M)). (2.11)
From the Green’s formula (2.9), it follows the limits
[f2g)(@):= lim [£,g](x),

. 2.12
[£,8)(b) = lim [ £.,g](x), (212
both exist and are finite in C.

The spectral differential equations associated with the pairs {M,, w}, where w is a given
nonnegative weight (see Section 1.1), are

M,[y] =Awy on (a,b) (2.13)

with the spectral parameter A € C. The solutions of (2.13) are considered in the Hilbert
function space L*((a,b);w) (see Section 1.1). In order to define symmetric boundary
value problems in this space, linear boundary conditions of the form (see (2.9), (2.10),
(2.11), and (2.12))

[y’/‘;f] = [)’rﬁr](b) - [}’aﬁr](a) =0, r=12,...,d, (214)

have to be connected, where the family {f3,, r = 1,2,...,d} is a linearly independent set of
maximal domain functions chosen to satisfy the symmetry condition

(B, Bs1(B) — [Brsfs](@) =0 (r,s=1,2,...,d). (2.15)

The integer d € Ny is the common deficiency index of (2.13) determined in L*((a,b); w)
and gives the number of boundary conditions needed for the boundary value problem
((2.13), (2.14)) to be symmetric, that is, to produce a selfadjoint operator in L?((a, b); w).
This boundary value problem generates a uniquely determined unbounded selfadjoint
operator T in the space L>((a,b); w); see [23].

If the problem is regular on an interval (a,b), in which case this interval has to be
bounded, then d = n and the generalized boundary conditions (2.14) require the point-
wise values of the solution y and its quasiderivatives at the endpoints a and b. For this
regular case when the order n = 2m is even and the Lagrange symmetric matrix is real
valued, see details in [34]. In the case n = 1, the index d can take the values 0 or 1, but
the value 0 is rejected (see Remark 3.3). In the case n = 2, essentially the Sturm-Liouville
case, the index d may take the values 0, 1, or 2; this value depends on the regular/limit-
point/limit-circle classification, in L?>(I;w), at the endpoints a and b of the differential
expression M, (cf. [39, Chapter II]).

For the connection between the classical and quasidifferential systems, we refer to [14].

3. First-order problems

In this section, we investigate in greater details the link between the Kramer sampling
theorem and linear ordinary differential equations of first-order. The results we present
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here are given in [19]. We only point out that the development of our operator theory
as a source for the construction of Kramer analytic kernels is not given here; see [19] for
details of these Kramer kernels. The operator theory required is to be found in [1, 2, 8]; for
the classical theory of selfadjoint extensions of symmetric operators as based on Hilbert
space constructions, see [34].

3.1. Differential equations and operators. The selfadjoint boundary value problems

considered here are generated by the general first-order Lagrange symmetric linear dif-
ferential equation which defines the differential expression M; and is of the form

Mi[yl(x):=ip(x)y"(x)+ %ip'(x)y(x) +q(x)y(x)

(3.1)
=Mw(x)y(x), VxE€(ab),
where —o0 < a < b <400 and A € C is the spectral parameter. Also,
p,gw:(a,b) — R,
peE Acloc(aab)) P(X) >0, Vxe (aab))
(3.2)

gw € L}, (a,b),

w(x) >0, foralmostallx e (a,b).

Under conditions (3.2), the differential equation (3.1) has the following initial value
properties; let ¢ € (a,b) and y € C, then there exists a unique mapping y : (a,b) xC - C
with

(i
(il
(iii
(iv

y(+,A) € ACjoc(a,b), forall A € C,

y(x,-) € H, forall x € (a,b),

y(c,A) =y, forallA € C,

y(+,A) satisfies (3.1), for almost all x € (a,b) and all A € C.

— — — —

However, direct formal integration shows that the required solution y is given by

_, P * (w(®) —q(1))
y(x,A) =y ) exp (L i dt), Vx € (a,b), VAeC. (3.3)

Remark 3.1 (see [19, Lemma 2.1]). A necessary and sufficient condition to ensure that
the solution y(-,A) € L*((a,b);w), forall A € C, is

P w()
L < e (3.4)

We notice that if there are any selfadjoint operators T in L?((a,b); w) generated by M,
(see (3.1)), then all such operators have to satisfy the inclusion relation

TOET:T*ETIZTSK, (35)
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where T and T, are the minimal and maximal operators, respectively, generated by M.
From the general theory of unbounded operators in Hilbert space, such selfadjoint oper-
ators exist if and only if the deficiency indices (d~,d*) of T are equal; see [34, Chapter
IV]. Thus for selfadjoint extensions of Ty to exist, there are only two possibilities:
(i)d=d* =0,
(i) d- =d* =1.

Remark 3.2 (see [19, Lemma 4.1]). (i) The indices d~ = d* = 0 if and only if, for some
c € (a,b), w/p & L' (a,c] and w/p & L'[c,b).
(ii) The indices d~ = d* = 1 if and only if w/p € L'(a,b).

Remark 3.3. (a) In the case of Remark 3.2(i), if we define the operator T by T := T = Ty,
then T is the (unique) selfadjoint operator in L?((a,b);w) generated by the differential
expression M; of (3.1). The selfadjoint boundary value problem, in this case, consists
only of the differential equation (3.1). In fact, the spectrum of T is purely continuous and
occupies the whole real line, that is, 0(T) = Co(T) = R. We note that this case can give
no examples of interest for sampling theories. As an example in L?(—c0,+00), consider
iy’ (x) = Ay(x), for all x € (—co,+00).

(b) In the case of Remark 3.2(ii), which covers all regular cases of (3.1) and all singular
cases when condition (3.4) is satisfied, the general Stone/von Neumann theory of selfad-
joint extensions of closed symmetric operators in Hilbert space proves that there is a con-
tinuum of selfadjoint extensions {T'} of the minimal operator T, with To C T C T}. These
extensions can be determined by the use of the generalized Glazman-Krein-Naimark
(GKN) theory for differential operators as given in [12, Section 4, Theorem 1]. The do-
main of any selfadjoint extension T of T, can be obtained as a restriction of the do-
main of the maximal operator T;. These restrictions are obtained by choosing an element
B € D(T)) such that f arises from a nonnull member of the quotient space D(T;)/D(T)
with the symmetric property (recall (2.15)) [B,81(b7) — [B,8]1(a*) = 0. With this bound-
ary condition function § € D(T}), the domain D(T') is now determined by

D(T):={f € D(Th) : [f,p1(b7) = [fB](a") = O}, (3.6)

and the selfadjoint operator is defined by T f := w M| f], for all f € D(T).
For an example of such a boundary condition function 3, see [19, Section 4, (4.20)].

Now, the selfadjoint boundary value problem consists of considering the possibility
of finding nontrivial solutions y(-,A) of the differential equation (3.1) with the property
y(+,A) € L*((a,b); w) that satisfies the boundary condition

[y 0,B1(67) = [y (1), Bl (a®) = 0. (3.7)

The solution of this problem depends upon the nature of the spectrum o(T) of the
selfadjoint operator T determined by the choice of the boundary condition element f3.

In the case of Remark 3.2(ii), it is shown in [19, Theorem 5.1] that the spectrum of
o(T) of any selfadjoint extension T of Ty is discrete, simple, and has equally spaced eigen-
values on the real line of the complex spectral plane.
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3.2. Kramer analytic kernels. The results in [19] read as follows.

THEOREM 3.4. Suppose that (3.1) satisfies (3.2) and also (3.4) to give equal deficiency indices
d- =d* = 1. Let the selfadjoint operator T be determined by imposing a coupled bound-
ary condition (3.6) on the domain D(T) of the maximal operator T\ using a symmetric
boundary condition function 5 as in Remark 3.3(b). Denote the spectrum o(T) of T by
{Ay :n € Z}. Define the mapping K : (a,b) X C — C by, where c € (a,b) is fixed,

K(x,A) :=

“Aw(t) —q(t)
exp(L e dt), Vx e (ab), AeC. (3.8)

1
)

Then the kernel K, together with the point set {A, : n € 7}, satisfies all the conditions
required for the application of Theorem 2.3 to yield K as a Kramer analytic kernel in the
Hilbert space L*((a,b); w).

Proof. See [19]. O
For an example of this general result, we refer to [19, Theorem 7.1] (cf. Remark 2.2(ii)).

This example is considered in [15] too.

4. Second-order problems

In this section, we deal with the generation of Kramer analytic kernels from second-order

linear ordinary boundary value problems. The results given here can be found in [15].

4.1. Sturm-Liouville theory. Sturm-Liouville boundary value problems are effective in
generating Kramer analytic kernels. These problems concern the classic Sturm-Liouville
differential equation

~(p(x)y (%) +q(x)y(x) =w(x)y(x) (x€I=(ab)), (4.1)
where —o0 <a <b < +o0 and A € C is the spectral parameter. Also,

P>(J>Wi(ﬂ>b) - R)

pil)q,W € Llloc(a’b)’ (42)
w(x) >0, foralmostallx e (a,b).

For a discussion on the significance of these conditions, see [16, page 324]. For the
general theory of Sturm-Liouville boundary value problems, see [39, Chapters I and II].
Accordingly, we impose a structural condition.

Condition 4.1. The endpoint a of the differential equation (4.1) is to be regular or limit-
circle in L(I;w); independently, the endpoint b is to be regular or limit-circle in L?(I;w)

(cf. [21]).

Remark 4.2. The endpoint classification of Condition 4.1 leads to a minimal, closed, sym-
metric operator in L?(I;w) generated by (4.1) with deficiency indices d* = 2; in turn, this
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requires that all selfadjoint extensions A of this minimal, symmetric operator are deter-
mined by applying two linearly independent, symmetric boundary conditions and either

(i) both conditions are separated with one applied at a and with one applied at b, or
(ii) both conditions are coupled.

4.1.1. Regular or limit-circle case with separated boundary conditions. This case of Condi-
tion 4.1 and Remark 4.2(i) concerns the results of [21]. The Sturm-Liouville differential
equation is given by (4.1) and satisfies (4.2). The separated boundary conditions are

[y,x-](a) = [y,x:](b) = 0, (4.3)

where, for a given pair of functions {x_,y_}, the following conditions are fulfilled:

(C1) k_,x-: (a,b) = R are maximal domain functions,
(C2) [k-x-1(a) = L.
The pair {x,,y.} satisfies analogous conditions at the endpoint b.
This symmetric boundary value problem gives a selfadjoint differential operator T
with the following properties:
(a) T is unbounded in L?((a,b);w),
(b) the spectrum of T is real and discrete with limit points at +c0 or —co or both,
(c) the spectrum of T is simple,
(d) the eigenvalues and eigenvectors satisfy the boundary value problem.

The results in [21] are given by the following theorem.

THEOREM 4.3. Let the coefficients p, q, and w satisfy the conditions (4.2); let the Sturm-
Liouville quasidifferential equation (4.1) satisfy the endpoint classification of Condition 4.1;
let the separated boundary conditions be given by (4.3), where the boundary condition func-
tions {k_,x-} and {k.,x+} satisfy conditions (C1) and (C2); let the selfadjoint differential
operator T be determined by the separated, symmetric boundary value problems; let the sim-
ple, discrete spectrum of T be given by {A, : n € Z} withlim,_..w A, = +00; let {y, 1 n € Z}
be the eigenvectors of T; and let the pair of basis solutions {¢1,$>} of (4.1) satisfy the initial
conditions, for some point ¢ € (a,b):

$r(cA) =1, (pg1)(cA) =0,

4.4
B =0, (pgh) () = 1. 4

Define the analytic Kramer kernel K_ : (a,b) x C — C by
A) = [d1(5,A), k- (@) $a(x, ) = [¢2(+,4), k-] (@)1 (x, ). (4.5)

Then

(1) K_(+,A) is a solution of (4.1), for allA € C, and K_(-,A) e R (A € R);
(i) K_(-,A) isan element ofthe maximal domain and in particular of L*((a,b); w);
(iii) [K-(-,A),x-](a) =
(iv) [K_(-,A),x:](b) = 1fand onlyifAe {A,:neZ};
(v) K-(x,-) € H(C) (x € (a,b));
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(vi) K_(+,Ay) = knyy, where k, € R\{0} (n € Z);
(vil) K_ is unique up to multiplication by a factor e(-) € H(C) withe(1) # 0 (A € C) and
e(A) eR (A €R).

Remark 4.4. The notation K_ is chosen for technical reasons; there is a kernel K, with
similar properties, but with a and «_ replaced by b and «.

For an example, we refer to [15, Section 5.2, Example 5.8]. This example can also be
found in [21].

4.1.2. Regular or limit-circle case with coupled boundary conditions. This case of Condition
4.1 and Remark 4.2(ii) covers the results of [16]. Here the situation is different. Let (4.1)
satisfy (4.2) and let the boundary conditions be given by

y(b) = €*Ty(a), forsome a € [—m,7] (4.6)

with the 2 X 2 matrix T = [t,s], where t,s € R (r,s = 1,2), det(T) = 1, and the 2 X 1 vector
y is defined by

(0 ,
y() = ([y) il (t)) (te (ab)); (4.7)

T is called boundary condition matrix. The functions 6 and ¢ are chosen such that

(i) 6 and ¢ are real-valued maximal domain functions;
(ii) [0,0](a) = lim,—,+[6,¢]() = 1;
(iii) [0,¢]1(b) = lim,—,-[6,¢](¢) = 1.
For example, 6 and ¢ can be real-valued solutions of (4.1) on (a,b).
The boundary conditions (4.6) are coupled and selfadjoint, for each endpoint either
regular or limit-circle, and are in canonical form (see [3]).
Let the pair of basis solutions {u,v} of the differential equation (4.1) be specified by
the possibly singular initial conditions (cf. [3]), forallA € C,

[u,0](a,A) =0, [w,¢](a,A) =1,

LO@) =1, [n¢l@h) =0, (8

To define a differential operator A, choose any boundary condition matrix T and any
a € [—m,7]; the boundary value problem gives a selfadjoint differential operator with the
properties (a), (b), and (d) and, in place of (c), the property that the multiplicity of the
spectrum is either 1 or 2.

Remark 4.5. For complex boundary conditions, that is, when 0 <oc< 7 or —7 <ec< 0, the
spectrum is always simple. In the case of real boundary conditions, that is, « = —7,0,7,
the spectrum may or may not be simple (see [3]).

The complex case. According to the comments made in Remark 4.5, the results in [16]
are divided into two parts. The first part is referred to as the complex case when 0 < a < 7w
or —7 < a < 0 and this gives the following theorem.
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THEOREM 4.6. Let (4.1) satisfy Condition 4.1, where the coefficients p, q, and w satisfy (4.2)
and let the symmetric, coupled, and complex boundary condition be given by, see (4.6),

y(b) = e“Ty(a), forsomea € (—m,0) U (0,7); (4.9)

let A be the unique selfadjoint, unbounded differential operator in L*((a,b);w), specified
by (4.1) and (4.6); let the discrete spectrum o of A be represented by {A,:n € Z} with
lim,.+0A, = =00, and let {y, : n € Z} represent the corresponding eigenfunctions. Let the
analytic function D(T, ) : C — C be defined by, with solutions u, v determined by (4.8),

D(T,/U =t [u(,k),qb] (b) + tzz[v(',/\),e](b)

4.10
—tlz[U(',A))ﬂb](b)—tZI[M(B/U)G](b)- ( )
Then
(1) D(T, -) € H(C);
(ii) A is an eigenvalue of A if and only if A is a zero of D(T,A) — 2 cos(«);
(iii) the zeros of D(T,A) — 2 cos(a) are real and simple;
(iv) the eigenvalues of A are simple.

Let the above-stated definitions and conditions hold; then the boundary value prob-
lem (4.1) and (4.6) generate two independent analytic Kramer kernels K; and K:

Ki(x,A) := ([u(+,1),0](b) = e“ti2)v(x,4) = ([v(+,1),0](b) — e“ti1) u(x, 1),

. . 4.11
Ka(x,4) := ([u(+,4),9](b) — e“tan) v(x,A) — ([v(-,¢),0](b) — e*ta1) u(x,A). (411

Proof. See [16]. O

The real case. The second part of [16] is concerned with real boundary value problems,
that is, « = —,0, 7, for which the following structural condition holds (see Remark 4.5).

Condition 4.7. In the real case &« = —7,0,7, all the eigenvalues are assumed to be simple.
The results in this case are similar to the results stated in Theorem 4.6 except that a
phenomenon of degeneracy may occur; see [16, Section 8, Definition 3].

THEOREM 4.8. Let all the conditions of Theorem 4.6 hold with the addition of conditions
(4.6); let the kernels K, and K, be given by (4.11) and the phenomenon of degeneracy be
defined as in [16]. For r = 1,2, let the subspaces L*((a,b); w) of L*((a,b); w) be defined by

L} ((a,b);w) :=span{y,; n€ Z,} (r=12). (4.12)

Then

(1) every eigenvalue in {A, : n € Z} is nondegenerate for at least one K,;
(i) for r = 1,2, the kernel K, is an analytic Kramer kernel for the subspace L2((a,b); w);
(i) K(x,A) = Ky (x,A) + (szz(x /1) (x € (a,b); A € C) is an analytic Kramer kernel
for the whole space L*((a,b);w), for ay,a, € R.
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Proof. See [16]. O

Remark 4.9. The case when the multiplicity of the spectrum o(A) is 2 is fully examined
in [17].

Examples for both the above complex and real cases can be found in [16] and also in
[15, Section 5.2]. In all the examples, the regular differential equation

-y"(x) =Ay(x) (x€[-n,7]) (4.13)

is considered and 0(x) = cosx and ¢(x) = sinx are chosen so as to give the boundary
conditions (see (4.6))

y(n) = (_y,y((’;))> =T (f;f(_%) = e Ty(-n). (4.14)

The functions u and v that satisfy the initial conditions are

u(x,1) = —cos (VA(x + 1)),

4.15
v(x,A) = %sin(\ﬁ(x+n)). (4.13)

Acknowledgment

The author wishes to express her gratitude to Professor W. N. Everitt for his help, support,
advice, and for his guidance in the area of research that concerns this paper.

References

[1] N.I. Akhiezer and I. M. Glazman, Theory of Linear Operators in Hilbert Space. Vol. I, Mono-
graphs and Studies in Mathematics, vol. 9, Pitman, Massachusetts, 1981.

, Theory of Linear Operators in Hilbert Space. Vol. II, Monographs and Studies in Math-
ematics, vol. 10, Pitman, Massachusetts, 1981.

[3] P. B. Bailey, W. N. Everitt, and A. Zettl, Regular and singular Sturm-Liouville problems with
coupled boundary conditions, Proc. Roy. Soc. Edinburgh Sect. A 126 (1996), no. 3, 505-514.

[4] P. L. Butzer, A survey of the Whittaker-Shannon sampling theorem and some of its extensions, J.
Math. Res. Exposition 3 (1983), no. 1, 185-212.

[5] P. L. Butzer, W. Splettstosser, and R. L. Stens, The sampling theorem and linear prediction in
signal analysis, Jahresber. Deutsch. Math.-Verein. 90 (1988), no. 1, 1-70.

[6] P.L.Butzer and R. L. Stens, Sampling theory for not necessarily band-limited functions: a histor-
ical overview, SIAM Rev. 34 (1992), no. 1, 40-53.

[7] L.L. Campbell, A comparison of the sampling theorems of Kramer and Whittaker, J. Soc. Indust.
Appl. Math. 12 (1964), 117-130.

[8] N.Dunford and J. T. Schwartz, Linear Operators. Part II: Spectral Theory. Self Adjoint Operators
in Hilbert Space, John Wiley & Sons, New York, 1963.

[9]  W.N. Everitt, Linear ordinary quasidifferential expressions, Proceedings of the 1983 Beijing Sym-
posium on Differential Geometry and Differential Equations, Science Press, Beijing, 1986,
pp. 1-28.




130

On sampling expansions of Kramer type

W. N. Everitt, W. K. Hayman, and G. Nasri-Roudsari, On the representation of holomorphic
functions by integrals, Appl. Anal. 65 (1997), no. 1-2, 95-102.

W. N. Everitt and L. Markus, Controllability of [r ]-matrix quasi-differential equations, ]. Differ-
ential Equations 89 (1991), no. 1, 95-109.

, The Glazman-Krein-Naimark theorem for ordinary differential operators, New Results
in Operator Theory and Its Applications, Oper. Theory Adv. Appl., vol. 98, Birkhiduser,
Basel, 1997, pp. 118-130.

, Boundary Value Problems and Symplectic Algebra for Ordinary Differential and Quasi-

Differential Operators, Mathematical Surveys and Monographs, vol. 61, American Mathe-

matical Society, Rhode Island, 1999.

, Complex symplectic geometry with applications to ordinary differential operators, Trans.
Amer. Math. Soc. 351 (1999), no. 12, 4905-4945.

W. N. Everitt and G. Nasri-Roudsari, Interpolation and sampling theories, and linear ordinary
boundary value problems, Sampling Theory in Fourier and Signal Analysis, Advanced Top-
ics, vol. 5, Oxford University Press, Oxford, 1999, pp. 96-129.

, Sturm-Liouville problems with coupled boundary conditions and Lagrange interpolation

series, J. Comput. Anal. Appl. 1 (1999), no. 4, 319-347.

, Sturm-Liouville problems with coupled boundary conditions and Lagrange interpolation
series. II, Rend. Mat. Appl. (7) 20 (2000), 199-238.

W. N. Everitt, G. Nasri-Roudsari, and J. Rehberg, A note on the analytic form of the Kramer
sampling theorem, Results Math. 34 (1998), no. 3-4, 310-319.

W. N. Everitt and A. Poulkou, Kramer analytic kernels and first-order boundary value problems,
J. Comput. Appl. Math. 148 (2002), no. 1, 29-47.

W. N. Everitt and D. Race, Some remarks on linear ordinary quasidifferential expressions, Proc.
London Math. Soc. (3) 54 (1987), no. 2, 300-320.

W. N. Everitt, G. Schottler, and P. L. Butzer, Sturm-Liouville boundary value problems and La-
grange interpolation series, Rend. Mat. Appl. (7) 14 (1994), no. 1, 87-126.

W. N. Everitt and A. Zettl, Generalized symmetric ordinary differential expressions. . The general
theory, Nieuw Arch. Wisk. (3) 27 (1979), no. 3, 363-397.

, Differential operators generated by a countable number of quasi-differential expressions
on the real line, Proc. London Math. Soc. (3) 64 (1992), no. 3, 524-544.

M. Genuit and G. Schéttler, A problem of L. L. Campbell on the equivalence of the Kramer and
Shannon sampling theorems, Comput. Math. Appl. 30 (1995), no. 3-6, 433—443.

L. Halperin, Closures and adjoints of linear differential operators, Ann. of Math. (2) 38 (1937),
no. 4, 880-919.

J. R. Higgins, Five short stories about the cardinal series, Bull. Amer. Math. Soc. (N.S.) 12 (1985),
no. 1, 45-89.

, Sampling Theory in Fourier and Signal Analysis, Foundations, Oxford University Press,
Oxford, 1996.

J. R. Higgins and R. Stens, Sampling Theory in Fourier and Signal Analysis, Advanced Topics,
vol. 2, Oxford University Press, Oxford, 1999.

A.]. Jerri, On the equivalence of Kramer’s and Shannon’s sampling theorems, IEEE Trans. Infor-
mation Theory IT-15 (1969), 497—499.

, The Shannon sampling theorem—its various extensions and applications: A tutorial re-
view, Proc. IEEE (1977), no. 11, 1565-1596.

V. A. Kotel'nikov, On the carrying capacity of the ether and wire in telecommunications, Material
for the First All-Union Conference on Questions of Communication, Izd. Red. Upr. Svyazi
RKKA, Moskow, 1933 (Russian).

H. P. Kramer, A generalized sampling theorem, J. Math. Phys. 38 (1959), 68-72.




Anthippi Poulkou 131

[33] R.]J. Marks II, Introduction to Shannon Sampling and Interpolation Theory, Springer Texts in
Electrical Engineering, Springer-Verlag, New York, 1991.

[34] M. A. Naimark, Linear Differential Operators. Part II: Linear Differential Operators in Hilbert
Space, Frederick Ungar, New York, 1968, with additional material by the author, and a sup-
plement by V. E. Ljance. Translated from the Russian by E. R. Dawson. English translation
edited by W. N. Everitt.

[35] C.E. Shannon, Communication in the presence of noise, Proc. IRE 37 (1949), 10-21.

[36]  D. Shin, Existence theorems for the quasi-differential equation of the nth order, Dokl. Akad. Nauk
SSSR 18 (1938), 515-518.

[37] , On the quasi-differential transformations in Hilbert space, Dokl. Akad. Nauk SSSR 18
(1938), 523-526.
[38] , On the solutions of a linear quasi-differential equation of order n, Mat. Sb. 7 (1940),

479-532.

[39] E. C. Titchmarsh, Eigenfunction Expansions Associated with Second-Order Differential
Equations. Part I, 2nd ed., Clarendon Press, Oxford University Press, 1962.

[40] E. T. Whittaker, On the functions which are represented by the expansions of the interpolation
theory, Proc. Roy. Soc. Edinburgh 35 (1915), 181-194.

[41] A.L Zayed, On Kramer’s sampling theorem associated with general Sturm-Liouville problems and
Lagrange interpolation, SIAM J. Appl. Math. 51 (1991), no. 2, 575-604.

[42] A. 1. Zayed, G. Hinsen, and P. L. Butzer, On Lagrange interpolation and Kramer-type sampling
theorems associated with Sturm-Liouville problems, SIAM J. Appl. Math. 50 (1990), no. 3,
893-909.

[43] A. Zettl, Formally self-adjoint quasi-differential operators, Rocky Mountain J. Math. 5 (1975),
453-474.

Anthippi Poulkou: Department of Mathematics, National and Capodistrian University of Athens,
Panepistimioupolis, 157 84 Athens, Greece
E-mail address: apoulkou@cc.uoa.gr


mailto:apoulkou@cc.uoa.gr




A DENSITY THEOREM FOR LOCALLY CONVEX LATTICES

DIMITRIE KRAVVARITIS AND GAVRIIL PALTINEANU

Received 16 October 2002

Let E be a real, locally convex, locally solid vector lattice of (AM)-type. First, we prove an
approximation theorem of Bishop’s type for a vector subspace of such a lattice. Second,
using this theorem, we obtain a generalization of Nachbin’s density theorem for weighted
spaces.

1. Introduction

In this paper, we introduce the concept of antisymmetric ideal with respect to a pair
(A,F), when A is a subset of the real part of the center of E, and F is a vector subspace of E.
This notion is a generalization, for locally convex lattices, of the notion of antisymmetric
set from the theory of function algebras.

Further, we study some properties of the family of antisymmetric ideals. For example,
we show that every element of this family contains a unique minimal element belonging
to this family.

The main result of this paper is Theorem 4.2 which states that for every x € E we have
x € Fif and only if 71;(x) € 71 (F) for any minimal (A, F)-antisymmetric ideal I, where 7;
denotes the canonical mapping E — E/I.

This theorem is a Bishop’s type approximation theorem and generalizes a similar result
for C(X).

Finally, we show that if the pair (A, F) fulfils some supplementary conditions, then F
is dense in E, and also show how Nachbin’s density theorem for weighted spaces follows
from this theorem.

2. Preliminaries

In the sequel, E denotes a real, locally convex, locally solid vector lattice of (AM)-type.
For every closed ideal I of E, we will denote by 77 the canonical mapping E — E/I and by
7 it’s adjoint. The center Z(E) of E is the algebra of all order-bounded endomorphisms
on E, that is, those U € L(E, E) for which there exists Ay > 0 such that |U(x)| < Ay|x]|, for
all x € E. The real part of the center is ReZ(E) = Z(E)+ — Z(E)+.
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Definition 2.1. For every closed ideal I of E and every U € ReZ(E), m(U) : E/I — E/I is
defined by

m(U)(m(x)) = m(U(x)), x€E. (2.1)
It is easily seen that the operator 77;(U) is well defined. For every A C Z(E), we denote
mr(A) = {m(U); U € A}. (2.2)
Remark 2.2. If A C ReZ(E), then n;(A) C ReZ(E/I).
Indeed, if U € A, then, for every x € E, we have

| (U)(m(x)) | = |m(U)) | =m([UK)])

STII(A[J|X|):)Lu7T1(|X|):)Lu|ﬂ1(x)|, (2.3)

hence 7;(U) € Z(E/I).

Definition 2.3. Let I and ] be two closed ideals of E such that I € J. Then the following
two mappings can be defined: 7y : E/I — E/] given by

ny[m(x)] = m(x), x€E, (2.4)
and My; : ReZ(E/I) — ReZ(E/]) given by
My (U)(my(x)) = myy (U(mr(x))), U € ReZ(E/I). (2.5)
As a consequence of the inequality,

| My (U) (my(x)) | = |7y (U (m1(x))) |
=y (|U(m) (%) |) <y (A () |) (2.6)
= Aymy (|m(x)]) = Aum (Ix]) = Au|m(x) |,

for every x € E, the range of My; is included in Re Z(E/J).

3. Antisymmetric ideals
Let A be a subset of ReZ(E) containing 0 and let F be a vector subspace of E.

Definition 3.1. A closed ideal I of E is said to be antisymmetric with respect to the pair
(A,F) if, for every U € m;(A) with the property U[m;(F)] C m;(F), it follows that there
exists a real number « such that U = alg/;, where 1g; is the identity operator on E/I.

Of course, E itself is an antisymmetric ideal with respect to the pair (A, F) for every
A C ReZ(E) and every vector subspace F of E.

Further, we denote by s 4 r(E) the family of all (A, F)-antisymmetric ideals of E.

Now we consider the particular case E = C(X,R), where X is a compact Hausdorff
space. It is well known that there is a one-to-one correspondence between the class of the
closed ideals of C(X,IR) and the class of the closed subsets of X. Namely, for every closed
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subset S of X, the set Is = { f € C(X,R); f|S =0} is a closed ideal of C(X,R) and every
closed ideal of C(X,R) has this form.

Definition 3.2. Let A be a subset of C(X,R) with 0 € A and let F be a closed subset of
C(X,R). A closed subset S of X is said to be antisymmetric with respect to the pair (A, F)
ifevery f € A with the property f - g|S € F|S for every g € F is constant on S.

Remark 3.3. A closed subset S of X is (A, F)-antisymmetric if and only if the correspond-
ing ideal I5 is (A, F)-antisymmetric in the sense of Definition 3.1.

Indeed, it is sufficient to observe that m;(a) = a|S for every subset S of X.

LemMA 3.4. Let (I,) be a family of elements of A o p(E) such that | = > I, # E. Then
I=nNoly € App(E). (3.1)
Proof. 1f U € m1(A) has the property U[n;(F)] C m(F), then
M1, (U) (1, (F)) = 1, [U (m(F)) ] € g, [m1(F) ] = 1, (F). (3.2)
Let V € A be such that U = 71;(V). For every x € E, we have

M1, (U) (i, (x)) = mp, [U (i (x)) | = 7o, [0 (V) (1 (%) |

(V)] = V@] = m (D, ). )

Thus, My, (U) = n1,(V) € m1,(A) € ReZ(E/1y) and My, (U)(m,(F)) C mp, (F). Since
I, € Au r(E), it follows that an a, € R exists such that M (U) = a, - 1g/1,.
On the other hand, we have
Mpy(U) = My [Mi1,(U)] = ag - 1g/1,. (3.4)

Since J # E, it follows that a, = a (constant) for any a. Therefore,

M, (U) =a- gy, = a- My, (1g1), (3.5)

hence,
My, (U—a-1g1) =0, (3.6)
for any «, and this involves U = a - 1. O

CoRrOLLARY 3.5. Every I € A4 r(E) contains a unique minimal ideal T € A r(E).

Proof. LetI € sdar(E) be such that I # E and let I=n{Je Aar(E); J CI}. According
to Lemma 3.4,1 € Aar(E). It is now obvious that T cIandT is minimal. O

Further, we denote by &NﬂA,F(E) the family of all minimal closed ideals of E, antisym-
metric with respect to the pair (A, F).
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4. Bishop’s type approximation theorem

LemMA 4.1. Let A be a subset of ReZ(E) with 0 € A, let F be a vector subspace of E, and
let V be a convex and solid neighborhood of the origin of E, which is also a sublattice. If
feExt{VOnF}andI = {x €E; | fl(Ix]) =0}, then I € A r(E).

Proof. Let U € m;(A) be such that Ul (F)] C m;(F). We can suppose that 0 < U < 1g;.
Since f € 1°, there exists g € (E/I)" such that f = m{g. Obviously, g € {[7;(V)]°
N [ (F)]°}. Wedenotegy = U'g, & = (1g — U)'g,and a; = inf{1 >0: gieA[m(V)]°} =
sup{lgi(y)|: y € m(V)}, fori=1,2.
Sinceg=g1+% € (a1 +a2) [ (V)]°, it follows that f € (a1 +a,) V% hencea; +a, > 1.
On the other hand, for any yi, y, € m;(V'), we have

g () I+ 1g(n) | =1gUy)) |+ g(ler = U) (y2) |
<lgl(Uy |V In))+QQer=0) Iyl V]y|) (4.1)
=gl v Iy).

Since 7;(V) is a sublattice and g € [m;(V)]°, it follows that | y;| V |y2] € 7;(V), hence
gl v Iy < 1.

Therefore, |gi(y1)| + [22(y2)| <1 for any y;,y, € m;(V) and this yields a; +a, < 1,
hencea; +a, = 1.

Now, we observe that if |g[(]y]) = 0, then y = 0. Indeed, let x € E be such that y =
mr(x).

We have 0 = |g[(Imr(x)]) = [mg|(Ix]) = [ fI(1x]).

If follows that x € I, hence y = m;(x) = 0.

This remark involves that if g; = U'g = 0, then U = 0 and, analogously, g, = (11 —
u)'g = 0 implies U = 1.

Therefore, we can suppose that g; # 0 for i = 1,2, and hence a; > 0, i = 1,2. Further, we
have

g=a+a®, S nm®], i=12 (4.2)
a; ap a;
Since g € Ext{[m (V)] n [m(F)]°}, either g = gi/a; or g = g/a,. In the first
case, (U —algr)'(g) = 0.
The last equality yields U = a;1g/;. O

The main result concerning antisymmetric ideals is the following Bishop’s type ap-
proximation theorem.

THEOREM 4.2. Let E be a real, locally convex, locally solid vector lattice of (AM)-type, A C
ReZ(E) with 0 € A, and let F be a vector subspace of E. Then, for any x € E,

x € F = m(x) € m(F) (4.3)

foreveryl € &NQA,F(E).
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Proof. The necessity is clear. We suppose that 7;(x) € 7;(F) for any I € &NﬁA,F(E) and that
x & F. Then, there exists f € E’ such that f(x) # 0and f(y) =0 forany y € F.

Let V be a solid, convex neighborhood of the origin which is also a sublattice of E. By
the Krein-Milman theorem, we may assume that f € Ext{V°n F°}. If we denote ] = {x €
E; | f1(Ix]) = 0}, then, according to Lemma 4.1, we have J € &NﬁA,p(E). On the other hand,
by Corollary 3.5, it follows that there exists ], € A r(E) such that J, C J. Since 7, (x) €
W and f € J9 0 FY, we have f(x) =0, and this contradicts the choice of f. O

TaEOREM 4.3. Let E be a real, locally convex, locally solid vector lattice of (AM)-type, let A
be a subset of ReZ(E) with 0 € A, and let F be a vector subspace of E with the properties

(i) AF CF,
(ii) F is not included in any maximal ideal of E,
(iii) every closed (A, F)-antisymmetric ideal I of E with the property mi(A) CR - 1gisa
maximal ideal.

Then F = E.

Proof. Letx € EandI € &NdA,F(E). Hypothesis (i) involves that 7z;(A)[7;(F)] € m;(F), and
since I is (A, F)-antisymmetric, we have 71;(U) = ay - 15 for any U € A. Now, from (iii),
it results that I is a maximal ideal and thus that the dimension of 77;(E) is one.

Since F C E, we have either 7;(F) = {0} or 7i;(F) = n;(E).

From (ii), it results that 7;(F) # {0}. Therefore, we have m;(F) = m;(E) and thus
nir(x) € m(F) forany I € &A,F(E). According to Theorem 4.2, it follows that x € F. [

5. The case of weighted spaces

Typical examples of locally convex lattices are the weighted spaces.

Let X be a locally compact Hausdorff space and let V be a Nachbin family on X, that
is, a set of nonnegative upper semicontinuous functions on X directed in the sense that,
given v1,v, € Vand A >0, a v € A exists such that v; < Av, i = 1,2. We denote by CV(X)
the corresponding weighted spaces, that is,

CVo(X) = {f € C(X,R); fv vanishes at infinity for any v € V'}. (5.1)

The weighted topology on CV(X) is denoted by wy and it is determined by the semi-
norms {p,},ev, where

po(f) =sup{| f(x)|v(x): x€X}, forany f e CVy(X). (5.2)

The topology wy is locally convex and has a basis of open neighborhoods of the origin
of the form

D, ={f €CVy(x): p,(f)<1}. (5.3)

Clearly, CVy(X) is a locally convex, locally solid vector lattice of (AM)-type with re-
spect to the topology wy and to the ordering f < g if and only if f(x) < g(x), x € X.
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A result of Goullet de Rugy [1, Lemma 3.8] states that for every closed ideal I of
CVy(X) there exists a closed subset Y of X such that

I={feCVo(X): flY =0}. (5.4)

Therefore, there exists a one-to-one map from the family of closed ideals of CV((X)
onto the family of closed subsets of X.

If X is a compact Hausdorff space and V = {1}, then CVy(X) = C(X,R) and the
weighted topology wy coincides with the uniform topology of C(X,R).

Further, we denote by Cp(X,R) the algebra of all real bounded continuous functions
on X.

As in the case of C(X), we have the following definition.

Definition 5.1. Let A be a subset of Cy(X) with 0 € A and let F be a vector subspace of
CVo(X). A closed subset S of X is called antisymmetric with respect to the pair (A,F) if
and only if the corresponding ideal

Is = {fECV()(X) fIS:O} (5.5)

is an (A, F)-antisymmetric ideal, and this means that every a € A with the property
a - h|S € FIS, for any h € F, is constant on S.

It is easily seen that every x € X belongs to a maximal (A, F)-antisymmetric set Sx. At
the same time, if x # y, we have either S, = SyorS,nS, =d.
Theorem 4.2 then involves the following theorem.

THEOREM 5.2. Let A and F be as in Definition 5.1. Then, a function f € CVy(X) belongs
to F if and only if f|Sy € F|S, for any x € X.

The following theorem is a generalization of Nachbin’s density theorem for weighted
spaces in the real case.

THEOREM 5.3. Let A be a subset of Cp(X,R) with 0 € A and let F be a vector subspace of
CVo(X) with the properties

(i) AF CF,
(ii) A separates the points of X,
(iii) for every x € X, there is an f € F such that f(x) # 0.

Then F = CVy(X).

Proof. Since the centre of the lattice E = CV,(X) is the algebra Cp(X) of all continuous
bounded functions on X (see, e.g., [2]), it follows that A C ReZ(E). On the other hand,
from (iii), it follows that F is not included in any maximal ideal. Since AF C F and A
separates the points of X, it results that every (A, F)-antisymmetric subset S of X is a
singleton, and thus the corresponding ideal I is a maximal ideal. Thus the hypotheses of
Theorem 4.3 are satisfied and so Theorem 5.3 is proved. O
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ON PERIODIC-TYPE SOLUTIONS OF SYSTEMS OF LINEAR
ORDINARY DIFFERENTIAL EQUATIONS

I. KIGURADZE

Received 1 October 2002

We establish nonimprovable, in a certain sense, sufficient conditions for the existence of
a unique periodic-type solution for systems of linear ordinary differential equations.

1. Formulation of the problem and statement of the main results

Let n; and n, be natural numbers, w > 0, A; € R"*" (i = 1,2) nonsingular matrices, and
Pix: R — R"%™ (5,k = 1,2) and g; : R — R" (i = 1,2) matrix and vector functions whose
components are Lebesgue integrable on each compact interval. We consider the problem
on the existence and uniqueness of a solution of the linear differential system

dx; .
d_}; =Pa()x +Pi(H)xz +qi(t)  (i=1,2), (L.1)
satisfying the conditions
xi(t+w) =Aixi(t) forteR (i=1,2). (1.2)

When A; and A; are unit matrices, this problem becomes the well-known problem on
a periodic solution which has been the subject of numerous studies (see, e.g., [1, 2, 3, 4,
5,6,7,8,9,10, 11, 12, 13, 14] and the references therein).

In this paper, sufficient conditions for the unique solvability of problem (1.1), (1.2)
are established, which are nonimprovable in a certain sense and in particular provide
new results on the existence of a unique w-periodic solution of system (1.1).

The following notation is used in the paper:

(1) R is the set of real numbers;
(2) R" is the n-dimensional real Euclidean space;
(3) x = (&)1, € R" is the column vector with components £,...,&,,

" 12
xl = (&), llxl = (ZE?) ; (1.3)
i-1
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(4) x - y is the scalar product of vectors x,y € R";
(5) R™ " is the space of m X n matrices X = (E,-k)Z’k’il with components & (i =1,...,
mik=1,...,n),

0 m 12
X1 = (]&k])ipss X1 = (ZZ ,2k> ; (1.4)

k=1li=1

(6) X* is the transposed matrix of the matrix X;

(7) E, is the unit n X n matrix;

(8) det(X) is the determinant of the matrix X;

(9) r(X) is the spectral radius of the matrix X € R™";

(10) if X € R™" then Ao(X) is a minimal eigenvalue of the matrix (1/2)(X +X*).

Inequalities between the matrices and the vectors are understood componentwise.
Throughout the paper, it will be assumed that

Piu(t+w) = Ai@ik(t)Alzl, qi(t—i—a)) = Aiq,‘(t) forteR (i,k =1,2). (1.5)
For each i € {1,2}, consider the differential system

dx
- Pii(t)x (1.6)

and denote by X; its fundamental matrix satisfying the initial condition
Xi(0) = B, (1.7)

If, however, the matrix A; — X;(w) is nonsingular, then it is assumed that

Gi(t,7) = Xi(1) (X7 (@) A — En) "' X7\ (7). (1.8)

For each i € {1,2}, we define a matrix function Ajy : [0,3w] — R™*" in the following
manner:

Aip(s) =E,, for0=<s<w, (1.9)
Ai(s) = |AF|  forkw <s < (k+1)w (k= 1,2). (1.10)

THEOREM 1.1. Let
det (A — Xi(w)) #0  (i=1,2), (1.11)

and there exists a nonnegative matrix A € R™*™ such that r(A) < 1, and
t+w +w
J J |G (L D)P12(1)Go(1,9)P1o(s) | Aro(s)dsdT < A for0<t<w.  (112)
t T

Then problem (1.1), (1.2) has a unique solution.
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Example 1.2. Letny =n, = 1, Ay = Ay =1, qi(t) = 0, P (t) = pi(t), and P (1) = —pi(t),
where p; : R —]0,+0o[ (i = 1,2) are the integrable on [0,w] w-periodic functions. Then
conditions (1.5), (1.11), and (1.12), where A = 1, are fulfilled. On the other hand, in the
considered case, system (1.1) has the form

% =pi()(x1—x2) (i=1,2) (1.13)

and therefore problem (1.1), (1.2) has an infinite set of solutions
{(x1,%2) :x1(t) = x2(t) = ¢, c € R}. (1.14)

This example shows that the condition r(A) < 1 in Theorem 1.1 is nonimprovable and it
cannot be replaced by the condition r(A) < 1.
THEOREM 1.3. Let
X,’(a)) =A1, det(A2—X2(a))) %0, (115)
det (Qo) # 0, (1.16)

where

Q= Jwal(T)@lz(T)Q(T)dT,
y (1.17)

t+w

Q(t) = t Gy (t,5)P21(s) X1 (s)ds.

Let, further, there exist a nonnegative matrix A € R™*" such that r(A) < 1, and

rw [H(t,r) N rw 1Q()QF X ()P s () |H(T,s)ds] dr<A for0<t<a,
(1.18)

where
H(t,7) = JOT | Go(t, 1) P21 (1) X1 (1) X1 ()P 12(s) | Azo(s)ds. (1.19)

Then problem (1.1), (1.2) has a unique solution.
Example 1.4. Consider the problem

dx; X2
—— = Bixy, —— =¢eByx; + Bx;,

dt dt (1.20)
xi(t+w)=x;(t) forteR (i=1,2),

where ¢ is a positive constant, B; € R">*™, B, € R"*™M B € R"™*" and det(B) # 0. This
problem is obtained from problem (1.1), (1.2) when A; = E,, (i = 1,2), P, is a zero ma-
trix, P12(t) = By, P21 (f) = €By, Pa(t) = B, and g(f) = 0. It is obvious that conditions
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(1.5) and (1.15) are fulfilled for this problem. On the other hand, by virtue of (1.17) and
(1.19), we have

Q(t)=eB™'B;,  Qy=ewB B™'By,

. (1.21)
H(t,7) = te| (exp(—wB) — E,,) exp ((t — 7)B)B,B; |.
Therefore, condition (1.16) is fulfilled if and only if
det (B,B~'B,) 0. (1.22)

If the latter inequality is fulfilled, then, by Theorem 1.3, there exists & > 0 such that, for
arbitrary & €]0, &/, problem (1.20) has only a trivial solution. If det(B;B~'B;) = 0, then,
for arbitrary ¢, problem (1.20) has an infinite set of solutions

{(xl,xz) le(l') = X190, XQ(f) = (X, € € R}, (1.23)

where xj9 € R™ is the eigenvector of the matrix BiB~! B, corresponding to the zero eigen-
value and x;90 = —eB~!Byx¢.

Example 1.4 shows that condition (1.16) is essential and cannot be omitted.
THEOREM 1.5. Let there exist a matrix A € R™*™, symmetric matrices A; € R">"
(i = 1,2), and an integrable function § : [0,w] — [0,40co[ such that

AJAAN =A, AfAAN=4; (i=1,2) (1.24)

and the following inequalities are fulfilled almost everywhere on [0, w]:

Ao (A1 P11 (8) + A* Py (1)) = 8(¢), Ao (AxP2(t) + AP (1)) = 8(2), (1.25)
a(t) = p(1), (1.26)

where
pt) = %(”Al@)lz(t) +A* P ()] +[|A2P2 (1) + AP (1)]]). (1.27)

If, moreover,

Jw (8(t) — p())dt >0, (1.28)

0

then problem (1.1), (1.2) has a unique solution.

Example 1.2 shows that conditions (1.5), (1.24), (1.25), and (1.26) do not guarantee
the unique solvability of problem (1.1), (1.2). Therefore, condition (1.28) in Theorem 1.5
is essential and cannot be omitted.
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2. Auxiliary propositions

In this section, we consider the problem

% =P(t)x+q(t), (2.1)
x(t+w) =Ax(t) forteR, (2.2)

assuming that A € R is a nonsingular matrix, and % : R — R"™" and g : R — R" are
matrix and vector functions with components Lebesgue integrable on [0, w] and satisfy-
ing the conditions

P(t+w) = APH)A™" forteR, (2.3)
q(t+w) =Aq(t) forteR (2.4)

We denote by X the fundamental matrix of the homogeneous differential system

dx

i P(t)x, (2.5)
satisfying the initial condition

X(0) = E,. (2.6)

Condition (2.3) immediately implies the following lemma.

LEMMA 2.1. The matrix function X satisfies the identity
X(t+w)=AX(t)A'X(w) forteR. (2.7)
LEMMA 2.2. Problem (2.5), (2.2) has only a trivial solution if and only if
det (A — X(w)) # 0. (2.8)
Proof. Let x be an arbitrary solution of system (2.5). Then
x(t) =X(t)c forteR, (2.9)

where ¢ € R". Hence, by Lemma 2.1, it follows that x is a solution of problem (2.5), (2.2)
if and only if

(AX(t) - AX(HA'X(w))c=0 forteR. (2.10)

However, for the latter identity to be fulfilled, it is necessary and sufficient that ¢ be a
solution of the system of algebraic equations

(A—X(w))c=0. (2.11)

Therefore, problem (2.5), (2.2) has only a trivial solution if and only if the latter system
has only a trivial solution, that is, if (2.8) is fulfilled. O
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LEMMA 2.3. Problem (2.1), (2.2) is uniquely solvable if and only if the corresponding homo-
geneous problem (2.5), (2.2) has only a trivial solution, that is, if inequality (2.8) is fulfilled.
Moreover, if (2.8) is fulfilled, then the solution of problem (2.1), (2.2) admits the representa-
tion

x(t) = e G(t,s)q(s)ds fort eR, (2.12)
where
G(t,s) = X (1) (X Hw)A — Ey) ' XL(s). (2.13)

Proof. By Lemma 2.2, to prove Lemma 2.3, it is sufficient to establish that if inequality
(2.8) is fulfilled, then the vector function x given by equality (2.12) is a solution of prob-
lem (2.1), (2.2).

According to (2.7) and (2.13), we have

9G(t,s)
ot
G(t,t+w)A — G(t1) = X(1) (X (w)A — Ey) " (X1 (t+ w)A - X))
= X()(X N (@)A-E,) (X (@)A - E)X (1)
=E, fortelR, (2.14)
1

=P(t)G(t,s) forse R and almostall f € R,

G(t+w,s+w) = AX(A ' X(0) (X Yw)A —E,)"
x (A" X(0)) ' X 1(H)A!
=AG(t,s)A™! forseR, teR.

If, along with these identities, we also take into consideration condition (2.4), then, from
(2.12), we obtain

d’;(tt) — P(x(t) + Glt, 1+ 0)q(t + @) — G(t,)q (D)
=P()x(t) + (Gt + w)A — G(,1))q(¢)
= @t(fz);(t) +4(t) for almos::ll teR", (2.15)
x(t+w) =J G(t+w,s)q(s)ds = G(t+w,s+ w)q(s+ w)ds

t+w

=A G(t,s)q(s)ds = Ax(t) forteR.
t

Thus x is a solution of problem (2.1), (2.2). O
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3. Proofs of the main results

Proof of Theorem 1.1. By Lemma 2.3, it is sufficient to show that the homogeneous prob-
lem

dx;
di; =P (t)x1 +Pi(t)xs, (3.1)

xi(t+w)=Aixi(t) forteR (i=1,2) (3.2)

has only a trivial solution.
Let (x1,x>) be an arbitrary solution of this problem. By virtue of Lemma 2.3, condition
(1.11) and the equalities

Pi(t+w)x(t+w) = AiPia(t)x(1),

Pri(t+w)x(t+w) = AP (£)x1(t) foralmostall t € R (3.3)
guarantee the validity of the representations
t+tw
xi(t) = Gi(t,5)P12(5)x2(s)ds,
tt+w (34)
w0%=t Ga(t,5)P21(s)x1(s)ds.
Therefore,
t+w T+w
a0 =] | GEPemGnPa(n (ds (3.5)
Let
x1(8) = (x() Ly
: ke ., (3.6)
pr=max{|x()|:0<t<w} (k=1,....,m),p=(pr)s;-
Then by (1.9), (1.10) for i = 1, we have
|x1(s)| < Apo(s)p for0<s<3w. (3.7)

If, along with this, we also take into consideration inequality (1.12), then, from represen-
tation (3.5), we obtain

|x1(t)| <Ap for0<t<oaw. (3.8)
Hence p < Ap and, therefore,
(E,, —A)p <0. (3.9)

According to the condition 7(A) < 1 and the nonnegativeness of the matrix A, the matrix
E,, — A is nonsingular and (E,, — A)~! is nonnegative. Hence the multiplication of the
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latter vector inequality by (E,, — A)~! gives p < 0. Therefore, p = 0, that is,
x1(t)=0 for0<t<uw. (3.10)

By virtue of this equality, from (3.4), it follows that x;(t) =0 for t € R (i = 1,2). O

Proof of Theorem 1.3. Let (x1,x,) be an arbitrary solution of problem (3.1), (3.2). Then
by the Cauchy formula, we have

x0(t) = Xy (e + jo X1 (DX (0P 1o (1)xa(2)dr, (3.11)

where ¢ € R". On the other hand, by Lemma 2.3, the nonsingularity of the matrix A, —
X>(w) and the equality

Pri(t+w)x(t+w) = AP (£)x1(t) foralmostall t € R (3.12)

guarantee the validity of the representation
tHw
x(t) = t Gy (t,7)P 21 (1)x:1 (7)d. (3.13)
Hence, by virtue of equalities (1.17) and (3.11), it follows that
t+tw
xo(f) = Q(t)c+J 2(t,7)d, (3.14)

t

where
z(t,7) = JOT Go(6,7)P (1) X1 (1) X ()P 12 (s)x2(s5)ds. (3.15)

By Lemma 2.1 and the equality X; (w) = A, we have
Xi(t+w)=AX(t) forteR. (3.16)

Therefore, from (3.11), we find
t+w
xi(t+w) = A X1 (t)c+ A X1(t)Xfl(T)@lz(T)XZ(T)dT. (3.17)
0
Hence, by (3.2), it follows that
tHw
xl(t) = X](t)C+ o X](t)Xl_l(T)@)u(T)Xz(T)dT. (318)
If now we again apply representation (3.11), then it becomes clear that the identity
t+tw
X N(0)Pu(1)x(r)dtr =0 forteR (3.19)
t

is valid.
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Using (3.14), from the latter identity, we find

3(t)c = Lm” TWX;I(r)@n(r)z(r,s)dsdr, (3.20)
where
a0 = X P pmamd (3.21)
By Lemma 2.1,
Gy(t+w,s+w) = AyGa(t,s)A5 L (3.22)

If, along with this identity, we also take into account identities (1.5) and (3.16), then we
obtain

Qlt+w) = e Gy(t+w,s+w)Pr(s+w)Xi(s+w)ds = A Q(1). (3.23)
t
Therefore, from (1.17) and (3.21), we have
a0 - | X' @Pumamdr

+ ItXfl(T +0)Pn(1+0)Q(T+w)dr
0

o (3.24)
- | X 2@
t
+J X ()P a(r)Q(r)dr = Qy fort €R.
0
By virtue of this fact and condition (1.16), from (3.11), (3.14), and (3.20), we get
t
0 = [ XX OP (0
0 (3.25)

x| [ @ @2 @ dsdr,
0 Jr
t+w T+w
xz(t)=L (z(t,r)— J Q(t)leXl‘l(T)@’lz(r)z(‘r,s)ds)d'r. (3.26)

Let x5(t) = (x2x(8))215
pr=max{|xx(t)]|:0<t<w} (k=1,..,m),p=(px)1 ;. (3.27)
Then, by (1.9), (1.10) for i = 2, we have
|x2(s)| < Aso(s)p for0<s<3w. (3.28)
By this inequality and the notation (1.19) and (3.15), we have

|z(t,7)| <H(t,7)p forteR,0<1<3w. (3.29)
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Due to this estimate and inequality (1.18), from (3.26), we find
|x2(t)| <Ap for0<t<oaw. (3.30)
Hence it is clear that p < Ap and, therefore,
(En, —A)p <0. (3.31)

By virtue of the condition r(A) < 1 and the nonnegativeness of the matrix A, the latter
inequality implies p = 0. Therefore,

x(t)=0, z(t,t)=0 for0<t<w, 0<7<3w, (3.32)

due to which we find from (3.2) and (3.25) that x;(¢) = 0 for t € R (i = 1,2). Thus prob-
lem (3.1), (3.2) has only a trivial solution. By Lemma 2.3, this fact guarantee the unique
solvability of problem (1.1), (1.2). O

Proof of Theorem 1.5. By virtue of Lemma 2.3, it is sufficient to establish that problem
(3.1), (3.2) has only a trivial solution.
Let (x1,x2) be an arbitrary solution of problem (3.1), (3.2) and

u(t) = %(Alxl(t) 1 (1) + Apxa (1) - x2 (1)) + Ay (1) - 22 (8). (3.33)

Then

u'(t) = Arxi(t) - x1 (8) + Aaxy (1) - xa () + Ax () - xa(t) + A x5 (8) - xa (2)
= (AP () + A% Py (1) x1 () - x1 (1)
+ (AP (1) + AP 1(1)) x2(t) - X2 () + (A1 P12 (8) + A* P (1)) xa(8) - 1 (2)
+ (AP (1) + AP 11 (1)) x1(t) - x2(t)  for almost all £ € R.

(3.34)

However, by conditions (1.25) and the Schwartz inequality, for almost all ¢ € [0, w], we
have

(AP 1 (1) + AP ()51 (£) - x1(8) = 8(8)| |1 ()]
(AP (t) + AP 1 (1) x2(8) - x2(8) = 8(8) | (0)] [
(AP () + A* Py (1) x2(t) - x1(2) + (AP (1) + AP 11(8)) x1(F) - x2(2)

< 2p(®) [l (D] [[x2(D]] = p(&) ([l ()] + [ (0)] ),

(3.35)

where p is the function given by equality (1.27). Therefore,

' (1) = (8(5) = p(1)) (I (0 +[[x2(8)[[*)  for almost all £ € [0,w]. (3.36)
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On the other hand, by virtue of (1.24) and (3.2), we have

u(w) = %(AlAlxl(O) - A1x1(0) + A2 A2x2(0) - Azx2(0))
+AA1x1(0) - Axx>(0)

X (337)
= E(ATA1A19€1(0) - x1(0) + A Ay Aox;(0) - x2(0))
+A;<AA1X1(0) ) Xz(O) = M(O)
Thus
0= Lw W (H)dt = J: (8(t) - p(0) (Il O + [l )| ) (3.38)

Hence, by virtue of conditions (1.26) and (1.28), it follows that there exists f, € [0,w]
such that

xi(t) =0 (i=1,2). (3.39)
Therefore, x;(t) = 0 for t € R (i = 1,2) since system (3.1) with the zero initial conditions
has only a trivial solution. O
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ON THE SOLUTIONS OF NONLINEAR INITIAL-BOUNDARY
VALUE PROBLEMS

VLADIMIR DURIKOVIC AND MONIKA DURIKOVICOVA

Received 27 September 2002

We deal with the general initial-boundary value problem for a second-order nonlinear
nonstationary evolution equation. The associated operator equation is studied by the
Fredholm and Nemitskii operator theory. Under local Hélder conditions for the non-
linear member, we observe quantitative and qualitative properties of the set of solutions
of the given problem. These results can be applied to different mechanical and natural
science models.

1. Introduction

The generic properties of solutions of the second-order ordinary differential equations
were studied by Briill and Mawhin in [2], Mawhin in [7], and by Seda in [8]. Such ques-
tions were solved for nonlinear diffusional-type problems with the Dirichlet-, Neumann-,
and Newton-type conditions in [5, 6].

In this paper, we study the set structure of classic solutions, bifurcation points and
the surjectivity of an associated operator to a general second-order nonlinear evolution
problem by the Fredholm operator theory. The present results allow us to search the
generic properties of nonparabolic models which describe mechanical, physical, reaction-
diffusion, and ecology processes.

2. The formulation of the problem and basic notions

Throughout this paper, we assume that the set QO C R” for n € N is a bounded do-
main with the sufficiently smooth boundary 0Q. The real number T is positive and
Q:=(0,T]xQ,T:=(0,T] x 0.

We use the notation D; for d/0t, D; for d/dx;, D;;j for 82/8x,-8xj, where i,j = 1,...,n,
and Dyu for u. The symbol cl M means the closure of a set M in R".

We consider the nonlinear differential equation (possibly of a nonparabolic type)

Dyu— A(t,x,Dy)u+ f(t,x,u,Diu,...,Dyu) = g(t,x) (2.1)

Copyright © 2004 Hindawi Publishing Corporation
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for (t,x) € Q, where the coefficients a;j, a;, ao, for i, j = 1,...,n, of the second-order linear
operator

n

A(t,x,Dy) z txDl]u+Za (t,x)Dju+ ao(t,x)u (2.2)

j= i=1

are continuous functions from the space C(cIQ,RR). The function f is from the space
C(dQxR"™! R) and g € C(clQ,R).

Together with (2.1), we consider the following general homogeneous boundary con-
dition:

B3 (t,x,Dy)ulp := > bi(t,x)Diu+ bo (£, x)ulr = 0, (2.3)
i-1

where the coefficients b;, for i = 1,...,n, and by are continuous functions from C(clT,R).
Furthermore, we require for the solution of (2.1) to satisfy the homogeneous initial
condition

uli=o=0 on clQ. (2.4)

Remark 2.1. In the case where b; = 0, fori = 1,...,n,and by = 1 in (2.3), we get the Dirich-
let problem studied in [5].

If we consider the vector function v := (0,v1,...,v,) : cIT — R*"! and the value v(t,x)
which means the unit inner normal vector to cIT at the point (¢,x) € cIT and we let b; = ;
fori=1,...,n on cll, then problem (2.1), (2.3), (2.4) represents the Newton or Neuman
problem investigated in [6].

Our considerations are concerned with a broad class of nonparabolic operators.
In the following definitions, we will use the notations

|u(t,x) — u(s,x)]|

<U)§ = sup ,
T oeedQ |t — s|¥
t#s
u t)x —u t,
(u>§c/,v,Q = sup M’
(t,x),(t,y)edQ [x — )/|
**y (2.5)

<f)i:,};‘,z = | f(tx,u0, 15y tn) = F(87,V0,V1seeesVa) |
i = | fl6xu(t,0),Diu(tx),..., Dyu(t,2)],
— fls,y,v(s,¥),D1v(s, ¥),...,Duv(s,y)] |,
where x = (x1,...,%4), ¥ = (J1,...,yn) are from R", |x — y| = [>1,(x; — y:)*]V?, and

w7y ER.
We will need the following Holder spaces (see [4, page 147]).
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Definition 2.2. Let a € (0,1).

(1) By the symbol CtHa V2, e Q,R) we denote the vector space of continuous func-
tions u : c1Q — R which have continuous derivatives D;u for i = 1,...,n on clQ, and the
norm

n

lullrayzisaq =D, sup | Dua(t,x) | + ()i 1 wmao
i=0 (tx)ecQ

+2<Du t(x/2Q+Z Du x(x/2Q
i=1

(2.6)

is finite.

(2) The symbol CE? :;x)/2,2+a(d Q,R) means the vector space of continuous functions u :
clQ — R for which there exist continuous derivatives D;u, Diu, Dijuon clQ, i,j = 1,...,n,
and the norm

n
lull @rayzorae = >, sup |Du(t,x)|+ sup |Diu(tx)]
i=0 (tx)ecQ (t,x)eclQ
n

+ 2 sup | Djju(t,x |+Z (Diu) 1+tx)/2Q+<Dtu>t¢x/2Q (2.7)
ij=1 (Lx)ecQ i=1

n n
+ > ADiju)y o+ (D) o+ > (Dijth) 0
ij=1 hj=1

is finite.

(3) The symbol Ct3+“)/2 3+()‘(cl Q,RR) means the vector space of continuous functions
u:clQ — R for which the derivatives D;, D;ju, D;Diu, Djju, Dijxu, i,j,k = 1,...,n, are
continuous on clQ, and the norm

n n

lull Grayzsrao =D, sup |Du(t,x)|+ > sup |Djju(tx)]
i=0 (tx)edQ ij=1 (tx)eclQ

n n
+ Z sup | D:Du(t,x)| + Z sup | Dijku(t,x) |
i=0 (tx)ecQ ijk=1 (t,x)eclQ

n
S S
+ (D) 1+ayno t > (Diju)y (11ay20 (2.8)
ij=1

n
+Z DDu>t(x/2Q+ Z <Dl]ku>trx/2Q
i,j,k=1

I
—

+
™M=

(DDu)MQ+ z (D,Jku)xaQ
i,j,k=1

Il
—

is finite.
The above-defined norm spaces are Banach ones.
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Definition 2.3 (the smoothness condition (Si*%)). Let a € (0,1). The differential oper-
ators A(t,x,Dy) from (2.1) and Bs(t,x,D,) from (2.3) satisfy the smoothness condition
(S3*9) if, respectively,
(i) the coefficients a;j, a;, ao from (2.1), for i,j = 1,...,n, belong to the space
C(HW2 "(1Q,R) and 9Q € C3+,
(ii) the coefficients b; from (2.3), fori=1,...,n, belong to the space Ct?a V2 2+0‘(c11“,R).

Definition 2.4 (the complementary condition (C)). If at least one of the coefficients b;,
fori=1,...,n, of the differential operator Bs(t,x,D,) in (2.3) is not zero, then B3(t,x, D)
satisfies the complementary condition (C).

Now, we are prepared to formulate hypotheses for deriving fundamental lemmas.
Definition 2.5. (1) Fredholm conditions.
(A1) Consider the operator As : X5 — Y3, where
Asu=Du—A(t,x,Dy)u, ucXs, (2.9)

and the operators A(f,x,Dx) and Bs(t,x,Dy) satisfy the smoothness condition
(S3*%) for & € (0,1) and the complementary condition (C). Here, we consider the vec-
tor spaces
D(A3) := {u € CF " **(dQ,R); B (t,x,Dyx)ulr = 0, uli—o(x) = 0 for x € c1Q},
H(As) == {v € CL{" """ (L QR); B3 (t,x,Ds) v(t,x) | 1=0,xca0 = 0}

(2.10)
and Banach subspaces (of the given Holder spaces)
X3 = (D(A3), Il - l3+a)2,3+0,Q) >
(2.11)
Y3 = (H(A3), I - la+ay2140,Q)-
(A2) There is a second-order linear homeomorphism Cs : X5 — Y3 with
Csu=Dyu— C(t,x,Dx)u, u€ X3, (2.12)
where
C(t,x,Dy) i cij( txD,]u+Zc,(t x)Dju+ co(t,x)u, (2.13)

j=1 i=1

satisfying the smoothness condition (S}**). The operator C; is not necessarily a parabolic
one.
(2) Local Holder and compatibility conditions.
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Let f:= f(t,x,up,U1,...,Uy) : dQxR*" - R, a € (0,1), and let p> g pr, for r =
0,1,...,n be nonnegative constants. Here, D represents any compact subset of (clQ) x
R"*1. For f, we need the following assumptions:

(B1) let f € C'(clQ x R"™',R) and let the first derivatives 0 f/0x;, df/du; be locally
Hoélder continuous on clQ x R"*! such that

g S,)’,V< |t_s|a/2+ | _ |(x+i \ _ |
ox; =p qix—y Privr = Vel

t,x,u r=0

o - (2.14)
<a—> <plt=sl?+qlx—yl®+ > pluy — v, |,
Uuj

t,x,u r=0

fori=1,...,n,j=0,1,...,n, and any D;
(B2) let f € C3(c1Q x R™1,R) and let the local growth conditions for the third deriva-
tives of f hold on any D:

t,x,v

<81‘8x,8u1 . ; pelus =

>

tx,v
<Zps\us ve|#,

Q_)

<818u]8uk tx

t,x,u
°f
o |Ps
<axzau]8uk tXu<Zp$|us VS| S

QJ

t,x,v

>

),
),
ax,ajclau]>t“ < ZPSWS wl®, 2.15)
),
),

<8u18uk8ur txuﬁg pslus = vs

where B, >0 fors=0,1,...,nand i,[ = 1,...,n; j,k,r = 0,1,...,1;
(B3) the equality of compatibility

Zbi(t>x)Dif(t)x)07--- :0) + bO(t7x)f(t)x>Oa~--)O)|t:0,x630 =0 (216)
i=1

holds.

(3) Almost coercive condition.

Let, for any bounded set M3 C Y3, there exist a number K > 0 such that for all solutions
u € X3 of problem (2.1), (2.3), (2.4) with the right-hand sides g € M3, the following
alternative holds:
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(C1) either
(ar) lullg+ayzi+aq = K, f = f(t,x,up) : clQ X R — R, and the coefficients of the
operators A3 and Cs (see (2.1) and (A2)) satisfy the equations

aij =cij, ai=c¢, fori,j=1,..,n, apg# ¢y on dQ, (2.17)

or
(2) lullprayroraq < K, fi= f(t,x,ug,u1,...,uy) : lQ X R™! — R, and the coef-
ficients of the operators A3 and Cs satisfy the relations

aij =¢j fori,j=1,...,n, a; #c; foratleastonei=1,...,n (2.18)

on cQ.
Remark 2.6. (1) Especially, condition (A2) is satisfied for the diffusion operator

Cu=Du— Au, ueclXs, (2.19)

or for any uniformly parabolic operator Cs with sufficiently smooth coefficients. How-
ever, the operator Cj is not necessarily uniform parabolic.

(2) The local Holder conditions in (B1) and (B2) admit sufficiently strong growths of
f in the last variables ug, u1,. .., u,. For example, they include exponential and power-type
growths.

Definition 2.7. (1) A couple (u,g) € X3 X Y3 will be called the bifurcation point of the
mixed problem (2.1), (2.3), (2.4) if u is a solution of that mixed problem and there exists
a sequence {gr} C Y3 such that gx — g in Y3 as k — o, and problem (2.1), (2.3), (2.4) for
g = g« has at least two different solutions uy, vk for each k € N and ux — u, vi — uin X3
as k — .

(2) The set of all solutions u € X5 of (2.1), (2.3), (2.4) (or the set of all functions
g € Y3) such that (u,g) is a bifurcation point of problem (2.1), (2.3), (2.4) will be called
the domain of bifurcation (the bifurcation range) of that problem.

3. Fundamental lemmas

LEmMA 3.1. Let conditions (A1) and (A2) hold (see Definition 2.5). Then,
(1) dim X3 = +o0;
(2) the operator Az : X3 — Y3 is a linear bounded Fredholm operator of the zero index.

Proof. (1) To prove the first part of this lemma, we use the decomposition theorem from
[9, page 139].

Let X be a linear space and let x* : X — R be a linear functional on X such that x* # 0.
Furthermore, let M = {x € X; x*(x) = 0} and let x, € X — M. Then, every element x € X
can be expressed by the formula

L

x* (x0)

]x0+m, me M, (3.1)

that is, there is a one-dimensional subspace L; of X such that X = L, @ M.
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If we now let
My = {u e C (A QR) =t H**% By (t,x,Dy)ulr = 0}, (3.2)

which is the linear subspace of H>**, then there exists a linear subspace L; of H>™®
with dimL; = 1 such that H3"® = L; @ M. Similarly, if we take M, := {u € My; uli—g =
0 on clQ}, then there is a subspace L, of M; with dimL, = 1 such that M, = L, & M.
Hence, we have H>*% = L; @ L, ® D(A3). Since dim H3™ = +o0, we get that dim X3 = +oo.

(2) (a) In the first step, we prove the boundedness of the linear operator As. To this
end, we observe the norm [|Asull(1+a)/2,1+0,0 for u € D(A3). From the assumption (S;”‘)
we get fork =0,1,...,n,

sup | DrAsu(t,x)| < Killull gray23+a0s K1 >0. (3.3)
(t,x)eclQ

Applying again the smoothness assumption (S3**), the mean value theorem for the
functions u and D;u, and the boundedness of Q, we obtain for the second member of the
above-mentioned norm the following estimation:

|A3u(t,x) — A3M(5>-x) |

<A3u>i,(l+a)/2,Q = sup It — s|(+0)/2
(t,x),(:ics)edQ (3.4)
<K llull Gray23+a0> Kz >0.
For the third member of the norm (2.6), we estimate for k = 1,...,n as follows:
s | Dk Asu(t,x) — DrAsu(s,x) |
<DkA3u>t,¢x/2,Q = sup |t _ S|tx/2
(t,X),(tsics)ele (3.5)

< Ksllull3+ap2,3+0,0» K3 >0.

An estimation of the last member in (2.6) for Asu is given by the following inequality
fork=1,...,n:

Dy Asu(t,x) — DrAsu(t,y)
(DkASl’l);)c/,oc/LQ = sup | 2 /2 2 Y \
(t,x),(,y)€clQ lx =yl (3.6)
xty :
< Kullull gray2,3+00,  Ka>0.
From the estimations (3.3), (3.4), (3.5), and (3.6), we can conclude that
||A3u||Y3 = ||A3u||(1+0()/2)1+a’Q <K(n,T,aQ,aij,ai,a0) l|lullx,. (3.7)

(b) To prove that As is a Fredholm operator with the zero index, we express it in the
form

Asu = Csu+[C(t,x,Dy) — A(t,x,Dy) Ju =: Csu+ Tsu, (3.8)
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where C; : X3 — Y3 is a linear homeomorphism and C is the linear operator from (A2).
By the decomposition Nikolskii theorem [10, page 233], it is sufficient to show that T :
X5 — Y3 is a linear completely continuous operator.

The complete continuity of T5 can be proved by the Ascoli-Arzeld theorem (see [11,

page 141]).
1+a

From (S57%), the uniform boundedness of the operator

n

Tsu= > [cij(t,x) — aij(t,x)| Dyju+ i [ci(t,x) — ai(t,x)]|Diu
ij=1 i1 (3.9)

+[co(t,x) — ao(t,x) Ju

follows by the same way as the boundedness of the operator As in the previous part (1).
Thus, for all u € M C X3, where M is a set bounded by the constant K; > 0, we obtain the
estimate

||’1—‘31«£||Y3 < K(n,(xT,Q,aij,c,-j,ai,ci,ag,co) ||1/l||)(3 < KKl. (3.10)

Using the smoothness condition of the operators A and C, we get the inequalities

| Tsu(t,x) — Tsu(s,y) | < D |[cij — aij](6x) = [cij — aij] (5, ) | | Diju(t,x) |
ij=1

+ > eij(s,y) —aij(s,p)| | Diju(t,x) — Diju(s, y) |
ij=1

+> |[ei—ail(t,x) = [ci —ail(s,y) | | Diu(t,x) |
i—1

+> |ci(s,y) = ai(s,y) | | Diu(t,x) — Diu(s, y) |
i=1

+ [ [co —ao](t,x) = [co —aol(s, y) | | u(t,x) |
+ cols,y) —ao(s, )| |ult,x) —uls, y)|

< 4K K[|t —s|"? + |x — y|*]
+2K1Kn[(|t—s|"‘/2+|x—y|"‘)+(|t—5|(”"‘)/2+Ix—yl)]

+2K K[ (1t =512+ x = y|*) + (It —s| + |x = y])],
(3.11)

where Kj, K are positive constants. Hence, the equicontinuity of TsM C Y3 follows. This
finishes the proof of Lemma 3.1. O

Lemma 3.1 implies the following alternative.
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CoROLLARY 3.2. Let L mean the set of all second-order linear differential operators
As =D, — A(t,x,Dy) : X3 — Cii QR (3.12)

satisfying conditions (C) and (S3**). Then, for each As € L, the mixed homogeneous problem
Asu=0o0nQ, (2.3), and (2.4) has a nontrivial solution or any As € L is a linear bounded
Fredholm operator of the zero-index mapping X3 onto Ys.

The following lemma establishes the complete continuity of the Nemitskii operator
from the nonlinear part of (2.1).

LEMMA 3.3. Let assumptions (B1) and (B3) be satisfied. Then the Nemitskii operator N3 :
X3 — Y3 defined by

(N3u) (t,x) = f[t,x,u(t,x),Dyu(t,x),...,Dyu(t,x)] (3.13)

for u € X5 and (t,x) € clQ is completely continuous.

Proof. Let M3 C X3 be abounded set. By the Ascoli-Arzela theorem, it is sufficient to show
that the set N3(Ms3) is uniformly bounded and equicontinuous. We will use assumption
(B3) to prove the inclusion N3(M3) C V3.

Take u € M. According to assumption (B1), we obtain the local boundedness of the
function f and of its derivatives df/dx; on (c1Q) x R™! for i = 1,...,n. From this and
from the equation

n
D;(Nsu)(t,x { Za—f DDlu}[-,-,u,Dlu,...,Dnu](t,x), (3.14)
we have the estimation
sup | Di(Nsu)(t,x)| <K (3.15)
(t,x)eclQ

for i =0,1,...,n with a positive sufficiently large constant K; not depending on u € M;.
Using the differentiability of f and the mean value theorem in the variable ¢ for the
difference of the derivatives of u, we can write

(N3u)} (1o < Ki. (3.16)
Similarly, by (2.14), we have
(DiN3u); oo <Ki,  (DiNsu) o < Ki, (3.17)
fori=1,...,nand u € Ms. The previous estimations yield the inequality
[IN3ully, < K (3.18)

for all u € M;.
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With respect to (B1), for any u € M3 and (t,x),(s,y) € clQ such that [t — s|2+ |x —
y1? < 62 with a sufficiently small & > 0, we have

| Nsu(t,x) — Nsu(s,y)| <€, €>0, (3.19)

which is the equicontinuity of N3(Ms3). This finishes the proof of Lemma 3.3. O

LEMMA 3.4. Let assumptions (Al), (A2), (Bl), (B3), and (Cl1) hold. Then the operator
F3 = A3+ N3 : X5 — Y3 is coercive.

Proof. We need to prove that if the set M3 C Y3 is bounded in Y3, then the set of argu-
ments F; ' (Mj3) C X3 is bounded in X;.
In both cases (a;) and (a;,), we get for all u € F5 ' (M3),
||N3”||(1+(x)/2,1+(x,Q <K, (3.20)
where K; >0 is a sufficiently large constant. Hence,
[Asully, <K (3.21)
for any u € F; ' (Ms3).
Hypothesis (A2) ensures the existence and uniqueness of the solution u € X3 of the
linear equation
C3u =9, (322)
and for any y € Y3,

lullx, <= Killylly,. (3.23)

If we write

Csu=Asu+ Z [aij(t,x) — cij(t,x)] Diju

o (3.24)
+ > [ai(t,x) = ci(t,x) | Diu+ [ag(£,x) — co(t,x) |
i=1
then in both cases and for each u € F5 ! (M3), we obtain
Iylly, <||Csully, < Ki, (3.25)
whence, by inequality (3.23), we can conclude that the operator Fs is coercive. O

LemMA 3.5. Let the Nemitskii operator N3 : X3 — Y3 from (3.13) satisfy conditions (B2)
and (B3). Then the operator N is continuously Fréchet-differentiable, that is, N3 € C' (X3,
Y3) and it is completely continuous.
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Proof. From (B2), we obtain (B1) which implies by Lemma 3.3 the complete continuity
of N3. To obtain the first part of the assertion of this lemma, we need to prove that the
Fréchet derivative N3 : X3 — L(X3, Y3) defined by the equation

N (w)h(t,x) = Z SL{ (t,x,u(t,x), Dyu(t, x),.. Dnu(t,x)]Djh(t,x) (3.26)
j

for u,h € X5 is continuous on X3. Thus, we must prove, for every v € X3, that

Ve>0 38(e,v) >0, VueXs, lu—vix,<8: sup [[[N5(u) - N;()]h|ly, <e.
heXs, |lhllx; <1

(3.27)

Using the norms (2.6), (2.8) and the estimation ||u — v||x, < &, we have for the first term
of (3.27) by the mean value theorem,

n

sup | Di[N;(u) = N3(v)]h(t,x) |

i—0 (tx)edQ
n 2 Lv(6x)
=3 s [Gol) ™ I
2 <ajjafuk>t<t)> | Dicu] - | Djh] (5:2) (3.28)
fo g (0v(0),0.) | D= Div] D 02
LY ]k

For the second term of (3.27), we estimate as follows:

([N3(u) = N3 (v)]h);, (1+@)/2,Q

t ) TXVTX)
SZ sup It—sl_(”"‘)/ZHJD,< f>

j=0 cdQ,t#s au] rxu(‘rx)

af $,%,V(8,X)
auj>sxu (s,x)

(:x) |

(3.29)
D Djih(r,x)dr

s

]

<K§, K>O0.

Here, we have used the mean value theorem for 0* f/010u;, 0* f/0u;jou, and d f/du; for
i k=0,1,...,n
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The third term of (3.27) gives by (2.15),

n
2 Ns(")] }>15f,¢x/2,Q
szz sup [t —s| =2
i=1 j=0 clQ t#s
t 22 7,%,v(7,%)
A [0 GELN T | Do)
s axiauj 7,5,U(T,x)
2 $,%,(8,X)
+<8f> DDth)dT

axzau] sxu(sx) | Js

t az T,X,V Tx)
Pe(ea)
s au]auk T,x,u(T,x)

:DT[ f (1,%, V.. .)dT]

ou;jduy

,‘klxl| |D]h | (t,X)

+

X | Dixu(t,x) — Digv(t,x) | | Djh(t,x) |

azf— $,%,V(8,x)
; < > | Dyte(t,%) — Dgu(s,x) | | Dih(t,0) |

au] ou 5,,U(5,X)
0? '
%, Vs
ou;duy ( )

X | Dixu(t,x) — Dixv(t,x) — [Digu(s,x) — Dyv(s,x)] | | Djh(t,x) |

+< o’ f >msx)|D,-ku(s,x)|

au]a”k 5,x,U(s,X) ( ’ )dT
2
+ of (s,x,v,...)'|Diku(s,x)—Dikv(s,x)|
ou;duy
t
J D,Djh(r,x)df'

+

t 7,%,V(7,X)
J DT <i> dr ij
S auj 7,%,U(T,x)
af $,%,(8,X) :| }
Y o

$,5,u(s,x)

K(Zaﬁs+6>, K >0.

s=0

(3.30)
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Making the corresponding changes, the last term of (3.27), by condition (B2), gives the
required estimation:

> (D [N3 () = N3(W)]H}) (3.31)
i=1
This finishes the proof of Lemma 3.5. O

4. Generic properties for continuous operators

On a mutual equivalence between the solution of the given initial-boundary value prob-
lem and an operator equation, we have the following lemma.

LemMa 4.1. Let As : X3 — Y3 be the linear operator from Lemma 3.1, let N3 : X3 — Y3 be
the Nemitskii operator from Lemima 3.3, and let F3 = A3 + N3 : X3 — Y3. Then,

(1) the function u € X3 is a solution of the initial-boundary value problem (2.1), (2.3),
(2.4) for g € Ys ifand only if Fsu = g;

(2) the couple (u,g) € X5 X Y3 is the bifurcation point of the initial-boundary value prob-
lem (2.1), (2.3), (2.4) if and only if F3(u) = g and u € X, where X means the set of all
points of X3 at which F5 is not locally invertible.

Proof. (1) The first equivalence directly follows from the definition of the operator F; and
of the mixed problem (2.1), (2.3), (2.4).

(2) If (u,g) is a bifurcation point of the mixed problem (2.1), (2.3), (2.4) and ug, v,
and gx for k = 1,2,... have the same meaning as in Definition 2.7, then with respect to (1)
we have F3(u) = g, F3(ux) = g« = F3(v). Thus, Fs is not locally injective at u. Hence, Fj is
not locally invertible at u, that is, u € . Conversely, if Fs is not locally invertible at u and
Fs(u) = g, then F; is not locally injective at u. Indirectly, from Definition 2.7, we see that
the couple (u,g) is a bifurcation point of (2.1), (2.3), (2.4). |

LEMMA 4.2. Let

(i) the operator A(t,x,Dy) # 0 from (2.1) and the operator B3(t,x, Dy) from (2.3) satisfy
the smoothness condition (S}*%);
(ii) the nonlinear part f of (2.1) belong to C(clQ x R™1,R);

(iii) the operator Az + N : X3 — Y3 be nonconstant.

Then, for any compact set of the right-hand sides g € Y3 from (2.1), the set of all solutions
of problem (2.1), (2.3), (2.4) is compact (possibly empty).

Proof. Following the proof of Lemma 3.1, we see that dim X3 = +co and the linear opera-
tor Az : X3 — Y3 is continuous and accordingly closed. From hypothesis (ii) the Nemitskii
operator N3 : X3 — Y3 given in (4.9) is closed too. By [8, Proposition 2.1], the operator
F3 = A5+ N3 : X3 — Y3 is proper, and with respect to Lemma 4.1 we get our assertion.

O

THEOREM 4.3. Under assumptions (Al), (A2) and (B1), (B3), the following statements hold
for problem (2.1), (2.3), (2.4):
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(a) the operator F3 = A3+ N3 : X5 — Y3 is continuous;

(b) for any compact set of the right-hand sides g € Y3 from (2.1), the corresponding set of
all solutions is a countable union of compact sets;

(¢) for uy € X3, there exist neighborhoods U(uy) of uy and U(Fs(uy)) of F3(up) € Y3
such that for each g € U(F3(uy)), there is a unique solution of (2.1), (2.3), (2.4) if
and only if the operator F5 is locally injective at u.

Moreover, if (C1) is assumed, then

(d) for each compact set of Ys, the corresponding set of all solutions is compact (possibly
empty).

Proof. Assertion (a) is evident by Lemmas 3.1 and 3.3.
Using the Nikolskii theorem for Az, we can write

F3=C3+(T3+N3), (41)

where C; : X3 — Y3 is a linear homeomorphism and is proper (see [8, Proposition 2.1])
and T3 + N3 : X3 — Y3 is a completely continuous mapping.
Now take the compact sets K C Y3 and F;!(K). Then there exists a sequence of the
closed and bounded sets M,, C F;'(K) C X5 for n = 1,2,... such that J;_, M,, = F5 }(K).
According to [8, Proposition 2.2], the restrictions F3|y, for n = 1,2,... are proper

mappings and [F3 |Mn] 1(K) = M, is a compact set. Hence, the operator Fs is o-proper,
which gives the result (b).

Assertion (d) is a direct consequence of [8, Proposition 2.2].

Suppose now that Fs is injective in a neighborhood U(u) of uy € X3. From the de-
composition (4.1) the mapping

C3_1F3=I+C;1(T3+N3), (4.2)

where [ : X — Y is the identity, is completely continuous and injective in U(up). On the
basis of the Schauder domain invariance theorem (see [3, page 66]), the set
C5'F5(U(up)) is open in X; and the restriction C5 ' F3 |y, is a homeomorphism of U(u)
onto C;'F3(U(u)). Therefore, F; is locally invertible. From Lemma 4.1 we obtain (c).
The most important properties of the mapping Fs, whereby As is a linear bounded
Fredholm operator of zero index, N3 is completely continuous, and F; is coercive, give
the following theorem. O

THEOREM 4.4. If hypotheses (A1), (A2), (B1), (B3), and (C1) are satisfied, then for the
initial-boundary value problem (2.1), (2.3), (2.4), the following statements hold.

(e) For each g € Y3, the set Szq of all solutions is compact (possibly empty).

(f) The set R(F3) = {g € Y3 : there exists at least one solution of the given problem} is
closed and connected in Y3.

(g) The domain of bifurcation Dsy, is closed in X3 and the bifurcation range Rsy, is closed
in Ys. F5(X5 — Dsyp) is open in Ys.

(h) If Y3 — Rs, # O, then each component of Y3 — Rap, is a nonempty open set (i.e., a
domain).
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The number nsq of solutions is finite, constant (it may be zero) on each component of the set
Y3 — Rsp, that is, for every g belonging to the same component of Y3 — Rap.

(1) If Rsp = 0, then the given problem has a unique solution u € X for each g € Y3 and
this solution continuously depends on g as a mapping from Y3 onto Xs.

(j) If R3p # D, then the boundary of the F3-image of the set of all points from X3 in which
the operator Fs is locally invertible is a subset of the F3-image of the set of all points
from X3 in which Fj is not locally invertible, that is,

0F3(X5 — D3p) C F3(D3p) = Rap. (4.3)

Proof. Statement (e) follows immediately from Theorem 4.3(d).

(f) Let the sequence {g,}sen C R(F3) C Y3 converge to g € Y3 as n — 0. By Theorem
4.3(d), there is a compact set of all solutions {u,},er C X3 (I is an index set) of the equa-
tions F3(u) = g, for all n = 1,2,.... Then there exists a sequence {uy, }ren C {1,}yer con-
verging to u € X3 for which F3(u,,) = g,, — g. Since the operator Fj; is proper, whence it
is closed, we have F3(u) = g. Hence, g € R(F3) and R(F3) is a closed set.

The connectedness of R(F3) = F5(X3) follows from the fact that R(F3) is a continuous
image of the connected set X3.

(g) According to Lemma 4.1(2), D3, = £3 and R3; = F3(Ds3p). Since X3 — £3 is an open
set, D3p, and its continuous image Rs, are closed sets in X5 and Y3, respectively.

Since X3 — D3y, is a set of all points in which the mapping F; is locally invertible, then
it ensures that to each 1y € X3 — D3, there is a neighborhood U, (F5(u)) C F5(X5 — D3p),
which means that the set F5(X3 — Ds;,) is open.

(h) The set Y3 — Rs, = Y3 — F3(Dsp,) # 0 is open in Y3, then each of its components is
nonempty and open.

The second part of (h) follows from Ambrosetti theorem [1, page 216].

(i) Since R3p, = @, the mapping Fs is locally invertible in X3. From [8, Proposition 2.2],
we get that F3 is a proper mapping. Then the global inverse mapping theorem [12, page
174] proves this statement.

(j) By (f) and (g), we have (25 = D3y,)

F5(X3) = F5(23) UF3(X3 —23) = F3(23) U F3(X3 — X3) = F(X3). (4.4)

Furthermore, 0F5(X5 — 23) = F(X5 — 23) — F(X5 — Z3), and thus the previous equality
implies assertion (j). |

THEOREM 4.5. Under assumption (Al), (A2), (B1), (B3), and (C1), each of the following
conditions is sufficient for the solvability of problem (2.1), (2.3), (2.4) for each g € Y3:

(k) for each g € Ray, there is a solution u of (2.1), (2.3), (2.4) such that u € X3 — D3p;
(1) the set Ys — Ry, is connected and there is a g € R(F3) — R3p.

Proof. First of all, we see that conditions (k) and (1) are mutually equivalent to the fol-
lowing conditions:



168  Solutions of nonlinear initial-boundary value problems

(k") F5(Dsp) C F5(X5 — Dsp),
(1) Y3 — R3p, is a connected set and

F3(X5 —Dsp) —Rsp #+ D, (4.5)

respectively (Dsp = 23).
Then it is sufficient to show that conditions (k") and (1), respectively, are sufficient for
the surjectivity of the operator Fs : X3 — Y.
(k) From the first equality of (4.4), we obtain F3(X3) = F3(X5 — Dsp,). Hence, R(F) is
an open as well as a closed subset of the connected space Y3. Thus, R(F;) = Y3.
(I') By Theorem 4.4(h), card F5 ' ({q}) = const =: k > 0 for every q € Y3 — Ry.
If k = 0, then F5(X3) = R3, and F3(X5 — D3p) C Rsp. This is a contradiction to (4.5).
Then k >0 and R(F;) = Y;. O

The other surjectivity theorem is true.

THEOREM 4.6. Let hypotheses (A1), (A2), (B1), (B3), and (CI) hold and

(i) there exists a constant K > 0 such that all solutions u € X3 of the initial-boundary
value problem for the equation

Csu+u[Asu—Csu+Nsu] =0, pe(0,1), (4.6)

with data (2.3), (2.4), fulfil one of conditions (a1) and () of the almost coercive
condition (C1), then

(m) problem (2.1), (2.3), (2.4) has at least one solution for each g € Y3;

(n) the number nsg of solutions of (2.1), (2.3), (2.4) is finite, constant, and different from
zero on each component of the set Y3 — Rsy, (for all g belonging to the same component
Of Y3 — R3b).

Proof. (m) It is sufficient to prove the surjectivity of the mapping Fs : X5 — Y3. By Lemma
3.1, we can write

F; =A3+N3=C3+(T3 +N3), (47)

where Cs : X5 — Y3 is a linear homeomorphism from X; onto Yz and T5+ N3 : X5 — Y3 is
a completely continuous operator. Then the operator

C3_1F3:I+C3_1(T3+N3)1X3—'X3 (48)

is completely continuous and condensing (see [12, page 496]). The set X3 = D3, is the set
of all points u € X3 where C; ' F;, as well as Fj, is not locally invertible.

Denote S; C X3 a bounded set. Then C3(S;) =: S is bounded in Y3, and by Lemma 3.4,
F;1(S) = F51(C5(81)) = (C5' o F3)71(Sy) is a bounded set in X;. Thus, the operator C; ! o
F; is coercive.

Now we show that condition (i) implies the conditions from [8, Theorem 3.2, Corol-
lary 3.3, and Remark 3.1] for F(u) = C5' o F3(u) and C(u) = G(u) = u, u € X;.
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In fact, as C; ' o F3(u) = ku if and only if F3(u) = kCs(u), we get for k < 0,
Csu+ (1 —k)'[Asu— C3u+N3u] =0, (4.9)

where (1 —k)~! € (0,1).
In case (1), there is a constant K > 0 such that for all solutions u € X3 of (4.9),

el (14ay2,140,0 < K, (4.10)

and in case («y),
lull eray2,2ta0 < K. (4.11)
Furthermore, by the same method as in Lemma 3.4, we get the estimation

llullx, <Ki, Ki>0, (4.12)

for all solutions u € X5 of C5'! o Fsu = ku. Hence, we get the surjectivity of F5 and thus
(m).

(n) From Theorem 4.4(h) and the surjectivity of Fs, it follows that there is n3, # 0.
This finishes the proof of Theorem 4.6. 0
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ON A NONLOCAL CAUCHY PROBLEM
FOR DIFFERENTIAL INCLUSIONS

E. GATSORYI, S. K. NTOUYAS, AND Y. G. SFICAS

Received 3 September 2002

We establish sufficient conditions for the existence of solutions for semilinear differential
inclusions, with nonlocal conditions. We rely on a fixed-point theorem for contraction
multivalued maps due to Covitz and Nadler and on the Schaefer’s fixed-point theorem
combined with lower semicontinuous multivalued operators with decomposable values.

1. Introduction

In this paper, we are concerned with proving the existence of solutions of differential
inclusions, with nonlocal initial conditions. More precisely, in Section 2, we consider the
following differential inclusion, with nonlocal initial conditions:

J’IEF(f’)’)a tEJZ[O,b], (113.)
P

y(0)+ > cky(tc) = yo (1.1b)
k=1

where F: ] X R" — P(R") is a multivalued map, P(R") is the family of all subsets of R",
yweERLandO<ti <t <---<tp<b,peN,#0,k=12,...,p.

The single-valued case of problem (1.1) was studied by Byszewski [5], in which a new
definition of mild solution was introduced. In the same paper, it was remarked that the
constants ¢, k = 1,..., p, from condition (1.1b) can satisfy the inequalities |ck| = 1, k =
1,..., p. As pointed out by Byszewski [4], the study of initial value problems with nonlocal
conditions is of significance since they have applications in problems in physics and other
areas of applied mathematics.

The initial value problem (1.1) was studied by Benchohra and Ntouyas [1] in the semi-
linear case where the right-hand side is assumed to be convex-valued. Here, we drop
this restriction and consider problem (1.1) with a nonconvex-valued right-hand side.
By using the fixed-point theorem for contraction multivalued maps due to Covitz and
Nadler [7] and the Schaefer’s theorem combined with a selection theorem of Bressan
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and Colombo for lower semicontinuous (l.s.c.) multivalued operators with decompos-
able values, existence results are proposed for problem (1.1).

In this section, we introduce notations, definitions, and preliminary facts from multi-
valued analysis, which are used throughout this paper.

We denote by P(E) the set of all subsets of E normed by || - [l and by C(J,R") the
Banach space of all continuous functions from J into R” with the norm

Iylle =sup{[y(®)] : t €T} (1.2)

Also, L'(J,R") denotes the Banach space of measurable functions y : ] — R" which are
Lebesgue integrable and normed by

b
Iyl = jo | y(1) | dt. (13)

Let A be a subset of ] x R". The set A is &£ ® B measurable if A belongs to the o-
algebra generated by all sets of the form N x D, where N is Lebesgue measurable in J and
D is Borel measurable in R”. A subset B of L!(J,R") is decomposable if, for all u,v € B
and N C J measurable, the function uyy + vyj—y € B, where y denotes the characteristic
function.

Let E be a Banach space, X a nonempty closed subset of E, and G: X — P(E) a
multivalued operator with nonempty closed values. The operator G is Ls.c. if the set
{x € X:G(x) n C # &} is open for any open set C in E. The operator G has a fixed
point if there is x € X such that x € G(x). For more details on multivalued maps, we refer
to Deimling [8], Gérniewicz [10], Hu and Papageorgiou [11], and Tolstonogov [13].

Definition 1.1. Let Y be a separable metric space and let N : Y — P(L!(J,R")) be a mul-
tivalued operator. The operator N has property (BC) if

(1) Nisls.c;
(2) N has nonempty closed and decomposable values.

Let F: ] X R" — P(R") be a multivalued map with nonempty compact values. Assign
to F the multivalued operator

F:C(J,R") — P(L'(J,R")) (1.4)
by letting
F(y)={we L' (J,R") :w(t) € F(t,y(t)) forae.t € J}. (1.5)

The operator & is called the Niemytzki operator associated with F.

Definition 1.2. Let F: ] X R" — P(R") be a multivalued function with nonempty com-
pact values. The multivalued map F is of Ls.c. type if its associated Niemytzki operator F
is l.s.c. and has nonempty closed and decomposable values.

Next, we state a selection theorem due to Bressan and Colombo [3].
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Tueorem 1.3 (see [3]). Let Y be a separable metric space and let N : Y — P (L' (J,R")) be
a multivalued operator which has property (BC). Then N has a continuous selection, that is,
there exists a (single-valued) continuous function g : Y — L'(J,R") such that g(y) € N(y)
forevery y e Y.

Let (X,d) be a metric space. We use the following notations:

P(X)={Y €eP(X):Y £ O},
Py(X)={Y € P(X):Y closed},
Py(X) = {Y € P(X): Y bounded}, (16)
P, (X)=1{Y € P(X):Y compact}.
Consider Hy : P(X) X P(X) — R4 U {00} given by
H;i(A,B) = max{supd(a,B),supd(A,b)}, (1.7)
acA beB

where d(A,b) = inf,c4 d(a,b) and d(a,B) = inf,cpd(a,b).
Then (Pp,,(X),Hy) is a metric space and (P (X),Hy) is a generalized metric space.

Definition 1.4. A multivalued operator N : X — P(X) is called
(a) y-Lipschitz if and only if there exists y > 0 such that

Hi(N(x),N(y)) < yd(x,y) foreachx,yeX; (1.8)

(b) a contraction if and only if it is y-Lipschitz with y < 1.

For more details on multivalued maps and the proofs of known results cited in this
section, we refer to Deimling [8], Gérniewicz [10], Hu and Papageorgiou [11], and Tol-
stonogov [13].

In the sequel, we will use the following fixed-point theorem for contraction multival-
ued operators given by Covitz and Nadler [7] (see also Deimling [8, Theorem 11.1]).

LemMA 1.5. Let (X,d) be a complete metric space. If N : X — P(X) is a contraction, then
fixN + @.
2. Main results

Definition 2.1. Assume that Zle cx # —1. A function y € C(J,R") is called a mild solu-
tion of (1.1) if there exists a function v € L'(J,R") such that v(t) € F(t,y(t)) a.e. on ],
and

y(t) = (yo - Z Ck J ' v(s) ds) J v(s)ds, (2.1)

where A = (1 +Z£:1 ce) "L



174  On a nonlocal Cauchy problem for differential inclusions

We will need the following assumptions:

(H1) F:] xR" — P.,(R") has the property that F(-, y) : ] — P.,(R") is measurable for
each y e R";

(H2) there exists [ € L'(J,R*) such that

Hy(E(t,y),F(t,y)) <1l(t)ly—y| foralmosteachte], y,y € R",

(2.2)
d(0,F(t,0)) < £(t) for almost each t € J;
(H3) assume that
p
Dt -l (2.3)
k=1

(H4) |A] Zle lex|L(tx) + L(b) < 1, where L(t) = fotl(s)ds.

THEOREM 2.2. Assume that hypotheses (H1), (H2), (H3), and (H4) are satisfied. Then prob-
lem (1.1) has at least one mild solution on J.

Proof. Transform problem (1.1) into a fixed-point problem. Consider the multivalued
operator N : C(J,R") — P(C(J,R")) defined by

P t t
N(y):= {h € C(J,R") : h(t) =A<yo - Z ckL g(s)ds) +Lg(s)ds:g e Sp,y}, (2.4)

k=1

where
Sky={g € L' (J,R") :g(t) € F(t,y(1)) forae. t €J}. (2.5)

We will show that N satisfies the assumptions of Lemma 1.5. The proof will be given
in two steps.
Step 1. We prove that N(y) € Py(C(J,R")) for each y € C(J,R").

Indeed, let (y,)n=0 € N(y) such that y, — y in C(J,R"). Then y € C(J,R") and there
exist g, € Sp,y, such that

p te t
Jult) = A (yo _ kzl G JO gn(s)ds) N L gn(s)ds. (2.6)

Using the fact that F has compact values, and from (H2), we may pass to a subsequence
if necessary to get that g, converges to g in L'(J,E) and hence g € Sg,. Then for each
t € [0,b],

p e t
yn(t) — J(t) = A <y0 - ;;Ck JO g(s)ds) + L g(s)ds. 2.7)

So, y € N(y).
Step 2. We prove that Hy(N (y1),N(»2)) < ylly1 — »2ll» for each yy, ¥, € C(J,R") (where
y<1).



E. Gatsorietal. 175

Let y1,, € C(J,R") and h; € N(y1). Then there exists g1 (£) € F(, y1(¢)) such that
p te t
(1) =A<y0 —glck 0 gl(s)d5> +Lgl(s)ds, te) (2.8)
From (H2), it follows that
Ha(F(t,1(0)),E(t,2(1)) < 1(t) | ;1 (t) = ya (D) |, tET. (2.9)
Hence, there is w € F(t, y5(t)) such that
g () —w| <1 [y - ()], te] (2.10)
Consider U : J — P (R") given by
Ut)={weR": [gi(t) —w| <I(t)| y1(t) = y2() | }. (2.11)

Since the multivalued operator V() = U(t) N F(t, y2(t)) is measurable (see [6, Proposi-
tion I11.4]), there exists g»(¢) a measurable selection for V. So, g&(t) € F(t, y,(t)) and

lgi(t) —g(t)| <I(t)| y1(t) — y2(t)| foreachte]. (2.12)
We define for each t € ],
p te t
(1) :A<yo— chj gz(s)ds> +j o()ds, tej (2.13)
k=1 70 0

Then we have

|hi(t) —ha(2)| <

t
0

p te
A ij [g1(s) — g2(s)]ds + J [g1(s) — g2(s)]ds
k=1 0

p te
<141 Y Jecl = pall. |, eo)ds
k=1 0

(2.14)
t
+ly el [ H0)ds
P
< (IAI > |Ck\L(tk)+L(b)>||)/1 = )2lle
k=1
Then
?
||h1 —hz”m < <|A| Z |Ck|L(tk) +L(b)>||y1 —)/2”00. (215)
k=1

By the analogous relation obtained by interchanging the roles of y; and y», it follows that

4
Hy(N(y1),N(y2)) < (IAI > |Ck|L(tk)+L(b)>||y1 ~ 2] - (2.16)
k=1
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From (H4), we have that
P
yi=1A1 > |ek|L() +L(b) < 1. (2.17)
k=1

Then N is a contraction, and thus, by Lemma 1.5, it has a fixed point y which is a mild
solution to (1.1). O

Remark 2.3. Consider the Bielecki-type norm (see [2]) on C(J,R"), defined by

lyllg = rpg}X{ |y(t)|e ™0}, (2.18)
where L(t) = [;I(s)ds. Since
e Oyl < 1yl < yllw (2.19)

the norms || yllg and || yll» are equivalent.
Then we can prove Step 2 of Theorem 2.2, that is, Hy(N(y1),N(32)) < ylly1 — »:2lla
for each yi,y, € C(J,R"), where

4
y = i(lAl s |ck|eTL<fk>+1>. (2.20)

k=1

Indeed, we have

_ — —1L(t)
|71 = hollg maxe

P t
AY o[ e - g9)ds
k=1 0

t
+J [g1(s) —g2(s)]ds

0

p ty
<1A1S eIl - yelly | e ds

k=1 0
(2.21)

t
) L (s)e™M 9 ds

+[y1 = 2

erL(tk) 1— ef'rL

4 ®)
S(IAIZ | ck | + )||}’1—)’2||973
k=1

T T

eTL(t)

1
o lly1 = y2llg-

P
- (|A| S ol
k=1

We can choose 7 such that y < 1. In this case, (H4) must be deleted.

By the help of the Schaefer’s fixed-point theorem combined with the selection theorem
of Bressan and Colombo for l.s.c. maps with decomposable values, we will present an
existence result for problem (1.1). Before this, we introduce the following hypotheses
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which are assumed hereafter:

(H5) F:] x C(J,R") — P(R") is a nonempty compact-valued multivalued map such
that
(a) (t,u) — F(t,u) is £ ® 9B measurable;
(b) u— F(t,u)isLs.c. fora.e.t € J;

(H6) for each r > 0, there exists a function k4, € L'(J,R*") such that

[|F(t,u)||p :=sup{lv|:v € F(t,u)} <h.(t) forae.te], uecR" with|u|l<r.
(2.22)

In the proof of Theorem 2.5, we will need the next auxiliary result.

LemMa 2.4 (see [9]). Let F:] x C(J,R") — P(R") be a multivalued map with nonempty,
compact values. Assume that (H5) and (H6) hold. Then F is of Ls.c. type.

THEOREM 2.5. Suppose, in addition to hypotheses (H5) and (H6), that the following also
holds:

(H7) Assume that ||[F(t,y)llg := supilv|:v € F(t,y)} < p(t)w(lyl) for almost all t € ]
and all y € R", where p € L*(J,R;) and y : Ry — (0,0) is continuous and increas-
ing with

JWJZ):m. (2.23)

Then the initial value problem (1.1) has at least one solution on J.

Proof. By Lemma 2.4, (H5) and (H6) imply that F is of Ls.c. type. Then, from Theorem
1.3, there exists a continuous function f : C(J,R") — L'(J,R") such that f(y) € F(y) for
all y € C(J,R").

We consider the problem

Y =fe), te],

P 2.24
y(0)+ > cky(tk) = yo. (2.24)
k=1

We remark that if y € C(J,R") is a solution of problem (2.24), then y is a solution to
problem (1.1).
Transform problem (2.24) into a fixed-point problem by considering the operator N :
C(J,R") — C(J,R") defined by
p t t
Ni(y)(t) := A(yo - Z Ck . f(y)(s)ds) + Jo f(y)(s)ds. (2.25)

k=1

We will show that N is a compact operator.
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Step 1. The operator N; is continuous.
Let {y,} be a sequence such that y, — y in C(J,R"). Then

P tr
[N O = Ni)O] <141 Ll [ 1706 = FO) | ds
k=1

[0 - 0 ds

, , (2.26)
<1A1Y [adl | 17 (m© = F© |ds
k=1 0
b
+ [ 1700 - 706 ds
0
Since the function f is continuous, then
Nt (yn) =Ni(p)|| — O asn— co. (2.27)

Step 2. The operator N; maps bounded sets into bounded sets in C(J,R").

Indeed, it is enough to show that there exists a positive constant ¢ such that for each
y € By =1{y € C(U,E): llylle < q}, one has [N|(y)lls < c. By (H6), we have for each
te],

P ty t
INi (1) ] < AI(Iyol +> ICk\J If(y)(S)\dS> +J | f(»)(s)|ds
k=l ’ ’ (2.28)

p
< A|(|yo| iy |ck|||hq||y) gl
k=1

Step 3. The operator N; maps bounded sets into equicontinuous sets of C(J,R™").
Let 71,72 € ], 11 < 13, and By = {y € C(J,R") : [lyll» < q} a bounded set of C(J,E).
Thus,

|Muxm—NmManfENMs (2.29)

As 7, — 11, the right-hand side of the above inequality tends to zero.

As a consequence of Steps 1, 2, and 3, together with the Arzeld-Ascoli theorem, we can
conclude that N, is completely continuous.
Step 4. Now, it remains to show that the set

€(N1):={y € C(J,R") : y = AN;(y) for some 0 < A < 1} (2.30)

is bounded.
Let y € €(N;). Then y = AN;(y) for some 0 <A <1 and

p te t
y(t)=/\A(yo—chI f(y)(s)ds) +/1J FO))ds, te]. (2.31)
k=1 *0 0
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This implies, by (H7), that for each t € J, we have

p te t
O] <A1l +141 Y el | pow(ly0Ddi+ | povyohds @32
k=1

We take the right-hand side of the above inequality as v(t), then we have

p t
v(0) = |Al | yo| + Al > |ek] L p(Oy(ly®])dt, |y@®)] =v(t), t€],
k=1

(2.33)
V)=p®w(ly@®)]), tel
Using the nondecreasing character of v, we get
Vi) < py(v(t), tej. (2.34)
This implies that for each t € ],
J(((: % < J: p(s)ds < +oo, (2.35)

This inequality, together with hypothesis (H7), implies that there exists a constant d such
that v(t) < d, t € J, and hence ||yl < d, where d depends only on the functions p and
y. This shows that €(N) is bounded. As a consequence of Schaefer’s theorem [12], we
deduce that N has a fixed point y which is a solution to problem (2.24). Then y is a
solution to problem (1.1). O
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EXACT SOLUTIONS OF THE SEMI-INFINITE TODA LATTICE
WITH APPLICATIONS TO THE INVERSE SPECTRAL
PROBLEM

E. K. IFANTIS AND K. N. VLACHOU

Received 30 July 2002

Several inverse spectral problems are solved by a method which is based on exact solu-
tions of the semi-infinite Toda lattice. In fact, starting with a well-known and appropriate
probability measure g, the solution a,(t), b,(t) of the Toda lattice is exactly determined
and by taking ¢ = 0, the solution «,(0), b,(0) of the inverse spectral problem is obtained.
The solutions of the Toda lattice which are found in this way are finite for every ¢ >0
and can also be obtained from the solutions of a simple differential equation. Many other
exact solutions obtained from this differential equation show that there exist initial con-
ditions «,(0) >0 and b,(0) € R such that the semi-infinite Toda lattice is not integrable
in the sense that the functions a,(t) and b,(t) are not finite for every ¢ > 0.

1. Introduction

We write the semi-infinite Toda lattice as follows:

d“;t(f) — u(t) (b () — ba(1)), (L)
dbc;t(t) =2(2(t) -2 (1), t=0,n=1.2,.. (1.2)

and we ask for solutions which satisfy the initial conditions
o, (0) = ay, bn(o) = by, (1.3)

where a,,, b, are real sequences with «, > 0. In an attempt to compute the functions b, ()
and a,(f) in some problems where the existence and uniqueness of a solution is proved,
we observed that many solutions of the initial value problem (1.1), (1.2), (1.3) satisfy the
relation

& (1)
o (1)

=0bi(t) +ec, (1.4)
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where §, ¢ are real numbers with § > 0 and the dot means differentiability with respect to
t. Then it follows easily that

K2(1) = (@am)a%(t),
bu(t) = [(n— 1)8+1]b1(8) + (n— 1c.

(1.5)

An example, where relation (1.4) holds and the functions «;(t) and b;(t) can be exactly
determined, has been published among others in [7]. Here, we present many exam-
ples starting from the well-known probability measures which determine uniquely the
sequences in (1.3). All these examples provide alternative solutions of important well-
known inverse spectral problems. (For details about the inverse spectral problem, see
Section 3.) In other words, the solution of many well-known and important inverse spec-
tral problems is obtained from one source, a class of exactly solvable Toda lattices.

The solutions of the Toda lattice which are found in this way are finite for every ¢ > 0.
These global solutions can also be obtained from the solutions of the differential equation

bi(t) = 2(8by (1) +¢) by (). (1.6)

Any solution of this equation satisfies (1.4). Given the initial conditions b; (0) and «,(0) >
0 of the Toda lattice, we find the solution b, (t) of (1.6) which satisfies these conditions.
We have the possibility to choose § and ¢ according to the form of the solution we want
to construct. Moreover, from (1.6), we can find solutions of the Toda lattice with poles.
Thus, many solutions of (1.6) show that there exist initial conditions a,(0) and b,(0)
such that the Toda lattice is not global integrable in the sense that the functions ()
and b, (t) are not finite for every ¢ > 0 (see Example 2.1 and Remark 4.10). In Section 2,
we give the proofs of (1.5) and (1.6) and we obtain from (1.5) and (1.6) several forms of
exact solutions of the Toda lattice. In Section 3, we define the inverse spectral problem
and present preliminary results which we need. For many measures whose support is
not bounded from above, the standard method of determining the function b,(¢), and
consequently a4 (), by(t), and so on, fails. With respect to the inverse spectral problem,
we avoid this difficulty by using Theorem 3.2 (see also Remark 3.3). In Section 4, we give
five examples of inverse spectral problems which can be solved by the method which
is based on the determination of exact solutions of the Toda lattice. Note that all the
exact solutions obtained in Section 2, by solving (1.6), and in Section 4, by solving several
inverse spectral problems, are solutions with unbounded initial conditions.

2. Solutions of b, (t) = 2(8by(£) + ¢)by ()

First, we give the proofs of relations (1.5) and (1.6).
From (1.1) (for n =1) and (1.4), we have

6 (1)
o (1)

=0bi(t)+c=by(t) — bi(t) (2.1)
or

by(t) = (6 +1)bi(t) +c. (2.2)
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From (2.2) and (1.2), we find
by(t) = (8+1)bi () = 2(a3 () — ad (1)) (2.3)
Since, from (1.2), we have
bi(t) = 2a3(t), (2.4)
we obtain
a3(t) = (8+2)ad(t). (2.5)

Continuing in this way, we find bs(t) = (28 + 1)b; (t) + 2c and a3(t) = (38 + 3)a?(t). For-
mulas (1.5) are obtained by induction. From (2.4), we obtain

by (t) = 4o (£)d (1). (2.6)

Thus from (2.4), (2.6), and (1.4), we obtain (1.6).

Equation (1.6) can be easily integrated. We present below several forms of the obtained
solutions. The forms of the solutions depend on the initial conditions «; (0) and b, (0) and
the values of § and c.

Case 1 (8 =0, ¢ =0). In this case, the solution of (1.6) is b, (t) = 2a}(0)t + b;(0). From
this and (2.4), we find «; (f) = «;(0) and from (1.5), we obtain
o, (t) = V/nay(0),  bu(t) = b (t) =2a3(0)t+b1(0), n=1,2,.... (2.7)

The solution in this case is finite for every t > 0 (global solution).

Case2 (6 =0, c # 0). In this case, the solution of (1.6) is

bi(t) = m(esz —1) +b,(0) (2.8)

c
and the solution ay(t), b, () of the system (1.1), (1.2) is

an(t) = V/nai(0)e,

2 2.9
bn(t)z“IT(m(ez“—l)+b1(0)+(n—l)c. (2:9)

Case 3 (6 >0, ¢ =0). The solution of (1.6) depends on the value
Ag =2a3(0) — 6b3(0). (2.10)
If Ag = 0, the global solution of (1.6) has the form

by(t) = b1(0)

= Tbl(o)t, b1(0)<0 (211)
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and the solution a, (), b, (t) of the system (1.1), (1.2) is given by

fbl _ =V6bi(0)
=4/n(nd — 8+2 b1 (0)0)°

6b,(0) (1—6)h1(0)
1-8b1(0)t  1-08b1(0)t"

(2.12)
bn(t) =

If Ag > 0, the solution of (1.6) is

by(t) = . /%tan( §Aot+T1), (2.13)

o (t) = \/n(n8—6+2)A02COS(\/81_Mt+r1),
b,(t) = (n+% - l)mtan (\/@Hrl),

where I'; = arctan(+/6/A¢b;(0)). In order to have a global solution of the form (2.14), the
condition cos(y/Agdt+T') # 0, for all ¢ > 0, should hold.
If Ay < 0, the solution of (1.6) is given by

(2.14)

PG ) P )

bi(t) = (2.15)
' 6(1 —er‘Z‘v _Aoﬁ)
and the functions «,(t) and b,, () have the form
e*t —Aod
ay(t) = \/”(”5 —8+2)T5( - Ap) m,
(2.16)
b(1) = [(n— )6+ 1] L2V 2 m A0
§(1 = Tpem2t/~400)
where T, = (6b:(0) + 00)/(8b1(0) — /—Apd). We have a global solution if and only if
O L T EY) (2.17)

0b1(0) - \/—AOS

Case 4 (8 >0, ¢ #0). In this case, the solution of (1.6) and consequently the form of the
solution of the system (1.1), (1.2) depends on the value

A = (202(0) — 8b2(0) — 2¢b;(0)) 8 — . (2.18)
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If A = 0, the solution of (1.6) and the functions «,(t) and b,,(t) have the form

2CB] 62”

bi(t) = m, (2.19)
w0, (f) = n(nd—38+2)B;  ce

. 0 5 - 123162; s (2.20)
b, (1) = nc + Bje cBie*'(2-98)—¢

1—Bjet ' §(1—Byext)

where By = 6b;(0)/(6b,(0) + 2¢). In order to construct a global solution of the form
(2.20), we must choose 8, ¢, b1(0), and a;(0) such that 8b,(0) +2¢ # 0, A = (2a3(0) —
8b3(0) — 2¢b;(0))8 — ¢ = 0, and 1 — Bye** # 0, for every t > 0.

If A >0, we have

bi(t) = %tan(\/Zl#Bz) — %, (2.21)
w0, (1) = n(nd—90+2)A 1
e 5 2cos (VAt+B,)’ (2.22)

ba(t) = (”‘f’% - 1)\/Ztan(\/2t+32) - %,

where B, = arctan((8b;(0) + ¢)/+/A). In order to have a global solution of the form (2.22),

the condition cos(+/At+B,) # 0, for all t > 0, should hold. Finally, for A < 0, the solutions
are exponential with

Bs(c—/=A)e VA /JTA—¢

6(1 - B3€72tm) ’
“(t)_\/n(n8—8+2)33(—A) etV A
e 5 1 — Bze2tV-4" (2.24)
bu(t) = [(n=1)8+1]by () + (n—1)c,

bi(t) =

(2.23)

where B; = (§b1(0) + c++/—A)/(6b1(0) + c — /—A) and by (¢) is given by (2.23). In order

to have a solution without poles, the condition

(Sb](O) +c+V/-A e_yﬂ L0,

— m t>0, (225)

must be satisfied.

Example 2.1. Taking § =2,c=1-1,b;(0) =1,and a;(0) = A, 0<A< 1, we find A =
~-A=9(A—-1)<0for0<A<1,B3=(3-A+~+/—A)/(3—-1—+/—A) > 1. This means that
condition (2.25) is not satisfied for every t > 0. We conclude that the Toda lattice, with
initial conditions b;(0) = 1, a;(0) = /A, and b,,(0), a,(0) given by (1.5) for t = 0, § = 2,
and ¢ = 1 — A, is not integrable in the sense that the functions a,(¢) and b,(t) are not
finite for every ¢ > 0.
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Example 2.2. Takingd =2,c=1-1,b,(0) = —1,;(0) = VA, 0 <A < 1, a,(0) = n/A, and
b,(0) = —(1+A)n+A, we have A = —(1 — A)?, B3 = A. Then condition (2.25) is satisfied
and by (1) is given by

1-1

bi(t) = - 1 — Le2-Mi°

(2.26)
This example is a particular case of Example 4.5. In fact, (2.26) is the same with (4.11) for
B=0andk=1-1>0.

3. The inverse spectral problem

It is well known that any probability measure y on the real line with finite moments and
infinite support determines uniquely a pair of real sequences «,, b, with &, >0 and a
class of orthonormal polynomials P, (x) (| Py(x)Py(x)du(x) = 8,um), which satisfy the
relation

®nPpi1 (%) + &y 1Pp_1(x) + b, Py (x) = xPy(x),

Py(x)=0,  Pi(x)=1. (3.1)

Conversely, for any pair of real sequences a,, b, with a, > 0, there exists at least one
probability measure p such that the polynomials (3.1) are orthonormal. The measure y is
unique if and only if the tridiagonal operator L(0), defined on finite linear combination
of an orthonormal basis e,, n = 1,2,..., of a Hilbert space H:

L(0)e, = atneni1 + dp_1€n—1 + bpey,

2
L(0)e; = arex + byey, (3.2)

is (essentially) selfadjoint (see [1, 8, 11] for these subjects and their relationships). If L(0)
is selfadjoint, then there exists a one parameter family E;, —oo < t < o0, of orthogonal
projections on H such that for every x, [|x|| = 1, the function F(¢) = (E;x,x), where (-, -)
means scalar product, is a distribution function, that is, a nondecreasing function which
is continuous on the right and satisfies F(—o) = 0, F(o0) = 1. In particular, for x = ¢,
the distribution function

E(t) = (Ecer,e1) (3.3)

is the distribution function which corresponds to the unique probability measure y, that
is, p and F are connected by (see Theorem 3.1)

pu((—oo,t]) = F(1). (3.4)

The direct problem of orthogonal polynomials is the following.

Given the real sequences a, >0 and b,, find the measure of orthogonality of the poly-
nomials which are defined by (3.1). This problem has a long history. Only the problem of
finding conditions on «, and b,,, such that the above problem has a unique solution (note
that at least one solution always exists), is connected with many important problems in
analysis, for instance, the moment problem, the problem of selfadjoint extensions of an
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unbounded symmetric operator, and others [1, 8, 11] (see also [5]). Note that the mea-
sure of orthogonality is a probability measure on the real line with finite moments and
support consisting of infinitely many points.

The inverse problem of orthogonal polynomials is the following.

Given a probability measure ¢ on the real line with finite moments and infinite sup-
port, find the coefficients «, and b, which define the polynomials P, in (3.1). Sometimes
we say the inverse problem of the operator L(0) or the inverse problem of y instead of the
inverse problem of the polynomials (3.1).

There exists a standard procedure, which determines uniquely the sequences «,, and b,
but this procedure involves many and arduous calculations, and exact solutions are very
difficult to be found. In fact, multiplication by P, (x) in (3.1) and integration gives

by = f P2(x)dp(x). (3.5)

First, we find from (3.5) that by = [, xdu(x). Consequently, taking n =1 in (3.1) and
multiplying the relation a; P, (x) + by = x by P;(x), we obtain af = [, x>du(x) — bi. After
this, knowing the polynomial P;(x), we determine b, from (3.5). Then we find ay, the
polynomial P3(x), and so on. The inverse problem of a selfadjoint operator is the problem
of finding the operator when some of its properties are given, for instance, its spectrum. It
is well known that the spectrum is not always enough for the solution of this problem. In
the present case, the spectrum of L(0) is not enough to determine uniquely the sequences
&y, by. However, the knowledge of the distribution function (E;e;,e;) is enough, because
of the following well-known theorem, which we prove for completeness.

THeOREM 3.1. Let L(0), defined by (3.2), be selfadjoint and let E;, —o0 < t < co be its spectral
family. Then the measure which corresponds to the distribution function (Ee;,e;) is the
unique measure of orthogonality of the polynomials P, defined by (3.1).

Proof. Let L(0) = T. Then T can be written as
r-| : tdE,, (3.6)
in the sense that
(Tx,y) = J(io td(Ex,y) (3.7)

for every x, y in the definition domain of T. Then the operator P,,(T)P,(T) can be writ-
ten as follows:

Pou(T)PA(T) = jm Po(t)Po(H)dE,,
(3.8)
(P (T) ebel J P t)d(Etel,el)

The operator P,(T) acting on the element e; produces the vector e, that is,

P,(T)ey=e,, n=1,2,.... (3.9
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Relation (3.9) is obvious for n = 1 and for n > 2 it follows from (3.2) and the relation
nPpi1 (T)+ay_1Py—1(T) + b,P,(T) = TP,(T), by induction. Thus,

J’_Oo Pm(t)Pn(t)d(Et€1,€1) = (PM(T)Pn(T)el,el)
= (P,(T)er,P(T)er) (3.10)
= (en,m) = Opm. .

The measure which corresponds to the distribution function (3.3) is called spectral
measure of the tridiagonal operator L(0).
Another theorem that we will need is the following one.

THEOREM 3.2. Assume that the operator
L(0):L(0)e, = apens1 + dp_1€p_1 + bpe,, n=12,..., (3.11)
is essentially selfadjoint with spectral measure y. Then the operator
Li(0):L(0)e, = apent1 + &p184-1 — bpey (3.12)

is also essentially selfadjoint with spectral measure yt~1, where 7(x) = —x.

Proof. By Theorem 3.1 and by the equivalence of the properties “essential selfadjointness”
of L(0) and “uniqueness of the measure of orthogonality” of the corresponding polyno-
mials, it is enough to prove that u7~! is a measure of orthogonality of the polynomials

OCan+1(X) + “n—an—l(x) - ban(x) = an(X),

Ry(x) =0, Ri(x) =1, (3.13)

provided that p is a measure of orthogonality of the polynomials (3.1). It is easy to see
that the polynomials R, (x) and P,(x) are related by

Ry(x) = (=1)"Pp(=x). (3.14)
Assume that

| PPt = 81 (3.15)

Then by a well-known property in measure theory, we have

| RaRA " = [ R (r00) Ron ()
- J " Ru(=x)R(—x)dp (3.16)

= 0 [ PP ()t = B
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Given the initial conditions «, and b, of the Toda lattice, we assume that the operator
L(0) is (essentially) selfadjoint which means that the measure y of orthogonality of the
polynomials (3.1) is unique.

The method of the inverse spectral problem works as follows: system (1.1), (1.2) is
equivalent to the equation

dL(t)

T M(t)L(t) — L(t)M(¢t), (3.17)

where L(t) and M(¢) are the tridiagonal operators

L(t)en = an(t)enJrl + ‘xn—l(t)en—l + bn(t)em

3.18
M(t)en = an(t)enJrl _(Xn—l(t)en—l- ( )
Under suitable assumptions on &y, b,, one finds the spectral measure ) of the operator
L(t) [7]. Note that the spectral measure ¢ can be found by solving the direct problem of
the operator L(0). For the Toda lattice, as it is written in (1.1), (1.2), u*) has the form

ez’“dy(x)

&) - "
d‘ut (x) - J-jooo QZXtd!,{(x),

(3.19)

The solution of the Toda lattice is obtained by solving the inverse problem of L(#). In fact,
starting from the spectrum measure u*), we consider the linearly independent elements
1,x,x2,... of the space Lz(/,t(t)), the orthogonalization of which by the use of the Gram-
Schmidt method gives the orthogonal polynomials P, (#,x) which satisfy

(xn(t)Pn+1(tax) +‘xn—l(t)Pn—l(t)x) + bn(t)Pn(t’x) = xPn(t,x),

3.20

Py(t,x) =0, Pi(t,x) =1, ( )
with «,(t) >0 and b,(t) real. By a well-known procedure, the sequences a, (), b,(t) can
be found from the above recurrence relation. Moreover, they satisfy system (1.1), (1.2).
In our case, it is enough to determine exactly the function b, (t), which is given by

_ [ xedu(x)

bl(t) J_oooo ezxtd‘u(x) >

t>0. (3.21)

What we need for the solution of the Toda lattice is the spectral measure y of L(0). If the
spectrum of L(0) is discrete with eigenvalues 1,, and normalized eigenvectors x,,, then

u(a}) = | (enxa) |* = 02 (3.22)
and b, (1) is given by

0 24t <2
D Ane*ita?
snclZn  n

anl eZAntO-nZ

bi(t) = (3.23)
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In Section 4, we begin with a probability measure y without knowing the initial condi-
tions «,(0), b,(0). Then we determine the element b;(t) from (3.21) or (3.23) and exam-
ine the validity of the relation (1.4). After this, the solution of the Toda lattice is given by
(1.5). The solution of the inverse problem of y is given by

o2(0) = (”(”2_ 1)6+n)a%(0),

b(0) = [(n— 1)+ 1]b1(0) + (n— 1)c.

(3.24)

Remark 3.3. The usefulness of Theorem 3.2 is that if the support of the measure y lies
in the interval [, ), & € R, and if it is not a bounded set, then the integrals in (3.21)
may not be finite. In this case, we find the solution «,(0), b,(0) of the inverse spectral
problem of the measure ur~!, 7(x) = —x, whose support is bounded from above. Then
the solution of the inverse spectral problem of y, due to Theorem 3.2, is «,,(0), —b,(0),
n=12,....

4. Examples

In all the following examples, we begin with a probability measure y on the real line with
finite moments y,, = [ x"du(x), uo = 1, and infinite support.

Example 4.1. Consider the probability measure 4 whose distribution function is given by

F(x) = J FretdE, o> -1, (4.1)

F(oc +1)
where I' is the gamma function. The moments

1
a+1)

INa+k+1)
Ia+1)

Yk = J xkxe ™ dx = k=0,1,2,..., (4.2)
I( 0

are finite. Moreover, we can see that there exists a positive number r such that the series

(4.3)

m=1

converges and by a well-known criterion (see, e.g., [2, Theorem 30.1]), the moment prob-
lem is determined or equivalently the operator L(0) is selfadjoint (see [1]).

Since the integrals of (3.21) do not exist for this measure, we consider the measure
pt 1, 7(x) = —x instead of y. We find from (3.21)

a+1 Va+1
bi(t) = BTPRE o (1) = 2+l e
a(t) 2 _ '
ocl(t)_oc+lbl(t) (8_¢x+l’c_0>'
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Thus, from (1.5), we obtain

nn+a)
) =Y ——=,
bo(t) = =2l o o1 .
n = 2H+1 > =0, n=1,42,....

Conclusion 4.2. The solution of the Toda lattice with initial conditions

a,(0) = +/n(n+a), (4.6)

b,(0)=-2n+a-1)

is given by (4.5). The solution of the inverse problem of 7! is given by (4.6). Due to
Theorem 3.2, the solution of the inverse problem of the measure y is

a,(0) =+/n(n+a),

(4.7)
b,(0)=(2n+a—1).

Remark 4.3. The solution of the inverse problem that we studied in this example is well
known in the theory of Laguerre polynomials defined by

Vu(n+a)Ppi(x)+(n—1)(n—1+a)P,_1(x)+ 2n+a—1)P,(x) = xP,(x), (4.8)

Py(x) =0, Pi(x)=1.

In fact, it is well known that the measure of orthogonality of P,(x) is unique and its
distribution function is given by (4.1) (see [3]).

Remark 4.4. In the following examples, we have a difficulty to establish the convergence of
the series (4.3). We avoid this difficulty as follows: suppose that we start with a measure of
the form (3.19) and we have found exactly a solution of the Toda lattice a,(t), b, () for ¢ >
0. This means that we have found exactly the coefficients of the polynomials P, (t,x) which
are orthonormal with respect to the measure u*). In all the examples that we will give, we
can see from the coefficients a(t), b,(t) that u'®) is the unique measure of orthogonality
for every t = 0. In fact, the well-known criterion of Carleman [1] can easily be applied.
For t = 0, we find the coefficients of the polynomials whose measure of orthogonality is
the measure y. In this way, we solve both the inverse and the direct spectral problem of .

Example 4.5. Consider the discrete probability measure

p({—xn+B}) =1 -MA", 0<A<l,n=12,..,k>0. (4.9)
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Obviously, its support is infinite consisting of the points —x + 8, =2k + 8, =3k + f3,..., and
—kn+B)FA""1 k=0,1,2,..., are finite. We have

the moments px = (1 = 1) X7 (
Joo 2xtd‘u(x) z e*ZKntJrZﬁtAn 1
) (I—A)ezﬁt SN (1 e
A <Z> T e}
(4.10)

0

Jw 2xtd‘u(x) — z(—xn+[3’)e’2"’" Z[j’t( A))Ln 1
A

n=1
B —p)e ! — )2t A
T ekt _ ) et (1 — )2’ H= e2xt”
Thus, from (3.21), we obtain
K
bi() =B~ 1 (4.11)
From (1.2), we find
by (1) YR Ax2e 2kt _ K\//Tefm
5 = 1(t) = a —Ae*ZKf)zj ay(t) = =T (4.12)
and after some manipulation, we obtain
ay(f) _ _
e " 2b, (1) + k- 2P. (4.13)
Now, from (1.5), we find the solution of the Toda lattice which is
—Kt
(1) = VA
1 —Ae—2xt (4.14)
K
ba(t) = (211 1)(/3—m> Fxn—1)—2B(n—1).
The inverse problem of L(0) can be solved by setting t = 0 in (4.14), that is,
0 (0) = ””_“A_,
4.15
b(O)——(1+A)K”+[5+ K. (4.13)
1= 1-1
Due to Theorem 3.2, the solution of the inverse problem of the measure
p({kn =B =1 -MA"Y, 0<A<l,n=12...,k>0 (4.16)
is
niv/A _ (1+Mxn K
) b,(0) = =) B 1_A+K (4.17)

(xn(o) = 1-1
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Remark 4.6. For 3 =0, k = 1, the inverse problem of the measure in (4.16) has been
solved in [4] by a different method. Also for § = 0, k = 1 — A, the inverse problem of the
measure in (4.16) can be solved by using a result of Stieltjes in [9, 10]. In fact, Stieltjes
considered the continued fraction

1
F(z,A) = i
zZ+
A
S B
z 20 (4.18)
+
‘ 31
1+
z+
This fraction, by the identity
(51%) C1
+cr — =74 , 4.19
Zra ) +k1 ‘ 1+C2/k1 ( )

where &2 = ¢),-1¢20 and b, = c2y—2¢20-1, b1 = 1, can be transformed into the fraction

1 ® du(x
F(z)) = — :J Z”ix) (4.20)
Z+b1 - 1 > o
cib -2
z+ b3—

Stieltjes gives in [9, 10] what we call nowadays the Stieltjes transform of the measure
(4.16):

%a
| 2
Qu
=
=
N—
I
Me
NN
+
=
-
\
=

(4.21)

From the analytic theory of continued fractions [6], it follows that the coefficients a,,
b, of the orthogonal polynomials corresponding to u are given by a, = +/An and b, =
n(l+1)—A.

In fact, it is well known that if the tridiagonal operator L(0) is selfadjoint with spectral
measure 4, then the Stieltjes transform of y is given by

Jm dux) _ ! (4.22)

2
_ zZ+x [0
® Z+b1— 1

o

Zby— —2
2 Z+b3—
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In case the measure is discrete with mass points A1,1,,..., the Stieltjes transform is given
by
o0 {Ak
4.23
J o Z+X Z z+ A ( )

k=1

Conversely, from the solution of the inverse problem, the Stieltjes transform of the mea-
sure (4.16) follows. This transform was presented by Stieltjes without proofin [9, 10] (see
also [12, page 367]).

Example 4.5 is a particular case of the following example.

Example 4.7. Consider the probability measure

(@)n-1(1 = H)*A"!

p({B—xn}) = (1) , a>0,0<A<1l,n=1,2,..., (4.24)
where (a),-1 = a(a+1) - - (a+n—2). The support of this measure is infinite and the
moments

© (= K _ —_1yn-1
_ Z (—xkn+pf) (x((x+1)(n _((ic)-:—n 2)(1 —21)*A (4.25)
are finite.
From (4.24), we obtain
) © 2t(—Kn+/5)((x) B A"‘l(l _/\)a (1 _/\)aezﬁt—zm
2t g, — € n-1 _
J—we ¢ HZ‘I (n—1)! (1—de-2xt)* > (4.26)
® 2xt _ _1\a,2 t*2Kt[(KA Kok — ﬂA)e th+ﬁ ] .
xe™dy=(1-1)% p
o (1—de—2xt)*"!
Thus,
Ake 2% (1 —a) — K
bi(r) = o+ HE
. 21 2 =2kt
bi(t) = ﬁ =2a7(1),
(4.27)
(1) = KVAae ™
M= T e

() 2, o 2 2
[0 [0 [0
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From this relation, we see that in this case we have § = 2/ and ¢ = 2x/a — 23/« — k. Then
from (1.5), it follows that

kn(n+a—1)Ae

an(t) = 1 _ )Le’z’“ > (4 28)
—x(1+Ae=2Kt) 2K 2/5 '
bn(t): (W) (1——>h1(t)——+
The solution of the inverse problem is given by
0, (0) K n(n+0/c\— 1)/1)
- (4.29)
k(1 +M)n+Ax(2 —a)+p(1-1)
bn(o) = 1—-1

We note that this inverse spectral problem is well known in the theory of the measure of
orthogonality of the Meixner polynomials (see [3, page 175]), which we find here by an
alternative method.

Using Theorem 3.2, we can derive the solution of the inverse problem of the measure
(4.24). This solution is given by

kyn(n+a—1)A

‘Xn(o) = >
1= (4.30)
k(1+A)n—Ax(2 —a) —B(1-1)
bn(o) =
1-1
Example 4.8. Consider the probability measure
—a yn—1
pu({B—yn}) = TR a>0,y>0,n=1,2,.... (4.31)
From (4.31), we obtain
Joo ertd‘u _ e7a+2ﬁt72yt+oce’27t
o (4.32)
J_ooerxtd‘u _ efa+2/3t72yt+(xe‘27” (ﬂ —y- aye72yt).
Thus,
=f—y—aye . (4.33)
From (4.33),
bi(t) = 2ay?e™ " = 2a2(t), (4.34)
and from (1.2), we find
a) __, (4.35)

a (1)
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From (4.35), we see that in this case we have § = 0 and ¢ = —y. Then from (1.5), it follows
that

oy (t) = y/nae ™", bu(t)=B—y—aye ' —(n—1)y. (4.36)
The solution of the inverse problem is
a,(0) = y/na, b,(0) = —ay—ny (4.37)

for f = 1/y, « = 1/y*. Thus, we have obtained the example studied in [7]. Here we note
that we obtain an alternative derivation of the measure of orthogonality of the Charlier
polynomials (see appendix in [7]).

In this example, we solved the inverse problem of the measure (4.31). Due to Theorem
3.2, we can see that the solution of the inverse problem of the measure

eanl

u({yn—B}) = “1)', a>0,y>0,n=12,..., (4.38)

is
= y/na, b, (0) = =B+ ay+ny. (4.39)

Example 4.9. Consider the probability measure 4 whose distribution function is given by

X
~(E-my*2a? g >0. 4.40
pvr I & myo (4.40)

The moments g = (1/0+/27) [, x¥e~ (=20 dx are finite.
We calculate the integrals

F(x) =

—(x— 2 2 2
ert (x—m)?/20° dx = eZt(m+U t))

© 1
2xt _
J_we dp = am

- (4.41)
J,meZXth = J\/ﬁ xez’“ x=mPR0% e — (m+ 202 t) 20O,
Thus relation (3.21) gives
bi(t) = m+20%t (4.42)
and so
28 (6=c=0). (4.43)
Then from (1.5), we obtain
an(t) =0/n, bu(t) =bi(t) =m+20°t, n=12,... (4.44)

As a consequence, the solution of the inverse problem of 4 is

a,(0)=0+vn, b,(0)=m, n=1,2,.... (4.45)
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Due to Theorem 3.2, the solution of the inverse problem of the measure yr‘l is
a,(0)=0vn, b,(00=-m, n=12,.... (4.46)

Remark 4.10. In [7], we proved that the Toda lattice has a unique solution a,(t), b,(t)
provided that the tridiagonal operator L(0) is (essentially) selfadjoint and bounded from
above. This means that the support of the measure y is a set bounded from above. Exam-
ples showed that there exist spectral measures g with support not bounded from above
such that the integrals in (3.21) do not exist (see, e.g., the measure y in Example 4.1 or
the measure y7 ! in Examples 4.5, 4.7, and 4.8). What can be said for the integrability of
these systems? From (1.6), we see that in these cases the solution «a,(t), b,(t) has poles for
some { > 0.

References

[1] N.I. Akhiezer, The Classical Moment Problem and Some Related Questions in Analysis, Oliver
and Boyd, Edinburgh, 1965.
[2] P Billingsley, Probability and Measure, Wiley Series in Probability and Mathematical Statistics,
John Wiley & Sons, New York, 1995.
[3] T.S. Chihara, An Introduction to Orthogonal Polynomials, Mathematics and Its Applications,
vol. 13, Gordon and Breach Science Publishers, New York, 1978.
[4] M. ]. Gottlieb, Concerning some polynomials orthogonal on a finite or enumerable set of points,
Amer. J. Math. 60 (1938), no. 2, 453-458.
[5] E.K.Ifantis, A criterion for the nonuniqueness of the measure of orthogonality, ]. Approx. Theory
89 (1997), no. 2, 207-218.
[6] E.K.Ifantis and P. N. Panagopoulos, Convergence of associated continued fractions revised, Acta
Appl. Math. 66 (2001), no. 1, 1-24.
[7] E. K. Ifantis and K. N. Vlachou, Solution of the semi-infinite Toda lattice for unbounded se-
quences, Lett. Math. Phys. 59 (2002), no. 1, 1-17.
[8] J. A. Shohat and J. D. Tamarkin, The Problem of Moments, American Mathematical Society
Mathematical Surveys, vol. II, American Mathematical Society, New York, 1943.
[9] T.-J. Stieltjes, Recherches sur les fractions continues, Ann. Fac. Sci. Toulouse Math. 8 (1894),
J1-122 (French).
, Recherches sur les fractions continues, Ann. Fac. Sci. Toulouse Math. 9 (1895), A5-47
(French).
[11] M. H. Stone, Linear Transformations in Hilbert Space and Their Applications to Analysis, Amer-
ican Mathematical Society Colloquium Publications, vol. 15, American Mathematical Soci-
ety, Rhode Island, 1932.
[12] H.S. Wall, Analytic Theory of Continued Fractions, D. Van Nostrand, New York, 1948.

E. K. Ifantis: Department of Mathematics, University of Patras, 26500 Patras, Greece
E-mail address: ifantis@math.upatras.gr

K. N. Vlachou: Department of Mathematics, University of Patras, 26500 Patras, Greece


mailto:ifantis@math.upatras.gr




NONANALYTIC SOLUTIONS OF THE KdV EQUATION
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We construct nonanalytic solutions to the initial value problem for the KdV equation
with analytic initial data in both the periodic and the nonperiodic cases.

1. Introduction

It is well known that the solution to the Cauchy problem of the KdV equation with an
analytic initial profile is analytic in the space variable for a fixed time (see Trubowitz [11]
and Kato [7]). However, analyticity in the time variable fails. Here, we will present several
examples demonstrating this phenomenon of the KdV equation. More precisely, we will
show that the initial value problem

O+ u+udcu =0,

(1.1)
u(x,0) =¢(x), x€RorT,teR,

where ¢(x) is an appropriate analytic function, cannot have an analytic solution in ¢ for
fixed x, say x = 0. By replacing x with —x, we see that it suffices to consider the equivalent
problem

Oiu = Au+ uoyu, (1.2)
u(x,0) = @(x). (1.3)

If u(x,t) was analytic in t at t = 0, then it could be written as a power series of the follow-
ing form:

o
u(x,t)=> Mti (1.4)

Copyright © 2004 Hindawi Publishing Corporation
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with a nonzero radius of convergence. In particular, there must be some constant A such
that

d}u(x,0) < A"n! (1.5)

for every positive integer 7.

In computing the values of d{u(x,0), we will rely on the fact (to be demonstrated
shortly) that if u(x,¢) is a solution to (1.2), then 9] u(x,t) can be written as a polynomial
of u(x, 1), 04 (6,£), 2u(x, £),..., 00 126, 1).

To motivate the discussion that will follow, we will first look at 9;u(x,t) and 07 u(x, t).
The initial value problem (1.2) and (1.3) gives

0:u(x,0) = ¢ (x) + p(x) ¢’ (x). (1.6)
Then, differentiating (1.2), we obtain

0?u = 0| 2u+ udyu] = 020U + U0, 0ru + 0, udsu
= 02 (B u+udyu) + udy (B u+ud,u) + xu (> u+ ud,u)
= %u +udiu+303ud u+302ud’u+ > ud,u (1.7)
+ U0} + ud udyu + uudiu + 0, udiu + ud udyu

= %u +2udtu + 50, ud>u + 30> ud>u + uud u + 2ud ud,u,
and hence
u(x,0) = 9 + 209 + 590 1 36P6D + 900 +209MeM.  (1.8)
Now, suppose that the initial data is a function of the form
u(x,0) = ¢(x) = (a - x)74, (1.9)
where a is some (complex-valued) constant. Then we have
oiu(x,0) = d(d+1)(d+2)(a—x)"4) +d(a —x)~ 24, (1.10)

and we make our key observation: the exponent of (a — x) will be the same for both terms
if and only if

d=2. (1.11)
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In a similar way, we compute for the terms of Qruatt=0,

Ou=d(d+1)(d+2)(d+3)(d+4)(d+5)(a—x)" ¢,
udtu = d(d+1)(d+2)(d+3)(a—x)"*29,

deuddu =d - d(d+1)(d+2)(a—x)~@42),
RudPu=d(d+1)-dd+1)(a—x)" 42

uudu =d(d+1)(a—x)" 9,

ududyu = d - d(a — x)~ @39,

(1.12)

and we again see that for all the terms in the expression of d7u(x,0) to have equal expo-
nents, we must have d = 2.
Next, we will show that with this choice of d, the “homogeneity” degree of all the terms

in the expression of 8{ u(x,0) is the same number which is equal to 3 + 2. More precisely,
if, for a term of the form

(0%u) (0%u) - - - (0%u), am €< {0,1,2,...}, (1.13)
we assign the “homogeneity” degree
(a1 +2)+(aa+2)+ -+ (ap+2) = |a| + 28, (1.14)

then we have the following lemma.

Lemma 1.1. Ifu(x,t) is a solution to the initial value problem (1.2) and (1.3), then

E){u= Y u+ > Co(02u) -+ - (9%u) (1.15)

|a|+2€=3j+2

with Cq = 0.
Here, for a multi-index & = (a,...,a¢), we use the notation |a| = a1 + - - - + ap.

Proof. Our computations above show that Lemma 1.1 is true for j = 0,1,2. Next, we as-
sume that it is true for j and we will show that it is true for j + 1. We have

M=ol @)+ Y Cadi[(3w) (Fu) - (3u)]. (1.16)

|a[+2€=3j+2
The first term is equal to
0V (Bu+udsu) =27 u+ 3y (udyu), (1.17)
341 . . . i+l 3 .
where 0" “u is the leading term in the expression of d; u and 0x’ (udyu), and by using

Leibniz rule, it can be written as a sum of terms of the form (9% u)(0%u) of homogeneity
degree 3(j +1) + 2. Also, using the product rule for differentiation, each term of the sum
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in (1.15) gives

O (9u) (0u) - - - (95u) ]

1.18
=080 - (0%Lu) -+ - (0%u) + - - -+ (0% u) (0% u) - - - 9% 0sus. ( )

Finally, replacing 0;u by du + ud,u in each term of the last sum gives the desired result.
For example, the first term is equal to

0% [Q2u+udcu] - (0%u) - - - (0%u), (1.19)

and each term that results by applying 0% on d2u + ud,u has nonnegative coefficients and
homogeneity degree equal to

a1 +5+ (a0 +2)+- -+ (ag+2) =lal+3=3j+2+3=3(j+1)+2. (1.20)
O

2. Nonperiodic case

Using the initial condition
u(x,0) = (a—x) 7%, (2.1)
we find that
% u(x,0) = (ap +1)!(a —x) @t (2.2)

Therefore, at t = 0, relations (1.15) and (2.2) give that
lu(x,0) = ((3j+ DI+ > Cal(a+ 1)1 [(ae+ 1)!]>(a —x)"G*2 (2.3)
lal+28=3j+2

or
AN u(x,0) = [(3j+1)!+b;](a—x)"Ci*2, (2.4)

where b; > 0.
Finally, using (2.4), we see that

|0 u(x,0)| = |a—x|"Ci*D(3j)L. (2.5)

Inequality (2.5) shows that u(x,t) cannot be analytic near ¢ = 0 for any fixed x # a.

Observe that if a € R, then u(x,0) = (a — x)~? is real-valued and analytic in R — {a}.
So, one may ask if there are nonanalytic solutions to KdV when the initial data are analytic
everywhere in R.
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Globally analytic data. 1f a € C — R, then u(x,0) = (a — x)~? is analytic in R. In particu-
lar, if we choose a = i and x = 0, then we have

A u(0,0) = i I I[(3j+ 1)+ b;]. (2.6)

However, in this case, the KdV solution is complex-valued. Thus, one may ask the ques-
tion if we can have real-valued initial data which are analytic on R and for which the KdV
solution is not analytic in ¢.

Real-valued globally analytic data. Next we choose

u(x,0) = R(i—x)% (2.7)
Then
Fu(x,0) = (k+1)!1R(i—x)" 27k, (2.8)
~1, k=4j,
ku(0,0) = —(k+DIRi* =11, k=4j+2, (2.9)

0, otherwise.

Using (1.15) and (2.8), we have

B{u(x,O)
=R(3j+1)I(i—x)" 2 oo
+ Z C"‘((‘xl-'—l)!%(i_x)_z_m)-"(((Xk—}-l)!‘R(i_x)—Z—uk)’
[a|+26=3j+2
SO
31u(0,0)
= (3j+t)!9{i_(3j+2) o
+ Z Ca[(txl-f-l)!][‘)%l (2+a1) ]"'[((xe'f'l)!][‘Rl (2+ae) ]
lal+26=3j+2
We have
Ri~Git2) = (_1)1/2(3j+2))
(2.12)

[Ri~Cra)]. . [Ri~Gred] = (1) (Ri™™) - - - (Ri™%).

If &y, is an odd number for some 1, then the last product equals zero, while if &, is even
for all m, then the last product equals

(_1)8(_1)(1/2)(a.+---+a2) — (_l)(1/2)(3j+2)' (2‘13)
Therefore, if j is even, then

A u(0,0) = —(~1)*2[(3j+ 1) +b;], (2.14)
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where b; > 0, which shows that the solution u(x,t) which exists (see, e.g., [8, 9, 10])
cannot be analytic in ¢ near t = 0 when x = 0.

3. Periodic case

Now, for the periodic case, define

_ _ —k ,ikx
g =5—— = kZz e, (3.1)
=1

Then

g (x) = = > 27 (ik)"e™, (3.2)
k=1

g"(0) = i"?A,, (3.3)

where
Ay =D 27k > 27, (3.4)

k=1

Let u(x,t) be a solution to the initial value problem (1.2) and (1.3) with initial data
¢(x) = g(x). Then, by (1.15), we have

7u(0,00=gB0)+ > Culg®(0)) - - - (§(0))

la[+2€6=3j+2
(3.5)
= (A3j + > CoAg - -AM> (37°2),
la[+28=3j+2
and by (3.4), we have that for any j,
0/u(0,0)| = As; >27%(3) > (j1)’. (3.6)

Therefore, u(x,t) is not analytic in the ¢-variable at the point (0,0).

Real-valued solutions. Let u(x,t) be the solution to the Cauchy problem (1.2) and (1.3)
with initial data ¢(x) = Rg(x). By (1.15), we have

AHu(0,0)=RgPN(O0)+ > CR(g(0)) - - - R (g (0)). (3.7)

la|+20=3j+2

Now, by (3.3), we note that

g(”)(O), for n even,

(3.8)
0, for n odd,

Rg"(0) = 1
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and thus, any product of the form
R(g(0) - R(g“(0) (3.9)
must be equal to either 0 or
(g“(0) - - (g1(0)). (3.10)

Therefore, if we assume that j is even, then for some sequence of real, nonnegative
coefficients Dy, (specifically where D, € {0,C,}), we have

Hu(0,00=gB(0)+ > Del(g@)(0))- - - (g*(0))

la+2€=3j+2
(3.11)
= <A3J- + > DyAg - -Aae> (37+2).
|a|+2€=3j+2
It follows that for any even j,
19]u(0,0)| = As; >27%(37)% > (j!)°. (3.12)

Therefore, the solution u(x,t) which exists (see, e.g., [1]) is not analytic in the ¢-variable
at the point (0,0).

4. Concluding remarks

One of the motivations for this work has been the results in [5, 4]. There, it was proved
that, unlike the KdV, the Cauchy problem for the evolution equation

Ot — 0:02u + 3ud u — 20,ud’u —udiu =0, x€T,tER, (4.1)

with analytic initial data is analytic in both the space and the time variables, globally in x
and locally in t. This equation was introduced independently by Fuchssteiner and Fokas
[3] and by Camassa and Holm [2] as an alternative to KdV modeling shallow water waves.
In the past decade, it has been the subject of extensive studies from the analytic as well as
the geometric and algebraic points of view.

Finally, we note that one may obtain nonanalytic solutions to the KdV by using other
analytic initial data. For example, G. Lysik in a private communication mentioned that
in the nonperiodic case, he can show that the Cauchy problem for the KdV with initial
data ¢(x) = 1/(1 +x?) is not analytic (like in the heat equation). For more results about
the analyticity and smoothing effects of the KdV, we refer the reader to the paper of Kato
and Ogawa [6] and the references therein.
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SUBDOMINANT POSITIVE SOLUTIONS OF THE DISCRETE
EQUATION Au(k +n) = —p(k)u(k)

JAROMIR BASTINEC AND JOSEF DIBLIK

Received 8 October 2002

A delayed discrete equation Au(k +n) = —p(k)u(k) with positive coefficient p is con-
sidered. Sufficient conditions with respect to p are formulated in order to guarantee the
existence of positive solutions if k — c. As a tool of the proof of corresponding result, the
method described in the author’s previous papers is used. Except for the fact of the exis-
tence of positive solutions, their upper estimation is given. The analysis shows that every
positive solution of the indicated family of positive solutions tends to zero (if k — o) with
the speed not smaller than the speed characterized by the function vk - (n/(n+1))k. A
comparison with the known results is given and some open questions are discussed.

1. Introduction and motivation

In this contribution, the delayed scalar linear discrete equation
Au(k+n) = —p(k)u(k) (1.1)

with fixed n € N\ {0}, N:={0,1,...}, and variable k € N(a), N(a) := {a,a+1,...},a €
N, is considered. The function p : N(a) — R is supposed to be positive. We are interested
in the existence of positive solutions of (1.1). As a tool of the proof, the method described
in [2, 5] is used.

Equation (1.1) can be considered as a discrete analogue of the delayed linear differen-
tial equation of the form

x(t) = —c(t)x(t — 1) (1.2)

with positive coefficient c on I = [ty, %), ty € R, which was considered in many works. We
mention at least the books by Gy6ri and Ladas [14] and by Erbe et al. [12] and the papers
by Domshlak and Stavroulakis [9], by Elbert and Stavroulakis [11], by Gy6ri and Pituk
[16], and by Jaro$ and Stavroulakis [18]. Note that close problems were investigated, for
example, by Castillo [3], Cermak [4], Kalas and Barékova [19], and Slyusarchuk [22].
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In [6], it was investigated that if (1.2) admits a positive solution ¥ on an interval I,
then it admits on I two positive solutions x; and x,, satisfying

im x2(t)
t—co x1 (1)

=0. (1.3)

Moreover, every solution x of (1.2) on I is represented by the formula
x(t) = Kx1 (1) + O (x2(1)), (1.4)

where K € R depends on x and O is the Landau order symbol. In this formula, the solu-
tions x1, x, can be changed to any couple of positive on I solutions X1, %, of (1.2) satisfying
the property

i (1)
im

1m0 =0 (1.5)

(see [6, pages 638-639]). This invariance property led to the following terminology: if
(x1,x2) is a fixed couple of positive solutions (having the above-indicated properties) of
(1.2), then the solution x; is called a dominant solution and the solution x, is called a
subdominant solution. Subdominant solutions can serve as an analogy to “small solutions”
as they are used, for example, in the book by Hale and Verduyn Lunel [17], and dominant
solutions express an analogy to the notion of “special solution” which is used in many
investigations (see, e.g., Rjabov [20]).

In the present contribution, we will give sufficient conditions for the existence of pos-
itive solutions of (1.1). We will discuss known sufficient conditions too, and we will show
that our conditions have a more general character than the previous ones. Otherwise
the method of the proof of corresponding result permits to express an estimation of
the considered positive solution. Taking into account the fact that this solution tends
to zero (if k — o) with speed not smaller than the speed characterized by the function
Vk - (n/(n+ 1)), we can conclude that this solution is an analogy to the notion of sub-
dominant solution introduced above, in the case of scalar delayed linear differential equa-
tions. Moreover, the supporting motivation for the terminology used is the fact that our
result does not hold for nondelayed equations of type (1.1), that is, it does not hold if
n = 0. This is in full accordance with differential equations again, since obviously the
subdominant solution does not appear if 7 = 0, in (1.2), that is, it does not appear in the
case of ordinary differential equations.

2. Preliminary
We consider the scalar discrete equation
Au(k+n) = f(ku(k),u(k+1),...,u(k+n)), (2.1)

where f(k,ug,u1,...,u;) is defined on N(a) x R™*!, with values in R, a € N, and 7 € N.
Together with the discrete equation (2.1), we consider an initial problem. It is posed
as follows: for a given s € N, we are seeking the solution of (2.1) satisfying 7 + 1 initial
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conditions
ula+s+m)=u""eR, m=0,1,...,7, (2.2)

with prescribed constants 1.
We recall that the solution of the initial problem (2.1), (2.2) is defined as an infinite
sequence of numbers

{u(a+s)=uv’, u(a+s+1)=u'.., 03
_ 2.3
ula+s+a)=u ula+s+n+1),ula+s+n+2),...}

such that, for any k € N(a +s), equality (2.1) holds.

The existence and uniqueness of the solution of the initial problem (2.1), (2.2) are
obvious for every k € N(a+s). If the function f satisfies the Lipschitz condition with
respect to u-arguments, then the initial problem (2.1), (2.2) depends continuously on
the initial data [1].

We define, for every k € N(a), a set w(k) as

w(k):={ueR:bk) <u<ck)}, (2.4)

where b(k), c(k), b(k) < c(k) are real functions defined on N(a).
The following theorem is taken from the investigation in [2].

THEOREM 2.1. Suppose that f(k,ug,u1,...,us) is defined on N(a) X R**! with values in R
and for all (k,ug,u1,...,us),(k,vo,v1,...,va) € N(a) X R*¥*1:

| f(k,uo,ury...,un) — f (kyvo,viy...,vi) | s)t(k)z | —vil, (2.5)

i=0
where A(k) is a nonnegative function defined on N (a). If, moreover, the inequalities

f(kyug,tys...,uq—1,b(k+7)) —b(k+7+1)+b(k+7) <0, (2.6)
f(k,ug,tr,...;up1,c(k+7)) —clk+n+1)+c(k+7) >0 (2.7)

hold for every k € N(a), every uy € w(k), and uy € w(k+1),...,uz—1 € w(k+7—1), then
there exists an initial problem

u(a+m)=useR, m=0,1,...,7, (2.8)
with
ui € w(a),uf €ewla+1),...,u) € wla+n) (2.9)
such that the corresponding solution u = u* (k) of (2.1) satisfies the inequalities
b(k) <u*(k) < c(k), (2.10)

for every k € N(a).
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3. Existence of subdominant positive solutions

In this section, we prove the existence of a positive solution of (1.1). In the proof of the
corresponding theorem (see Theorem 3.2 below), the following elementary lemma con-
cerning asymptotic expansion of the indicated function is necessary. The proof is omitted
since it can be done easily with the aid of binomial formula.

LEmMA 3.1. For k — oo and fixed 0,d € R, the following asymptotic representation holds:

d\?  od o(o-1)d* o(c—1)(0c-2)d’ (i)
(1+k> =1+ p + = + ok @) ) (3.1)
TaEOREM 3.2 (subdominant positive solution). Leta € N and n € N\ {0} be fixed. Sup-
pose that there exists a constant 0 € [0,1) such that the function p : N(a) — R satisfies the
inequalities

O<p(k)s<n-il)n'<n}rl+%>’ (3:2)

for every k € N(a). Then there exist a positive integer a; = a and a solution u = u(k), k €
N(ay), of (1.1) such that the inequalities

k

0<u(k)<JE-( 1 ) (3.3)

n+1

hold for every k € N(ay).
Proof. In the proof, Theorem 2.1 with 2 = n is used. We define

f(ka”(k);u(k'f' 1),...,u(k+n)) = —p(k)u(k),
k 3.4
b(k):=0,  c(k):=k- (L) , (3.4)

n+1

for every k € N(a). In this case (see (2.4)),

n+1

k
w(k) := {ueR:b(k)<u<c(k)}E{uER:0<u<\/E-( 1 ) } (3.5)

Due to the linearity of equation (1.1), the Lipschitz-type condition (2.5) is obviously
satisfied with A(k) = p(k). We verify that the inequality of type (2.6) holds. It is easy to
see that, for every k € N(a), n = n,

Sk, ug,sury...;uny—1,b(k+n)) —blk+n+1)+b(k+n) = —p(k)uy <0 (3.6)

since the function p is, by (3.2), positive and u is a positive term too since uy € w(k).
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We start the verification of inequality (2.7). We get, for sufficiently large k € N(a) and
for n=mn,

fk,ug,ury...siy—1,c(k+n)) —clk+n+1)+c(k+n)

N N (3.7)
=—p(k)uo—\/k+n+1-<—) + k+n-<—) .
n+1 n+1

Since uy € w(k), that is,

—ug > —Vk-n¥/(n+1)%, keN(a), (3.8)
we get
f(kyug,ury...tin—1,c(k+n)) —clk+n+1)+c(k+n)
\/_ n k n k n n+l
> P k'(n+1) _<n+1> '(n+1) ktntl (3.9)
k n
+< . ) ( u )\/k+n:%1
n+1 n+1
with
k n+l n
n n n+l n n
%1'—(m>@'[‘1’(">‘(m> N Ga) ”z}
(3.10)
Now applying formula (3.1) twice, with 0 = 1/2, d = n+ 1, to the expression
n+1
T+ (3.11)

and, with 0 = 1/2, d = n, to the expression

n
Na o

we obtain

[ () g G ol )

+(_" )".(1+£_”_+"_3+o(i))
n+1 2k  8k?2 16k3 k4
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- () e [0 () ()

1 _pntl i+l 1 1 2
Tk (2(n+ D 2t 1)n) e (8(n+ Dn 1 8(n+ 1)n>
1 _nn+1 nn+3 1
k3 (16(n+ D2 16(n+ 1)n> +O<F)]

k n
[ n n —n+n+l1 1 " (n+1)—n"?
_(n+1) \/E'[_P(k)+(n+1) n+1 +k2 8(n+1)n

L—n”“(n+1)2+nler3 (1) B
5 temrr Ok |7

(3.13)
with
= (25) B [ e (525) g ()
2\t P n+l) n+1 8k2\n+1
(3.14)
N 1 _Znn+2_nn+l +O(L)
16k3  (n+1) k)|
Due to inequality (3.2), we obtain that
N
o= (1)
n+1
) (s ()
n+1 n+1 8k2 n+l) n+1
(3.15)
+L< n )”'n—'— 1 _znn+2_nn+l+o<1)
8k2\n+1 16k (n+1)n K
n k\/—
:(n+l) - %
with
1-6( n \" 1 n(1+2n) (1)
=36 (n+1> e e O\ ) (3.16)

Now, it is obvious that there exists an integer a; > a such that the inequality #3 > 0 holds
for every k € N(a;). Consequently,

f(kyug,ury..stiy—r,c(k+n)) —clk+n+1)+c(k+n) >0, (3.17)



J. Bastinec and J. Diblik 213

that is, inequality (2.7) holds for every k € N(a;). So, all the suppositions of Theorem 2.1
are met with a := a, 71 = n. Then, following its affirmation, there exists an initial problem

u*(a;+m)=ut eR, m=0,1,...,n, (3.18)
with
uy €w(a),uf €wlar+1),...,uf €wla;+n) (3.19)

such that the corresponding solution u = u* (k) of (1.1) satisfies the inequalities

k
b(k) = 0 < u* (k) < c(k) =¢E-( " ) , (3.20)
n+1
for every k € N(a,), that is, (3.3) holds. The theorem is proved. O

4. Comparisons and concluding remarks

We remark that analogous (in a sense) problems are discussed, for example, in [10, 13,
14, 15, 21]. The following known result (see [14, page 192]) will be formulated with a
notation adapted with respect to our notation.

THEOREM 4.1. Assumen € N\ {0}, p(k) >0 for k = 0, and

ni’l
Then the difference equation (1.1), where k = 0,1,2,..., has a positive solution
{u(0),u(1),u(2),...}. (4.2)

Comparing this result with the result given by Theorem 3.2, we conclude that inequal-
ity (3.2) is a substantial improvement over (4.1) since the choice 8 = 0 in (3.2) gives
inequality (4.1). Moreover, inequality (3.2), unlike inequality (4.1), involves the variable
k on the right-hand side. As noted in [14, page 179], for p(k) = p = const, inequality
(4.1) is sharp in a sense, since in this case the necessary and sufficient condition for the
oscillation of all solutions of (1.1) is the inequality

ni’l
— 4.
P> Gy (43)
Inequality (3.2) can be considered as a discrete analogy of the inequality
1 1
<-+t-— 4.4
)= +g (4.4)

(tis supposed to be sufficiently large) used in [11, Theorem 3], in order to give a guarantee
of the existence of a positive solution of (1.2).
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5. Open questions

We indicate problems, still unsolved , whose solution will lead to progress in the consid-
ered theory.

Open Question 5.1. Does the affirmation of Theorem 2.1 remain valid if 8 = 1? In other
words, can inequality (3.2) be replaced by a weaker one

n\" 1 n
. L

0<p(k)s<n+l> <n+1+8k2)' (5-1)
Open Question 5.2. As a motivation for the following problem, we state this known fact:
equation (1.1) with “limiting” value of coefficient (corresponding to 6 = 0), that is, the
equation

nn

Au(k+n) = —W .

u(k), (5.2)

admits two positive and asymptotically noncomparable solutions: a dominant one (we
use a similar terminology as involved in Section 1)

k
n
ul(k)—k-(n+1> (5.3)
and a subdominant one
k
n
uy (k) = (m) , (5.4)

since

1mu2(k) 1 1
koo u1(k) k- k

=0. (5.5)

In this connection, the next problem arises: is it possible to prove (under the same con-
ditions as indicated in Theorem 3.2) the existence of the second solution u* (k) of the
equation

u(k)
e 1 (k)

=07? (5.6)

In other words, is the couple of solutions u* (k) and u(k) a couple of dominant and sub-
dominant solutions?

Open Question 5.3. Together with the investigation of linear discrete problems, the de-
velopment of methods for the investigation of nonlinear discrete problems is a very im-
portant problem too. Is it, for example, possible (based on the similarity of continuous
and discrete methods) to obtain analogies of the results of the investigation of singular
problems for ordinary differential equations performed in [7, 8] in the discrete case?
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ELECTROMAGNETIC FIELDS IN LINEAR AND NONLINEAR
CHIRAL MEDIA: A TIME-DOMAIN ANALYSIS

IOANNIS G. STRATIS AND ATHANASIOS N. YANNACOPOULOS

Received 30 September 2002

We present several recent and novel results on the formulation and the analysis of the
equations governing the evolution of electromagnetic fields in chiral media in the time
domain. In particular, we present results concerning the well-posedness and the solv-
ability of the problem for linear, time-dependent, and nonlocal media, and results con-
cerning the validity of the local approximation of the nonlocal medium (optical response
approximation). The paper concludes with the study of a class of nonlinear chiral me-
dia exhibiting Kerr-like nonlinearities, for which the existence of bright and dark solitary
waves is shown.

1. Introduction

Chiral media are isotropic birefringent substances that respond to either electric or mag-
netic excitation with both electric and magnetic polarizations. Such media have been
known since the end of the nineteenth century (e.g., the study of chirality by Pasteur)
and find a wide range of applications from medicine to thin film technology. The under-
standing of the properties of such media, the differences from ordinary dielectrics, and
their possible applications requires detailed mathematical modelling. The mathematical
modelling of chiral media is done through the modification of the constitutive relations
for normal dielectrics. While for a normal dielectric material the electric displacement
D depends solely on the electric field E, and the magnetic field B depends solely on the
magnetic induction H, in a chiral medium, D and B depend on a combination of E and
H, [9, 11]. In most cases of interest these constitutive laws are nonlocal relations con-
taining E and H. This is a common model for time-dispersive chiral media. Also these
constitutive laws may be either linear or nonlinear relations of the fields corresponding
to the modelling of linear or nonlinear chiral media, respectively.

Most of the mathematical work on chiral media so far treats the time-harmonic case;
see [3] and the references therein. It is the aim of this paper to collect and review some
recent results as well as to present some novel ones on the mathematical study of linear
and nonlinear chiral media in the time domain. The structure of the paper is as follows.
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We first present some general well-posedness results for models of linear nonlocal chiral
media. Then, we introduce a well-known local approximation to nonlocal chiral media,
the Drude-Born-Fedorov (DBF) approximation, and study its validity. In the case where
the medium under consideration presents a periodic spatial structure, with rapidly vary-
ing physical parameters, we study the problem of homogenization, exhibiting that the
solution of the problem converges to the solution of a related problem for an effective
spatially homogeneous medium whose (constant) parameters are determined.

So far, attention has mainly focused on linear media, with or without time dispersion.
However, there is a rapidly growing interest on nonlinear chiral media. The study of such
systems is still in its initial stages and very little work has been done in this direction; see,
for example, [7, 14]. In the last section we present some recent results on the evolution
of electromagnetic fields in chiral media with cubic nonlinearity, in the weak-dispersion,
low-chirality limit, where a set of four coupled partial differential equations of the non-
linear Schrodinger (NLS) type for the evolution of the slowly varying envelopes of the
electromagnetic fields is derived and the existence in certain limits of vector solitons of
the dark-bright type is established.

2. Formulation of the problem for linear media

In this section, we establish the equations governing the evolution of electromagnetic
fields in chiral media.

We will start with the Maxwell postulates for a general medium; see, for example, [10].
For a chiral material we have the following constitutive relations that connect the various

fields
D=cE+e€ xE+({*H, B=yH+u x H+&* E, (2.1)

where by * we denote the convolution operator, that is, « x U = fot alx, T)U(x,t — 1)dT.

For a linear medium, the condition that the fields B and D are divergence-free is equiv-
alent to the condition that the fields E and H are divergence-free. Thus the equations for
the evolution of the fields in a chiral medium will take the form

curlE = —%(,uHerl * H+& % E) +F,

curle%(eE+el*E+(*H)+G, (2.2)

divH =divE =0,
supplemented with the initial conditions
E(x,0) =0, H(x,0) =0. (2.3)

This initial value problem will be called hereafter Problem I. The above formulation is
valid in unbounded space. The problem may be treated also in domains Q with suffi-
ciently smooth boundary 0Q using a boundary condition that corresponds to the physi-
cal situation at hand. We will treat here the boundary condition for a perfect conductor.
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In this case the Maxwell equations will have to be complemented with the boundary con-
ditions [10]

nXE=0, n-H=0 onodQ, (2.4)

where # is the unit outward normal vector to 0Q). We now treat the solvability of this
problem. First we write it in a more compact form. We define the matrices

e 0 elz (L
A= , = N 2.5
[ 0 [JIJ [513 mls 2:5)
where I5 is the 3 X 3 unit matrix and 0 is the zero matrix. We further introduce the six-
vector notation

€ = (E,H), % = (D,B), F = (F,Q), (2.6)

and the differential operator

I [ 0 curl} ’ 2.7)

—curl 0

where again 0 is the zero 3 X 3 matrix. The domain of this operator is taken to be

L) ={®|®=(¢y)€X, curlp € (I2(Q))°, curly € (I2(Q))’, nx ¢ = 0 on 90},
(2.8)

where X is the linear space X := L2 := L>(Q)* ® L?>(Q)? which is a Hilbert space when
equipped with the inner product

(W, V'Y = J €uy - vldx+J ity - rdx = (€ur,vi) o+ (P, v2) s (2.9)
Q Q

where U,V € L2, with W = (uy,uy), V' = (v1,v,), and the overbar denotes complex con-
jugation.
In this notation, Problem I assumes the form

%(A%+K*%)=L%+% (2.10)

which is to be solved for given & and for homogeneous initial conditions €(x,0) =

We will use the Laplace transform i(s) = [, u(t)e~*'dt defined for a real functlon
u:R — Rand for a complex variable s = ¢ + iy}, provided the integral exists [5]. In the fol-
lowing we denote by £(R) the (linear) space of functions u € L}OC(R) such that suppu C
[0, 0), and for which the set

Iu={06R:Lw |u(t) |e dt < 00} (2.11)

is not empty. We also define the space

Lo ={Ue Ll (R,L*):|UC)|| € LR)}. (2.12)
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In the sequel we impose the following three assumptions on the data of the problem:
(Al) € and y are positive and bounded functions of x;
(A2) F has a well-defined Laplace transform (i.e., & € %y);
(A3) the Laplace transform of K exists and converges to the zero matrix as ¢ — o in
any matrix norm.
We take the Laplace transform of (2.10), and using the properties of the Laplace trans-
form and multiplying by A~! from the left, we obtain

(N —s)& = sKo& — Fo, (2.13)
where
N=A"L, Ky=A4"'K, Fo = A1, (2.14)

This is an equivalent form of the original problem (2.10).

To study the solvability of problem (2.13) we must study the properties of the dif-
ferential operator N. The domain of this operator is D[N] = D[L] and it can be shown
that the operator N is unbounded, densely defined, and iN is selfadjoint. Furthermore,
if Re(s) # 0, the operator N — sI is invertible and the norm of the inverse satisfies the
estimate

(N =sD) || < L. (2.15)
lo|
The proofs of these claims are similar to the ones provided for the case of unbounded
domains [6].
So, for s = 0 € R*, (2.13) is equivalent to the equation

€ = s(N —sI)"'Ko& — (N —sI)"'%,. (2.16)

But (2.16) is in the form of a fixed point problem, TU = U, for the affine operator T :
L? — L? where

TAU = s(N —sI) ' KyW — (N — sI)"'%,. (2.17)

Using this remark as our starting point we are now in a position to state the main result
of this section whose proof can be performed along the same lines as in [6]. In particular,
the divergence-free property of E and H follows by taking the projection of D and B on
the space H(div0,R*) @ H(div0,R?). Recall that H(div0,R?) = {V € L*(R?), divV = 0}.
For the properties of H(div0,R*) and related spaces, see, for example, [4].

THEOREM 2.1. Under the assumptions (Al), (A2), and(A3), Problem I has a unique solution
in D[N].

Problem I in a spatially periodic chiral medium (with rapidly varying physical pa-
rameters) has been studied from a rigorous homogenization theory point of view in [2]
(where in fact the more general case of bianisotropic media is treated). In that work, it has
been shown that the solution of the corresponding problem converges to the solution of
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Problem I for an effective spatially homogeneous medium whose (constant) coefficients
are determined.

3. The optical response approximation

In the previous section, we treated the full nonlocal set of equations, modelling disper-
sive chiral media, as far as solvability is concerned. Though the mathematical treatment
of the full problem is feasible, in a number of important applications (e.g., in wave propa-
gation or scattering problems), the full nonlocal problem may be cumbersome to handle.
Thus, local approximations to the full problem have been proposed, that will keep the
general features of chiral media, without the mathematical complications introduced by
the nonlocality of the model.

In practice, a very common approximation scheme to the full constitutive relations for
the medium is used, where essentially the convolution integrals are truncated to a Taylor
series in the derivative of the fields. Using this expansion of the convolution integrals and
the Maxwell constitutive relations, we may obtain the so-called DBF constitutive relations
for chiral media

D =€e( + fcurl)E, B =pu(I+Bcurl)H, (3.1)

where f3 is the chirality measure, considered here as a parameter that will be chosen so
that a criterion for optimality is satisfied. This approximation is usually called the op-
tical response approximation. For such constitutive relations, the equations for the fields
become

curlE = —%{‘u(l +Bcurl)H},

curlH = %{€(I+ﬁcurl)}§}, (3.2)
divE =0, divH =0,
supplemented with the initial conditions
E(x,0) = Eo(x),  H(x,0) = Hy(x), (3.3)

and the boundary conditions corresponding to the perfect conductor problem. This prob-
lem will be called hereafter Problem II. Its solvability is established in the following
theorem.

TaEoREM 3.1. Under the assumptions A1 and A2, Problem II has a unique solution in D[N ]
for sufficiently small f.

In this case the Laplace transformed operator equation is of the form ®Lé = P€ + %,
where ©® and P are suitably defined matrix operators depending on s and f3. It can be
shown that © is invertible; the rest of the proof is similar to that of Theorem 2.1.
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The solution to Problem II is a commonly used approximation to the full solution of
Problem L.

A very popular method of treating electromagnetic problems in the frequency domain
is through the use of Beltrami fields. This method has been used for the explicit construc-
tion of the solution of Problem II in [1].

Another interesting approach to Problem IT is through the use of Moses eigenfunctions
[13]. These form a complete orthonormal basis for L? consisting of eigenfunctions of the
curl operator.

Specifically, Moses [13] introduced three-dimensional complex vectors K (x, p;A) with
x, p € R? which satisfy

curlK(x, p;A) = Alp|K(x, p;A), A=0,%1; (3.4)

that is, K(x, p;A) are eigenvectors of the curl operator and A|p| are the associated eigen-
values. These fields (that will be called Beltrami-Moses fields) satisfy some interesting
orthogonality and completeness relations.

We may now define the fields

@uw=wimmuﬁ,n=J§ (3.5)

which implies that

En =3[0 +Q }wn,  Hwn=3 [0 -Qlwn. 66

Using these fields, we may proceed formally to rewrite Problem II in the following
form:

curlQ. = ii\/E%{(I+ﬁcurl)Qi(x,t)},
divQ. (x,t) = 0.

(3.7)

The associated initial values are
Qx+(x,0) = Eo(x) + inHo(x). (3.8)

Using these Beltrami-Moses fields as kernels for an integral transform, we may define a
generalized Fourier transform for vector functions y(x, ), the Beltrami-Moses transform,
as follows:

P(pyt51) = JK(x, Pl (x,1)dx. (3.9)
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The inverse transform is given by the formula
y(on) = 3 [ K phi(ptshdp. (3.10)
A

Expanding the fields Q. in terms of the Moses eigenfunctions and using the property
that both of these fields have to be divergence-free, we may reduce Problem II to a set of
first-order ordinary differential equations for the field amplitudes corresponding to A =
+1. The electromagnetic fields may be obtained by inversion of the integral transform.
This approach is related to the spectral approach to Problem II.

4. The error of the optical response approximation

Recall that (E,H) and (E,H) are, respectively, the solutions of Problems I and II. We
introduce a third problem, the solution of which will furnish the error of the optical
response approximation. So, let

wg=E—-E  wy=H-H. (4.1)

After some elementary manipulations, we find that the error of the optical response ap-
proximation satisfies the equations

curle=—§{ why+u * wy+&*x wp+u x H+& x E—yfcurl H},
= uwn u "

0 N N _
curlwyg = —{ewg+¢€, * wg+{ * wyg+€; * E+{ x H—€BcurlE},

ot
curlE = — % {u(I + Bcur)H}, (4.2)
curlH = %{(—:(I+[3curl)]§},

divwg = divwy = divE = divH = 0,
supplemented with the initial conditions
WE(x,O) =0, WH(X,O) =0, E(X,O) = E()(X), H(X,O) = H()(X). (43)

This problem will be hereafter called Problem III. The solution of Problem III will furnish
the error of the optical response approximation for a given solution (E, H). Observe that
the equations for the approximate fields are decoupled from the equations for the error.

A priori estimates are obtained on the solution of Problem III. This is done by reducing
the error equations to the form of a Volterra equation of the second kind. By expanding
the solution in Moses eigenfunctions, we may rewrite the original system for the error in
the compact form

Aw= %{A2W+A3 *W+S}, (44)
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[ wEA _(Alpl 0
W‘(wm)’ Al‘(o Apl)’

_ (0w _( ¢ —wm@
AZ_(E 0)) A3_(€1(T) é' )) (4.5)

5 (SM> _ (—#1 * H) — & x E) +/\ﬁ#|P|HA)

where

S20 €1 *x Ex+{ x Hy — Aelp|Ex
Now integrate once over time to rewrite the equation for the error in the following form:
w=¢*xwtg, (4.6)
where
¢ =A " (A —As), g=-4A;'S (4.7)

For the specific system we study here, we have that

e Alpl-¢ w Bt S By - ABIpIES
¢= ¢ N ,og=| ¢ i ' (48)
Mpl+E w(@) By By S« By - ABlplFy
u u H :

This matrix Volterra equation will be used to obtain a priori estimates for the error of the
optical response approximation in terms of the Moses transformed fields. The following
two results were proved in [6].

THEOREM 4.1. Let
-1
W(t) = (1—zsgp||¢ij||w)) >0, (4.9)
ij

Then, the solution of (4.6) satisfies the following a priori error bound
qu||wi||LP(0,t) <¥(1) sup ||gi||LP(0,t)' (4.10)
1 1

It is interesting to notice that an alternative method of obtaining a priori bounds can
be developed using the Gronwall inequality. Indeed, in this manner we can readily obtain
the following result.

THEOREM 4.2. Suppose that € >0, u >0, & >0, and { >0, and that |p| < min(&, (). As-
suming that the functions ¢;; are bounded, the following estimate holds:

s$p|w1(t)+wz(t)| §51§p|g1(t)+g2(t)|. (4.11)
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The above estimate provides us with a way to minimize the error of the optical
response approximation. One way to do this is by minimizing the upper bound
sup; llgillz, 0,5 This amounts to choosing the value of 8 so as to minimize the integrals

t € ~ ( _ T , 1/r
lgille o = UO S w B+ T x By -ABIpIEs dt} ,

¢ £ ; r (4.12)
g Lr(O,t):{JO %*HA‘FE*EA—MJ)IPIHA dt'} .

A series of other results were obtained for each p using the expansion of Problem
III in Moses eigenfunctions. This approach allows us to find exact forms for the Laplace
transform of the error for specified wavenumbers. Numerical techniques can thus be used
for the inversion of the Laplace transform and the retrieval of the time dependence of the
error term.

An estimate of the error in the spatial variables rather than in terms of the wavenum-
bers can be obtained in the following way. Adopting the notation of Section 2, the equa-
tion for the error may be written in the form

Lw= %(AW+K*W+(D), (4.13)

where @ is a source term which is related to the solutions of the optical response equa-
tion H and E. Multiplying by w, integrating over space, and using the properties of the
operator L, we obtain

%(”WHZ)'F<£(K*W),W>+<CD,W). (4.14)

1
2 dt

Under the assumption that the convolution kernel is such that
d
KiAw < E(K * W) < K)Aw, (415)
we obtain
d 2 2
EHWH +Killwll® < [@lliwll, (4.16)

from which by use of the Gronwall inequality we may obtain a priori bounds for the error.
Similar bounds may be obtained by slight modification of the conditions on the kernels.

5. Homogenization for spatially periodic chiral media

We will now consider Problem I in a spatially periodic chiral medium, that is, we will
consider the parameters of the medium €, €y, y, p1, {, and & to be periodic functions of
x with a period €. The period ¢ will be considered to be a small number, a fact that will
correspond to a fast spatially varying medium.
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This leads us to considering the problem of homogenization for such media, that is,
the approximation of a spatially periodic medium with a homogeneous medium (i.e., a
medium with constant parameters) having the same properties as the original medium in
the limit as ¢ — 0. The homogenization problem for periodic structures is a long standing
problem in the mathematical and engineering community that has led to the introduc-
tion of interesting mathematical techniques and also to interesting engineering applica-
tions.

Though the problem of homogenization for the Maxwell equations has been studied
extensively in the past, there has been little progress on this subject as far as bianisotropic
or chiral media are concerned. While some papers treat versions of the problem from
the engineering point of view, the problem has been left untouched from the rigorous
mathematical point of view. This aspect of the problem has been studied in [2] for the
more general case of bianisotropic media.

Consider the spatially periodic version of Problem I, which consists of Maxwell’s equa-
tions

0;Df = curl H® + F(x,t),
0:B® = —curl E* + G(x,t), x€Q, t>0, (5.1)
Ef(x,0) =0, Hx,0)=0, xeQ,

subject to the constitutive laws

D = €°E* + {* x H* + €5 * E°,

5.2
B£=#£H£+££*ES+#§*H£. ( )

The functions €¢(x) and p¢(x) as well as the functions €} (x, 1), yf (x,t), £ (x, 1), and (¢(x, 1)
are periodic in x of period €Y. We assume that there exists ¢ > 0 such that the block matrix

€+¢€; 6
. =:A(x, 5.3
( : #+ﬁ1> (x.p) (53)
satisfies
(A, p)U,U) 2 cllUI1>, x€Q, peCy, UeRS. (5.4)

We fix a domain V € Q) and consider the operator

I (—div((e +€;)grad) —div ((¢) grad)

glvy . -l
_diV(() ad) —diV((y+ﬁ1)grad)>'H0(V) H™ (V) (5.5)

and the corresponding homogenization limit

_(—div(éhgrad) —div ({"grad)
Lh = (_div(ghgrad) —div(‘ﬁ ad)) (5.6)
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Note that while the coefficients of L" are spatially constant, they do depend on p € C,.
We assume that for fixed x € Q, the functions €", £", (", and ji" are the Laplace transforms
of functions €”, £, (", and " on (0, «). We then have the following theorem.

THEOREM 5.1. Assume that the Maxwell system (5.1) and (5.2) is uniquely solvable for all
&> 0and that |E¢||2, [|1HE ||z < ¢ forall e, t > 0. Then the solution (E¢, H®) of the above system
satisfies

Ef — E*, Hf— H*, *-weaklyinL*((0,0),L*(Q)), (5.7)
where (E*,H*) is the unique solution of the Maxwell system

0;D* = curlH* +F,
0;B* = —curlE* + G, xeQ, t>0, (5.8)
E*(x,0) =0, H*(x,0) =0,

subject to the constitutive laws

D* ="« E*+{"x H*,
B* =&"x E* +yl x H*. (59)
We do not provide the proof of the theorem here (for a complete proof see [2]) but
simply note that in order to prove the above result, we have to work with the Laplace
transform of the original problem which assumes the form of an elliptic partial differ-
ential equation with spatially periodic coefficients. The homogenization problem for the
latter may be addressed using generalizations of standard homogenization techniques
based on the use of the div-curl lemma, thus leading to a spatially homogenized equa-
tion in Laplace space. Then, inverting the Laplace transform, we arrive at the announced
result. For details see [2].

Remark 5.2. (1) The above theorem gives the homogenized coefficients as inverse Laplace
transforms of certain functions. In concrete cases one can use numerical schemes to ob-
tain precise approximations of €”, &", (", and . The Laplace transforms of the homoge-
nized coefficients may be obtained by a proper averaging of the parameters of the medium
weighted by the solution of an appropriately formulated “cell problem.” For the definition
of the cell problem see [2].

(2) Tt is clear that the functions F and G can also depend on ¢ > 0, provided that one
makes suitable assumptions on their behaviour as € — 0.

For completeness here, we present the expressions for the homogenized coefficients
for the medium, in Laplace space.
Welet Hj,,(Y) denote the closed subspace of H' (Y) that consists of periodic functions

and define the operator Ly, : Hfl)er(Y) - (Hl;er(Y))* by

Ly = (-diV(EI3 grad) —div({l5 grad))I (5.10)

—div (¢l grad) —div(ulzgrad)
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This operator may be proved to be invertible modulo constants. In particular, we can
define (modulo constants) the functions qu, ué, vi, and vz, j = 1,2,3, by the relations

‘ o€ ‘ aGij
j ov: J oY
u )/z V1 )/z
Lpee | | = , Loer | | = . 5.11
P (uﬂ) 8&,- P (V%) a[/l,‘j ( )
a}/i 8)/,

We define the homogenized constant coefficient matrices eh, &h ¢h and yh by

61] + Elkaykul + (Ikayk u2>

(5.12)

=

<€1] + gtkayk M1 +H1kayk M2>
<( + (ﬂcakaz + Elkaykvl>
=

Hij + [/lzkayk V2 + Elka}’k V1>

where (g) := |Y| 1y g. It is not obvious but it is easy to prove that the block matrix

h h
Al = (2;1 fﬁ) (5.13)

is symmetric and positive definite. We note here that one can also deduce relations (5.12)
formally by postulating a double-scale expansion for E¢ and H*.

6. Nonlinear chiral media

The results presented so far were results valid for chiral media constitutive relations with
linear (local or nonlocal) laws involving the electromagnetic fields. Nevertheless there is
a rapidly growing interest in nonlinear chiral media. The study of such systems is still in
its initial stages and very little work has been done in this direction (see, e.g., [7, 14]). In
this section we will examine the effects of nonlinearity on the constitutive relations for
chiral media. In particular, we will present some recent results related to the evolution
of electromagnetic fields in chiral media with cubic nonlinearity in the weak-dispersion,
low-chirality limit. This limit is quite interesting and has been studied in the linear case
(for general mathematical results for time-harmonic fields see, e.g., [3] and the references
therein). For cubically nonlinear, weakly dispersive media with low-chirality parameter,
we derive a set of four coupled partial differential equations of the NLS type for the evo-
lution of the slowly varying envelopes of the electromagnetic fields. With the use of re-
ductive perturbation theory, we reduce the system to a set of integrable partial differential
equations, the Mel’nikov system, and thus show the existence in certain limits of vector
solitons of the dark-bright type.

6.1. The field equations in the general case. The starting point for the modelling of a
nonlinear chiral medium is the Maxwell postulates, in the absence of sources. We assume
furthermore that the medium is of infinite extent. To obtain a description of the fields,
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the above equations will have to be complemented by the constitutive relations for the
medium, that give the connection of D and B on the fields E and H. For a weakly nonlin-
ear, weakly dispersive chiral medium with a cubic nonlinearity, we may assume that the
constitutive relations in the time domain are of the form

D=¢E+e€; * E+{x H+8¢e, fi(|EI?)E,

6.1
B=uH+u * H+& x E+8u fo(|HI*)H, (6.1

where by * we denote the convolution (f * G)(x,t) = [*, f(t —t)G(x,t')h(t — t')dt'. In
the above relation, € and g are the permittivity and permeability of the medium, respec-
tively, and £ and { are the chirality parameters of the medium. Causality in the linear part
is ensured by the appearance of the Heaviside function # whereas the nonlinear part is
local (and therefore causal). The assumption of locality for the nonlinear part is consis-
tent with the weak dispersion—the weak nonlinearity case we consider. The parameter
0 is a small parameter which is associated with the weak nonlinearity. The fact that we
have low-chirality and weak nonlinearity is shown in the above constitutive relations by
the fact that the nonlinearity in D depends only on E while the nonlinearity in B depends
only on H. We further assume that the chirality effects are weaker than the nonlinearity
so as to be able to neglect cross terms in the fields H and E. In this work we use constitu-
tive relations with nonlinearities expressed directly in the fields E and H, and not in the
Beltrami fields in which they may be decomposed (see, e.g., [14]).

The well-posedness of the above problem in the general case is an intriguing mathe-
matical problem which is currently under consideration. Here we will study the problem
for a special class of fields, that is, fields which in the frequency domain are of the form

]

N

S
I

ui(z,w)ey +vi(z,w)e_,
(6.2)

T

N

g
I

Uy (z,w)es +12(z,w)e,

where e. = (1/1/2)(% + i§). This ansatz contains the most general dependence of the fields
in e, and e_ (which is a complete basis in the x, y plane). On the other hand it does not
contain the longitudinal component and/or transverse dependence of the fields, never-
theless it is still consistent with the divergence-free property of the fields D and B which
is valid in this case.

Substituting this ansatz in the Maxwell postulates, we arrive at the following set of
nonlinear equations (in the frequency domain):

o
0z
Ouy . s 2 2
—lg = 1w(€u1 +€1M1+€Mz+8€2f1(|141| + |V1| )Ml),
an
0z
,a‘Vz

ZE)Z

= —iw(pr + s+ + Spa fo (| |2+ | 2| *)w2),

(6.3)
= —iw(pvs + fiva + v+ 8ua fo (| u2|2+ |vz|2)vz),

= iw(€v1 +é1V1 +éV2+6Ezf1(|u1 |2+ |V1 |2)V1),
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where by gﬁ(w) we denote the Fourier transform of ¢(¢) (the w dependence is dropped for
convenience). We note that in the above set of equations in the absence of nonlinearity
(8 = 0), the first two equations decouple from the other two, that is, the field components
in the e, and e_ directions evolve independently. The components, in the absence of
boundary conditions, are coupled only through the nonlinearity.

6.2. Derivation of the amplitude equations. Assuming solutions of the form
uj(z,w) = Ujexp (ikyz), vi(z,w) = Vjexp(ik_z), j=1,2, (6.4)

which in the time domain correspond to wave solutions, we see that in the weakly non-
linear case they will have to satisfy the dispersion relations

k2 +iw(C - &)ke + 0 {EC - (€+é1+0€xfi) (u+fm+Surfo)} =0,

6.5

fi= fU VP, =12 o
In the absence of nonlinearity (§ = 0), these two dispersion relations reduce to the dis-
persion relations for the right-handed and the left-handed polarized waves that are well
known to propagate in linear chiral media.

We will now assume that the nonlinear medium supports wave solutions of the form
(6.4), where the Fourier transforms of U; and V; are considered to be slowly varying func-
tions of space and time. In other words, U; and V; are considered to be the envelopes of
the wave fields. Using reductive perturbation theory, we may derive modulation equa-
tions for the evolution of the envelopes of the fields. One way of doing that is through
the dispersion relation of the weakly nonlinear waves in the following way: we expand
the dispersion relations in a Taylor expansion around the point (koy,wp) which is a so-
lution of the linear dispersion relation. For the problem at hand, it is enough to keep
terms up to the second order. As a result we obtain a polynomial expression in k and
w, and I; = |U;|> + | V;|2, i = 1,2, the coefficients of the polynomial, are derivatives of w
calculated at the points k = ko and I; = 0 (linear case).

In order to obtain modulation equations for the envelopes of the fields, we have to re-
turn back to physical space and time. This is done through the substitution (w.: — wp . ) —
i(d/0t), (k — ko) — —i(9/0z), and assuming that these operators act on the envelope of the
waves and on the relevant temporal and spatial scales. The modulation equations may be
derived in an alternative manner by the use of reductive perturbation theory.

Following the procedure described above, we obtain a set of four evolution equations
for the envelopes of the wave fields, in the time domain, of the form

OU; 0w, 0U; 10°w, 0°U; + <aw*1 LS )U
Y S, TS 1T =712 )Y,

ot TPk oz T2k a2 “\an T g
OV B awi_ oV; 182(4)_ aZVj . (aw_ Jw )Vj,

of Tk oz T2 ok a2 T \an Dt R

(6.6)

where j = 1,2. These NLS equations are coupled through the nonlinear terms I; and .
The spatial and temporal coordinates appearing in these equations are scaled variables,
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relevant to the slow variations of the envelopes of the fields. For more details on the
derivation of the modulation equations see [7].

6.3. Reduction of the modulation equations to the Mel’nikov system. The coupled NLS
equations which arose as modulation equations for the evolution of the fields in chiral
media are not integrable by the use of the inverse scattering transform. However, it is
possible, through the use of reductive perturbation theory, to reduce the system in the
proper spatial and time scales to an integrable system that approximates the behaviour of
the original system. This procedure is a general way of understanding the properties of
solutions of nonintegrable systems that has been proven fruitful in a number of similar
situations (see [7] and the references therein).

To obtain the reduction to an integrable system, we restrict ourselves to solutions of
the type

U, =p1Uy, Va=p Vi, (6.7)

for which the original system of NLS equations reduces to a system of two equations.
We will now look for solutions of the above system satisfying the boundary conditions

|U| — lul, asz— oo,
6.8
|[Vi] —0, asz— oo, (6.8)

that is, we will look for solutions of the dark soliton type in the right-handed component
u, and solutions of the bright soliton type in the left-handed component v. It is clear that
the above boundary conditions may be reversed.

With the use of reductive perturbation theory (for details see [7]), a lengthy proce-
dure leads to a system of the Mel'nikov type [12], which is fully integrable by the inverse
scattering transform for special cases of the parameters. The Mel'nikov system has soli-
ton solutions in the form of a dark soliton in the right-handed component and a bright
soliton in the left-handed component, that is, a localized nonlinear wave propagating in
a dispersive medium, on top of a continuous wave background, keeping its shape undis-
torted. The bright soliton represents a bulge on top of the continuous wave background,
whereas the dark soliton represents a dip. For more details on the definition and the
properties of dark and bright solitons see, for example, [8].
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EFFICIENT CRITERIA FOR THE STABILIZATION
OF PLANAR LINEAR SYSTEMS BY HYBRID
FEEDBACK CONTROLS
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AND ARCADY PONOSOV
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We suggest some criteria for the stabilization of planar linear systems via linear hybrid
feedback controls. The results are formulated in terms of the input matrices. For instance,
this enables us to work out an algorithm which is directly suitable for a computer realiza-
tion. At the same time, this algorithm helps to check easily if a given linear 2 X 2 system
can be stabilized (a) by a linear ordinary feedback control or (b) by a linear hybrid feed-
back control.

1. Introduction

Consider a linear control 2 X 2 system
x = Ax+ Bu, y = Cx, (1.1)

on [0, ), where x € R? is the state variable of the system, y € R™ is the output variable,
u € R? is the control variable, and B and C are given real matrices of the sizes 2 x £ and
m X 2, respectively.

If the pair (A, B) is controllable, or more generally, stabilizable, and rank C = 2 (which
describes the case of complete observability of the solutions), then it is always possi-
ble (see, e.g., [5, 6]) to achieve exponential stability of the zero solution to the control
system (1.1) with an arbitrary matrix A. In such a case, there exists a linear ordinary
feedback control of the form u = Gy with an € X m matrix G, which yields exponential
stability.

Similarly, if rank B = 2 and the pair (A4, C) is observable, or at least detectable, then
again a suitable linear feedback control of the form u = Gy solves the stabilization prob-
lem for system (1.1).

However, it is known that in practice, neither the condition rank B = 2 nor the com-
plete observability of the solutions (i.e., rank C = 2) can be unavailable. The most inter-
esting situation for applications is, therefore, the case when rank B = rank C = 1.
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A simple example of such a system is the harmonic oscillator with the external force as

the control, where
0 1 0
A=(_1 0), B=(1>, c=(1 o). (1.2)

Here, the displacement variable x; is available for measurements, while the controller
can only change the velocity variable x, (we assume that x = (2 x2)T € R?). This control
system is both controllable and observable, but it cannot be stabilized by ordinary (even
nonlinear and discontinuous) output feedback controls of the form u = f(y) (see, e.g.,
[1]).

However, as it was shown by Artstein [1], there exists a hybrid feedback control which
provides asymptotical stability of the zero solution to (1.1) with the matrices from (1.2).

A hybrid feedback control includes essentially two features (see Section 3 for the for-
mal definitions): a discrete time controller (an automaton) attached to the given dynam-
ical system (i.e., to (1.1) in our case) via the matrices B and C, and a switching algorithm
describing when and how a control u should be changed. Artstein’s example shows that
such a hybrid feedback control may help even when the ordinary feedback fails to stabilize
the system.

In [2, 3], the following result is obtained for B and C being nonzero matrices of rank
1: system (1.1) is stabilizable by a linear hybrid feedback control (LHFC) if and only if for
at least one « € R, the matrix A + aBC does not have nonnegative real eigenvalues. This
result gives a necessary and sufficient stabilization condition, and it is straightforward that
making use of hybrid feedback controls provides a better stabilization criterion compared
to any one we can obtain exploiting ordinary feedback controls.

However, the shortcoming of this criterion is that it does not give any explicit descrip-
tion of how its assumptions can be verified in practice. In other words, it does not suggest
any efficient, finite-step algorithm in terms of the given matrices (A, B, C), which would
answer the question when system (1.1) admits a stabilizing feedback control.

In contrast to [2, 3], the present paper aims at

(1) finding verifiable criteria for LHFC stabilization of system (1.1),

(2) constructing efficient algorithms (which should also be “computer-friendly”),
which can easily test a specific system (1.1) in terms of the input matrices (A,B,C) to
find out whether the zero solution to (1.1) can be stabilized by an ordinary feedback
linear control or by an LHFC.

2. Notations and relevant facts of control theory

We define by N, R, and C the sets of all natural, real, and complex numbers, respectively.
The set R will in the sequel be naturally identified with {z | Imz = 0} c C. By (-,-) and
| - | we mean the scalar product and the Euclidean norm in R?, respectively. We write
Span{b} for the one-dimensional vector space containing a given vector b € R?. We also
put C_:={z€ C|Rez<0},Cy:=C\C_,and C2:= {(A;,A;) € C2 [ ) = A,}.

Let M (€,m) denote the set of all real £ X m matrices. Matrices will often be addressed as
linear operators in the appropriate vector spaces. In the sequel, I and ® will stand for the
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identity 2 X 2 matrix and the zero 2 X 2 matrix, respectively. Given a matrix D € M(2,2),
we will denote its spectrum by o(D).

In what follows, we will consider system (1.1) for arbitrary but fixed matrices A €
M(2,2), Be M(2,¢),and C € M(m,2) (¢,m € N). We also suppose that 6(A) = {A1,A,}.
Moreover, if 0(A) C R, then we suppose, without loss of generality, that A; < A, (the case
A1 = A, is not excluded either).

The characteristic and the minimal polynomials of the matrix A will be denoted by
7a(A) and pa(A), respectively. Clearly, 14(1) = A> — trA - A + detA. The decomposition
C = C_ uC; implies also a special factorization of the minimal polynomial pa = pj pi,
where the zeros of p; (1) and p4(A) belong to C_ and C,, respectively. The notation
(A|B) is used for the controllability space of the pair (A,B), that is, (A|B) := B(R?) +
AB(R?).

We recall some well-known facts (see, e.g., [5, 6]) from the theory of control linear
systems, which are summarized in Definitions 2.1, 2.3, and 2.6 and Lemmas 2.2, 2.4, 2.5,
2.7, 2.8, and 2.9. Although some of the results are quite general, we will formulate them
for the case of 2 X 2 systems, as it is the case of interest in this paper.

Definition 2.1. A matrix A is called stable if 6(A) c C_.

LemMa 2.2. The following conditions are equivalent:

(1) A is stable;
(2) trA <0, detA >0;
(3) the trivial solution to x = Ax is asymptotically stable.

Definition 2.3. The pair (A, B) is controllable if (A|B) = R?. The pair (A, C) is observable
if the pair (AT, C") is controllable.

LemMa 2.4. (I) The following conditions are equivalent:
(1) the pair (A, B) is controllable;
(2) rank(B 4B) = 2;
(3) for all A € C2, there exists F € M(£,2) such that 6(A + BF) = A.
(II) The following conditions are equivalent:
(1) the pair (A,C) is observable;
(2) rank (&) = 2;
(3) for all A € C2, there exists F € M(2,m) such that 6(A+FC) = A.

LeEMMmaA 2.5. Ifrank B = 2, then (A, B) is controllable, and if rank C = 2, then (A, C) is ob-
servable.

Definition 2.6. The pair (A,B) is called stabilizable if there exists F € M(¢,2) such that
the matrix A + BF is stable.

The pair (A,C) is called detectable if there exists F € M(2,m) such that the matrix
A+ FC is stable.

LemMA 2.7. The pair (A, B) is stabilizable if and only if ker p} (A) C (A|B).
LEmMMA 2.8. The pair (A,C) is detectable if and only if (AT, C") is stabilizable.
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LEMMA 2.9. Ifthe pair (A, B) is controllable, then (A, B) is stabilizable, and if the pair (A, C)
is observable, then (A,C) is detectable.

Remark 2.10. We point out that the converse to Lemma 2.9 is not true in general. In-
deed, for the matrices A = ({ ) and B = (10)7, the pair (A,B) is stabilizable but not
controllable and the pair (A,B") is detectable but not observable.

3. Definitions of linear hybrid feedback controls and hybrid feedback stabilization

Definition 3.1. By a discrete automaton we mean in the sequal a 6-tuple A = (Q,I,./M, T, j,
qo), where

(i) Qs a finite set of all possible automaton states (locations);
(ii) the finite set I contains the input alphabet;
(iii) the transition map A : Q X I — Q indicates the location after a transition time,
based on the previous location g and input i € I at the time of transition;
(iv) T: Q — (0, ) is a mapping which sets a period T'(q) between transitions times;
(v) j:R™ — I is a function with property j(Ay) = j(y), y € R", 1 > 0;
(vi) go = q(0) is the state of the automaton at the initial time.

In [1, 4], a similar definition (without condition (v)) is considered. We add (v) to
the standard requirements as we are going to use LHFCs in this particular paper (see
Definition 3.2).

Intuitively, the automaton follows the output y and uses this information to determine
switching times and the values of the new continuous piece of the control function.

For any automaton A satisfying (i)—(vi), we can iteratively define a special feedback
operator Fa. Given y: [0,00) — R™, the function Fpy : [0,00) — Q is defined by the fol-
lowing:

(1) (Fay)(0) = qo, t1 = T(qo), (Fay)(t) = qo, t € [0,11);

(2) (Fay)(t1) = M(qo, j(y(t1))) := q(t1), t2 = t1 + T(q(t1)), (Fay)(t) = q(t), t €
[ti,12);

(3) if t1,..., tx and the values (Fay)(t) for t € [0,1;) are already known, then #;,; and
(Fay)(t) are defined for t € [ty,tx4+1) by the equalities

(Fay) (tx) = M(q(te-1),j(y(t))) := q(te), e = i+ T(q(tx))s

(3.1)
(Fay)(t) = q(t), t€ [tetirr).

The sequence {fx};, (fo = 0), constructed in the definition of F, y, determines when
the automaton should switch between locations. Note that the sequence {t;} is allowed
to depend on the output function y(-).

Definition 3.2. The pair (A, {Gy}), where A is a discrete automaton and {G,; | g € Q} C
M(€,m), will be addressed as an LHFC; dependence between the control function u(-)
and the output function y(-) is defined by u(t) = Gy y(t), t € [txstx41) and k =0, 1,...,
where {#}, is the corresponding sequence of the switching times.



Elena Litsyn etal. 237

The set of all LHFCs will in the sequel be denoted by £, while u = (A, {Gy}) € £H
will stand for a specific control. According to Definition 3.2, system (1.1), governed by a
control u = (A, {Gg}) € L (in short, the u-governed system (1.1)), is equivalent to the
nonlinear functional differential equation

x(t) = (A+BG(FACx)(t)C)x(t), t € [0,0). (3.2)

The dynamics of system (1.1), governed by an LHFC u, is a triple H(t) = (x(¢),q(t),7(¢)),
where x(+) is a solution to (1.1), g(¢) is the automaton’s location at instance t, and 7(¢) is
the time remaining till the next transition instance (see [1]). The function H(-) : [0,00) —
R? x Q x (0, 00) is also called a hybrid trajectory of system (1.1).

Typical switching procedures (with examples) for systems with LHFC are described
in [1, 4] in detail. In [4], some general properties of hybrid trajectories for linear and
nonlinear finite-dimensional systems are discussed. In the same paper, one can find a
review of the authors’ results on some properties of the hybrid dynamics.

We mention here the main existence result from [4], which has a direct relevance to
system (1.1) governed by a hybrid feedback control.

LemMma 3.3. For any u € K and for any a € R?, there exists the unique hybrid trajectory
(x(+),q(+),7(+)) of the u-governed system (1.1) with the property x(0) = « (evidently, x = 0
ifa=0).

In the sequel, we define by £3; ¢ ¥ the class of those LHFCs, for which Q con-
tains only one point. Clearly, the class £, can naturally be identified with the class of
ordinary linear feedback controls of the form u# = Gy with G being an appropriate matrix.

Definition 3.4 [1]. System (1.1) is said to be stabilizable by a control u € £ (u-stab.) if
the trivial solution to (1.1) is uniformly asymptotically stable. In other words,

(a) for any € > 0, there is § > 0 such that every solution x(-) with the property |x(0)| <
0 satisfies the estimate |x(f)| < & for ¢t > 0;

(b) for every solution x(-), |x(t)| — 0 as t — oo, the convergence being uniform with
respect to initial points x(0) € K for any bounded K C R?.

Definition 3.5. Let U C LH. System (1.1) is called AU-stabilizable (U-stab.) if there exists
u € AU such that (1.1) is u-stab. A matrix triple (Ay,B;,Cy) is called u-stab. or U-stab. if
the corresponding system (1.1) with A = Ay, B = By, and C = C; is u-stab. or U-stab.

4. Some elementary and well-known facts about hybrid stabilization

LEmMA 4.1. Putting rank B = €, and rank C = my, let By € M(2,¢€,) be a matrix consisting

of ¢, linearly independent columns of the matrix B, and C; € M(my,2) a matrix consisting

of my linearly independent rows of the matrix C. Then the following statements are valid.
(1) For all G € M(¢,m), there exists the unique matrix Gy € M(¢1,m,) such that

BGC = B, G, C\. (4.1)

Conversely, for all Gy € M(€,,m,), there exists G € M(€,m) such that (4.1) is valid.
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(2) The triple (A,B,C) is LH-stab. (resp., LH,-stab.) if and only if (A,By,Cy) is LH-
stab. (resp., LH -stab.).

The first statement of the lemma is just a simple exercise from the matrix algebra, while
the second statement is a straightforward corollary from the first if one takes into account
the definition of the classes ¥ and £, in Section 3.

Lemma 4.2. The triple (A,B,C) is £HK-stab. if and only if there exists G € M(€,m) such
that the matrix A+ BGC is stable.

CoroOLLARY 4.3. Let B= (b1 b ") # 0and C = (a @) # 0. Then the triple (A, B, C) is L%, -
stab. if and only if there exists e € R: 0(A+aBC) c C_.

COROLLARY 4.4. Assume that one of the following statements is valid:

(1) the pair (A, B) is stabilizable and rank C = 2,
(2) the pair (A, C) is detectable and rank B = 2.

Then (A, B,C) is £H; -stab.

Proof. Suppose that the first statement is valid. By Lemma 4.1, one can then assume that
C € M(2,2), detC # 0. By Definition 2.6, there exists F € M(#,2) such that the matrix
A+ BF is stable. Then A + BGC is stable, where G = FC™!. According to Lemma 4.2,
(A,B,C) is £¥, -stab. Case (2) can be treated similarly. |

CorOLLARY 4.5. IfrankB > 2 and rank C > 2, then (A, B, C) is £, -stab.
In [2, 3], the following result is proved.

THEOREM 4.6. Let b = (b1 b,)" # 0 and ¢ = (e @) # 0. The triple (A,B,C) is LI -stab. if
and only if there exists « € R : 6(A + aBC) N [0,00) = & (in other words, A+ aBC does not
have nonnegative real eigenvalues).

The results of this section show that if we wish to construct an algorithm which would
test whether a given triple (A, B, C) provides £¥; -stabilizability or £¥(-stabilizability of
system (1.1), then we need to do the following:

(1) study the cases when the pair (A,B) is not stabilizable or the pair (A, C) is not
detectable,

(2) find efficient algorithms for verifying the assumptions of Corollary 4.3 and
Theorem 4.6.

5. The cases where (A, B) is not stabilizable and (A, C) is not detectable

Everywhere in Sections 5, 6, and 7, excluding Theorem 5.8, we assume that B= (b1 b )" #£0
and C=(a a) £0.

LemMA 5.1. The pair (A,B) is controllable if and only if for allA € 6(A) N R, B ¢ ker(A —
Al.

Proof. By Lemma 2.4, the pair (A, B) is not controllable if and only if det(8 48) = 0, which
implies that A € 6(A) N R, B € ker(A — AI). O
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CoroLLARY 5.2. If ImA; # 0, then (A, B) is controllable.
LemMA 5.3. For Ay = 0, (A, B) is controllable if and only if (A,B) is stabilizable.

Proof. ForA; > 0,[pi(A) = pa(A) = ®] = [ker p}(A) = R?].If (A, B) is stabilizable, then
the latter implication and Lemma 2.7 give the relation (A|B) = R2. According to Defini-
tion 2.3, the pair (A,B) is therefore controllable. The converse statement follows easily
from Lemma 2.9. O

LeMMaA 5.4. Let A; <0 < A,. Then the following statements are true:
(1) [(A,B) is controllable] < [B & ker(A — A1), i =1,2];
(2) [(A,B) is not controllable, but stabilizable] < [B € ker(A — A1) \ ker(A — A1)];
(3) [(A,B) is not stabilizable] < [B € ker(A — A1) \ ker(A — A,1)].

Proof. The first statement follows from Lemma 5.1. The case B € ker(A — A1), i= 1,2, is
irrelevant. Indeed, under this assumption, we get (A; — A,)B = 0, which contradicts the
conditions A; # A, and B # 0.

Let B € ker(A — A1) Aker(A — A,I). Then det(B 48) = 0, which implies that (A|B) =
Span{B}. Taking into account that p}(1) = A — A, and using Lemma 2.7, we obtain that
[(A,B) is stabilizable ] & [ker(A —A,I) = Span{B}] & [B € ker(A — A,I)]. |

Lemmas 2.4, 2.8, 5.1, 5.3, and 5.4 yield the following theorem.

THEOREM 5.5. For the matrices A, B, C from (1.1), (A, B) is not stabilizable | < [(A; = 0,
det(BAB) = 0) v (A} < 0 <)), AB = MB)]; [(A,C) is not detectable] < [(A; > 0,
det (c(i) =0) V(A <0=<2, CA=1,0)].

Remark 5.6. The condition 1; > 0 is equivalent to trA > 0 and tr? A > 4detA > 0, and
the condition A; <0 < A, is equivalent to [detA < 0] v [detA = 0 and trA < 0].

Lemma 5.7. If the pair (A,B) is not controllable, then for all F = (fi £2), 0(A+BF) =
{A*,A;} for some j € {1,2}, where A* = A;+ FB, i # j; in this case B € ker(A + BF — A*I).

Proof. By virtue of Lemma 5.4, B € ker(A — A;I) for at least one i € {1,2}. Let A* = A; +
FB. Then (A+BF —A*I)B = (A — M, I)B =0, that is, A* € 6(A + BF) and B € ker(A +
BF —\*I).

Clearly, the zeros A; and A, of the polynomial 74(A) and the zeros A* and 1** of the
polynomial 74.+pr(A) are related to each other in the following way: A; + 1, = trA and
A* +A** = tr(A + BF). These equalities imply that A* + \** =trA+ FB=1,+1,+FB =
A*+Aj, where j # i. Thus, A** = 1. O

THEOREM 5.8. Let A € M(2,2), B€ M(2,¢), C € M(m,2), and either the pair (A, B) is not
stabilizable or the pair (A, C) is not detectable. Then (A, B, C) is not ¥ -stab.

Proof. Assume that (A, B) is not stabilizable. By virtue of Lemmas 2.5 and 2.9, one has
that rank B < 1, and according to Lemma 4.1, one can assume, without loss of generality,
that B = (b b)7. If B = 0, then the statement of the theorem is evident. Let B # 0. By
Theorem 5.5, only one of the following cases can occur:

(1) 0 <A <Ay

(2) A1 <0< Ay
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(3)A:=A; =1, = 0,ker(A — AI) = R?;
(4) A:=A; =X, =0, dimker(A —AI) = 1.

Using Lemma 5.4, one can easily show that in cases (2) and (3),
B € ker (A — M), ker (A — A1) \ Span{B} # @. (5.1)

In case (1), either (5.1) or its counterpart, where A; and A, are interchanged, is true. We
assume, with no loss of generality, that (5.1) holds true in case (1).

We prove the theorem for cases (1), (2), and (3) simultaneously by choosing D € R?
so that

B e ker (A —MI), D € ker (A — A,I) \ Span{B}. (5.2)

Let P:R?> — R be the projector onto the subspace Span{D} along the subspace
Span{B} so that PB=0,PD =D, (I - P)B =B, and (I — P)D = 0.
We choose an arbitrary F € M(1,2) and consider a trajectory x(-) of the equation

x=(A+BF)x (5.3)

such that Px(ty) # 0 at some instance ty > 0.
Evidently,

_ d|Px| 1 (Px,P5) 1

o)== |, = px

(Px,P(A+BF)x)| . (5.4)

t=ty - | Px| t=t
Conditions (5.2) imply that for some y € R,

P(A+BF)x = PAx = PA(Px+ (I — P)x)

= PAPx + uPAB = L,PX + u) PB = \,PX. (5:5)
Then (5.4) and A, > 0 yield
5(to) = ‘P—lﬂ Ao 1P| =dalPx(t) | =0 (5.6)
The last relation can be used to verify the following properties:
| Px(-)| does not decrease on [fy,0), |x(t)| = B|Px(to) |, t=to, (5.7)

where 5 > 0 does not depend on F.

We now fix some u = (A, {G4}) € £¥ and consider an arbitrary trajectory (x(-),q(-),
7(+)) of the u-governed system (1.1) with a := |Px(0)| # 0. Let {,}, be the correspond-
ing sequence of the automaton’s switching instances, t, = 0. Then for all [t,,f,41), n €
Nu {0}, the first component x(-) of the hybrid trajectory satisfies (5.3), where F = G,C
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for some g € Q. Due to (5.7),
|x(t)| = B|Px(ts) | = B|Px(0)| =aB >0, tE [tntns1). (5.8)

As n is arbitrary, x(t) + 0, t — co. Thus, the theorem is proved for cases (1), (2), and (3).

The proof of case (4) will be divided into two parts.

(a) If CB # 0, then there exists G € M (1,m) such that GBC #0. By Lemma 5.7, 6(Ag) =
{A,A*}, where Ag = A+ BGC and A* = A+ GCB # A. Clearly, the pair (Ag, B) is not sta-
bilizable. It has already been proved that in case (1) or (2) the triple (Ag,B,C) is not
LF-stab. According to Definitions 3.2 and 3.5, the triple (A, B, C) is not ¥ -stab. either.

(b) If CB = 0, then (see Lemma 5.7) for all G € M(1,m), one has B € ker(Ag — AI).
Hence, the solution to = Agx, x(0) = B is given by x(t) = eA¢'B = ¢MB, t > 0. The last
equality does not depend on G, so that it constitutes a solution to the u-governed system
(1.1) satisfying x(0) = B for any u € #. Since A > 0, system (1.1) is not £F-stab.

The theorem can be proved in a similar manner if (A, C) is not detectable. O

6. Efficient criteria for £, -stabilizability of the triple (A,B,C)

Everywhere in Sections 6 and 7, it is assumed that A € M(2,2), B € M(2,1) # 0, and
C € M(1,2) # 0. In these two sections, we will use the following notation: A, = A+ «BC,
a€R,w=trA— CAB/CB if CB # 0 (we assume also that w is not defined if CB = 0).

LEmMA 6.1. Let a,b,c,d € R. The system of inequalities
a+b-a<0, ct+d-a>0 (6.1)

is solvable with respect to a € R if and only if one of the following conditions holds:
(1)b=d=0,a<0,c>0;
(2)b=0,d+0,a<0;
(3) d/b<0;
(4) d/b=0, ¢ >ad/b.

THEOREM 6.2. The triple (A, B, C) is LK -stab. if and only if one of the following conditions
holds:

(1) CB=CAB=0,trA <0, detA >0;
(2) CB=0,CAB+#0,trA<0;

3) w<0;

(4) =0, detA >trA - w.

Proof. Corollary 4.3 and Lemma 2.2 imply that
[(A,B,C)is £H;-stab.] &= [Fa € R:trA, <0 and detA, >0]. (6.2)
Simple direct calculations yield

trA, =trA+aCB, detA, = detA+a(trA - CB— CAB). (6.3)
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Thus, the conditions in the right-hand side of (6.2) are equivalent to the solvability of
(6.1) with respect to « € R, where a =trA, b = CB, c = detA,and d = trA - CB — CAB.
Referring to Lemma 6.1 completes the proof. O

COROLLARY 6.3. Assume that the matrix A is not stable. Then the triple (A,B,C) is ¥ -
stab. if and only if one of conditions (2), (3), and (4) of Theorem 6.2 is fulfilled.

7. Efficient criteria for £ ¥ -stabilizability in terms of the triple (A, B, C)

The equality 74 (1) = A2 — tr A - A + detA implies the following lemma.

LEmMMA 7.1. For a 2 X 2 matrix A, 6(A) N [0,0) = & if and only if one of the following
conditions holds:

(a) trA <0, detA >0,
(b) tr?A —4detA < 0.

Lemma 7.1, Theorem 4.6, and relation (6.2) yield the following corollary.

COROLLARY 7.2. For the matrices A, B, C from (1.1), [(A, B, C) is £3(, -stab.] < [there exists
a€R:trA, <0, detA, > 0]; [(A,B,C) is £¥-stab.] © [thereexistsa € R : (trA, < 0,
detA, >0) Vv (tr2A,—4detA,<0)].

The main result of the paper is the following criterion.

Tueorem 7.3. The triple (A, B, C) is £3-stab. if and only if one of the following conditions
is fulfilled:

(1) CB=0,CAB=0,trA<0,detA >0;

(2) CB=0, CAB #0;

(3) w<0;

(4) w =0, detA > (CAB/CB) - w.

Proof. By (6.3), we have for all « € R that
fla):=tr? Ay —4detA, = (CB)*a® —2(CB - trA — 2CAB)a+ tr’ A — 4detA.  (7.1)
Consider the inequality
fla) <0 (7.2)

in some special situations.
(a) If CB = 0 and CAB # 0, then (7.2) is equivalent to the inequality

4CAB-a+tr’ A —4detA<0 (7.3)

which is clearly solvable with respect to & € R.
(b) If CB # 0, then the solvability of (7.2) is equivalent to the positivity of the discrim-
inant 4d of the quadratic equation f(«) = 0, that is, to the condition

d =4(CAB)? —4CAB - trA - CB+4detA - (CB)*> >0. (7.4)
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The last inequality, in turn, is equivalent to

CAB
detA > ﬁ - . (75)

Now we are able to continue the proof of the theorem.

(1) Let CB = CAB = 0. Due to Theorem 4.6, Lemma 7.1, and relation (6.3), £%-
stabilizability of (A, B, C) is equivalent to the condition trA < 0, detA > 0.

(2) Let CB = 0 and CAB # 0. Because of (a), the triple (A4, B, C) is £#(-stab.

(3) Let w < 0. By Theorem 6.2, (A, B, C) is £J-stab.

(4) Let w = 0. By Corollary 7.2, Theorem 6.2, and (b), £3-stabilizability of the triple
(A,B,C) is equivalent either to (7.5) or to

detA > trA - w. (7.6)

Moreover, w =trA — CAB/CB > 0 guarantees the implication (7.6)=(7.5). Thus, £(-
stabilizability of (A, B, C) is equivalent to (7.5). O

The next two theorems follow directly from Theorems 6.2 and 7.3 and Corollary 7.2.

TueoreM 7.4. The triple (A, B, C) is not LK1 -stab. but LH-stab. if and only if one of the
following conditions is satisfied:

(1) CB=0,CAB #0, trA = 0;
(2) w >0, CAB/CB < detA/w < trA.

THEOREM 7.5. Assume that (A,B,C) is not £¥,-stab. Then (A,B,C) is ¥ -stab. if and
only if one of the following conditions is satisfied:

(1) CB =0, CAB # 0;
(2) detA > CAB/CB - .

8. A detailed algorithm which tests £, - and £3(-stabilizability of the triple (A, B,C)

First of all, we introduce some new notation:

(i) 1={(A,B,C) | Ae M(2,2),Be M(2,¢),Ce M(m,2) for some £,m € N},
(i1)) LHy = {Q € 1 | A is stable},
(iii) LH; = {Q € 1| A is not stable, Q is £%€; -stab.},
(iv) LH = {Q € 1 | Q is not £¥; -stab., but is £¥-stab.},
(v) LH_ = {Q 1| Qisnot £H-stab.}.

Evidently, 1 = LHou LH; L LHULH_.
Algorithm 8.1 tests if a given triple Q = (A, B, C) € 1 belongs to one of the classes LHy,
LH,,LH, and LH_.

Remark 8.1. The items 1(YES) and 3(YES) of the algorithm follow from Lemma 2.2 and
Corollary 4.5, respectively. The items 5(YES) and 7(YES) are implied by Theorems 5.5
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1 Condition: trA < 0, detA > 0.
(YES) — Q € LHy — END
(NO) — CONTINUE
2 Condition: B or C is the zero matrix.
(YES) — Qe LH_ — END
(NO) — CONTINUE
3 Condition: rank B > 2, rank C > 2.
(YES) — Q € LH; — END
(NO) — find 0(A) = {A1,1,} — CONTINUE
4 Condition: rankB = 1.
(YES) — find a nonzero column b
of the matrix B— CONTINUE
(NO) — find a nonzero row ¢
of the matrix C — goto 7
5 Condition: [A; > 0,1, > 0,det(b ab) =0] V[A; <0< A,, Ab = A,b]
\/[/\2 <0<A,Ab= /lzb]
(YES) — Q € LH. — END
(NO) — CONTINUE
6 Condition: rank C > 2.
(YES) — Q € LH; — END
(NO) — find a nonzero row ¢
of the matrix C — go to 8

Cc

7 Condition: [Al > 0,1, >0, det (cA

)zO]v[/11<Os/12,cA=A1c]

\/[/\2 <0< /11, cA = /\2C].
(YES) — Q € LH. — END
(NO) — Q € LH; — END
8 Condition: [cb =0, cAb # 0,trA < 0] v [trA — cAb/cb < 0]
V[trA —cAb/cb = 0, detA > trA(trA — cAb/cb)].
(YES) — Q € LH; — END
(NO) — CONTINUE
9 Condition: [cb = 0, cAb # 0] v [detA > (cAb/cb)(tr A — cAb/cb)].
(YES) — Q € LH — END
(NO) — Q e LH_. — END.

ALGORITHM 8.1

and 5.8, and the items 6(YES) and 7(NO) can be obtained from Corollary 4.4. In the
items 4(YES) and 6(NO), we use Lemma 4.1 to reduce the stabilization problem for the
triple (A, B,C) to that for either (A,b,C) or (A,b,c), where b is a nonzero column of B
and c is a nonzero row of C (B=b and C = c if £ = m = 1). For 8(YES), the statement
follows from Corollary 6.3. Finally, 9 is implied by Theorem 7.5.
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WHICH SOLUTIONS OF THE THIRD PROBLEM
FOR THE POISSON EQUATION ARE BOUNDED?

DAGMAR MEDKOVA

Received 10 September 2002

This paper deals with the problem Au = g on G and du/on+uf = L on dG. Here, G C R™,
m > 2, is a bounded domain with Lyapunov boundary, f is a bounded nonnegative func-
tion on the boundary of G, L is a bounded linear functional on W'2(G) representable by
a real measure ¢ on the boundary of G, and g € L,(G) N Ly(G), p > m/2. It is shown that
a weak solution of this problem is bounded in G if and only if the Newtonian potential
corresponding to the boundary condition ¢ is bounded in G.

Suppose that G ¢ R™, m > 2, is a bounded domain with Lyapunov boundary (i.e.,
of class C'"*). Denote by n(y) the outer unit normal of G at y. If f,g,h € C(dG) and
u € C2(clG) is a classical solution of

Au=g ongG,
ou (1)
o +uf=h ondG,
then Green’s formula yields
J Vi wd%wj wfvd¥, . :J hv 9, —j gvd¥, 2)
G 3G 3G G

for each v € %, the space of all compactly supported infinitely differentiable functions
in R™. Here, 0G denotes the boundary of G and clG is the closure of G; ¥ is the k-
dimensional Hausdorff measure normalized so that ¥ is the Lebesgue measure in R
Denote by %(G) the set of all functions from % with the support in G.

For an open set V C R™, denote by W'2(V) the collection of all functions f € Ly(V),
the distributional gradient of which belongs to [Ly(V)]™.

Definition 1. Let f € Lo(), g € Lo(G) and let L be a bounded linear functional on
WL2(G) such that L(¢) = 0 for each ¢ € 9(G). We say that u € W2(G) is a weak solution
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International Conference on Differential, Difference Equations and Their Applications, pp. 247-256
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in WL2(G) of the third problem for the Poisson equation

Au=g ongG,
ou (3)
$+uf—L on 0G,
if
f Vi Wd%*ﬁj ufvd%=L(v)—J gvddt,, (4)
G G G

for each v € WH2(G).

Denote by €’ (0G) the Banach space of all finite signed Borel measures with support
in 0G with the total variation as a norm. We say that the bounded linear functional L on
WL2(G) is representable by y € 6" (0G) if L(¢) = [ ¢ du for each ¢ € %. Since & is dense
in WY2(G), the operator L is uniquely determined by its representation y € €'(dG).

For x,y € R™, denote

h(y) =

{(m—z)lAlx—ylz’” for x # y, 5)

o0 forx =y,

where A is the area of the unit sphere in R™. For the finite real Borel measure v, denote

Wnix) = | hly)dn(y) ©)

the Newtonian potential corresponding to v, for each x for which this integral has sense.

We denote by €,,(0G) the set of all y € €' (9G) for which AUy is bounded on R™ \ 9G.

Remark that €;,(dG) is the set of all 4 € €’ (dG) for which there is a polar set M such
that Uu(x) is meaningful and bounded on R™ \ M, because R™ \ 9@ is finely dense in R
(see [1, Chapter VII, Sections 2, 6], [7, Theorems 5.10 and 5.11]) and Uy = Uyt —Uu~
is finite and fine-continuous outside of a polar set. Remark that #,,_,(M) = 0 for each
polar set M (see [7, Theorem 3.13]). (For the definition of polar sets, see [4, Chapter 7,
Section 1]; for the definition of the fine topology, see [4, Chapter 10].)

Denote by ¥ the restriction of #,,_1 to dG.

LEMMA 2. Let y € €' (0G). Then the following assertions are equivalent:

(1) p €6,(0G),
(2) Uy is bounded in G,
(3) Up € Lo (3C).

Proof. (2)=(3). Since dG is a subset of the fine closure of G by [1, Chapter VII, Sections
2, 6] and [7, Theorems 5.10 and 5.11], Uy = Uu* — Uy~ is finite and fine-continuous
outside of a polar set M, and #,,,_1 (M) = 0 by [4, Theorem 7.33] and [7, Theorem 3.13],
then we obtain that Uy € Lo ().
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(3)=(1). Let u = u* — u~ be the Jordan decomposition of y. For z € G, denote by yu,
the harmonic measure corresponding to G and z. If y € dG and z € G, then

LG hy () dpz(x) = hy (2) 7)

by [7, pages 264, 299]. Using Fubini’s theorem, we get

|t du = | [ mduwde )= | b@det ) =@, ®)

Similarly, [Uu~ dy, = Uy~ (z). Since Uy € Lo (9), y. is a nonnegative measure with the
total variation 1 (see [4, Lemma 8.12]) which is absolutely continuous with respect to #

by [2, Theorem 1], then we obtain that [Uu(z)| < |UpllL. 30)-
If z € R™\ G, choose a bounded domain V with smooth boundary such that clGuU
{z} C V. Repeating the previous reasonings for V' \ clG, we get [Upu(z)| < [Upll1. 30)-
]

LEMMA 3. Let f € Lo (9) and g € Ly(G) N Ly(R™), where p >m/2, g = 0 on R™ \ G. Then
AU (gH,n) € G(R™) N WH2(G). Moreover, there is a bounded linear functional L on W(G)
representable by y € 6,(9G) such that W(gH,,) is a weak solution in W2(G) of the third
problem for the Poisson equation
ou

Au=-g ongG, %+uf=L on dG. 9)
Proof. Suppose first that g is nonnegative. Since U(gH,,) € 6(R™) by [3, Theorem A.6],
the energy [ gW(gH,)dH,, < oo. According to [7, Theorem 1.20], we have

[ 199 (g96) a6, = [ (g dt, < o, (10)

and therefore WU(g#,,) € W2(G) (see [7, Lemma 1.6] and [16, Theorem 2.1.4]).
Since U (g#,,) € €(R™) N WH2(G), f € Lwo(9) and the trace operator is a bounded
operator from W'2(G) to Ly(#) by [8, Theorem 3.38], then the operator

L) = | To VUGH) Ao+ | (o) foditnr - | gpditn (1D

is a bounded linear functional on WH%(G).

According to [7, Theorem 4.2], there is a nonnegative v € €'(9dG) such that Uy =
WU(gH.n) on R™\ clG. Choose a bounded domain V with smooth boundary such that
clG c V. Since WU is bounded in V' \ cIG € R™ \ clG, Lemma 2 yields that v € €, (a(V \
clG)). Therefore, v € €, (dG). According to [13, Lemma 4], there is ¥ € €, (dG) such that

J V- VU(gH,)dI = V- VU, = J odv  (12)
Rm\clG G

Rm\clG
foreach o € 9. Lety = v — fU(gH,,)IC. Since U( fU(gHK,,)FC) € €(R™) by [6, Corollary
2.17 and Lemma 2.18] and WU(fU(gH,,)F)(x) — 0 as |x| — co, we have fU(gH,,)H
€ €,,(dG). Therefore, y € €,(0G).
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If 9 € D, then ¢ = U((—Ap)H,,) by [3, Theorem A.2]. According to [7, Theorem
1.20],

JR V- VU (g, ) dIm = JR VU((=A@)Hn) - VU(gH) T
- | gul-ag)it,)dit, (13)

= d,,.
J,.g0

Since #,,,(dG) = 0,

J Vo V%(g%m)d%m+J U(gyn) f o dHm1
G G
- [ godttn+ | () Fodit
G G
—I V- VU (gH,)dYn
Rm\clG

=J gq)d%nﬁ—J pdp.
G 3G

(14)

O

LEMMA 4. Let f € Loo(9) and g € L,(G) N L,(R™), where p >m/2, g =0 on R™\ G. Let
L be a bounded linear functional on W2(G) representable by u € €'(9G). If u € Lo(G) N
W2(G) is a weak solution in WV2(G) of problem (3), then y € €,,(9G).

Proof. Letw = u—U(g¥,,). According to Lemma 3, there is a bounded linear functional
L on W!2(G) representable by v € €, (9G) such that w is a weak solution in W'?(G) of
the problem

Aw=0 ongG,

ow - (15)
$+wf—L—L on dG.

Fix x € G. Choose a sequence G; of open sets with C* boundary such that clG; C Gjy; C
G, x € G, and UG; = G. Fix r > 0 such that Q,,(x) C G;. Choose an infinitely differ-

entiable function y such that ¥ = 0 on Q,(x) and ¥ = 1 on R” \ OQ,,(x). According to
Green’s identity,

. 0
i) =tim | [ 10252 060100 [ ) Oy 1)

= lim U V(y) - ¥ (hs()y()) A3 (y)
j—~| Jg;

- [, 0w - Tt |

J
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= JG Vw(y) - V(h(»)y(y))dHm(y) - JG V(w(y)y(y)) - Vh(y)d#H,n(y)

=W(p—v— fwd)(x) — JG V(wn)y(y) - Vhe(y)d#Hn(y).
(16)

According to [16, Theorem 2.3.2], there is a sequence of infinitely differentiable func-
tions w,, such that w,, — wy in WH2(G). According to [6, Section 2],

w(x) = U(p —v = fwd)(x) - lim JG Vwa(y) - Vhe(y)ddHm(y)
(17)
= WU —v = fwd)(x) - lim aGwﬂ(y)n()/) - Vhi(y)dHm-1(y).

Since the trace operator is a bounded operator from W'2(G) to L,(#) by [8, Theorem
3.38], we obtain

w(x) =W —v— fwidt)(x) - LGW(y)n(y) - Vhe(y)d¥n-1(y). (18)

Since w € Lo (G) by Lemma 3, the trace of w is an element of L (J€). Since

LGW()/)n(y) : th(y)d%m—1(y)'
< Wl oo LG |1(y) - Vha(y) | dm1 () (19)

1
< ”W”Lw<%>[sup 2 1100 V() [dFo1 () + E] <o

z€dG

by [6, Lemma 2.15 and Theorem 2.16] and the fact that 9G is of class C'*%, the function

- LGwmn(y) V() A1 () (20)

isbounded in G. Since Uv is bounded in G and U( f wd) is bounded in G by [6, Corollary
2.17 and Lemma 2.18], the function Uy is bounded in G by (18). Thus, u € €,(0G) by
Lemma 2. (Il

Notation 5. Let X be a complex Banach space and T a bounded linear operator on X. We
denote by Ker T the kernel of T, by o(T) the spectrum of T, by r(T') the spectral radius of
T, by X' the dual space of X, and by T’ the adjoint operator of T. Denote by I the identity
operator.

THEOREM 6. Let X be a complex Banach space and K a compact linear operator on X. Let Y
be a subspace of X" and T a closed linear operator from Y to X such that y(Tx) = x(Ty) for
each x,y € Y. Suppose that K'(Y) CY and KTy = TK'y foreach y € Y. Let a« € C\ {0},
Ker(K' —al)> =Ker(K' —al) C Y, and {f € o(K'); (f—a)-a <0} C {a}. Ifx,y € X,
(K'—al)x =y, thenx € Y ifand onlyif y € Y.
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Proof. It x € Y, then y € Y. Suppose that y € Y. Since K is a compact operator, the
operator K’ is a compact operator by [14, Chapter IV, Theorem 4.1]. Suppose first that
a € g(K’). Since K’ is compact, then « is a pol of the resolvent by [5, Satz 50.4]. Since

Ker(K' — al)? = Ker(K' — ), (21)

the ascent of (K’ — «aI) is equal to 1. Since « is a pol of the resolvent and the ascent of
(K" — o) is equal to 1, [5, Satz 50.2] yields that the space X’ is the direct sum of Ker(K’ —
al) and (K" — oI )(X") and the descent of (K" — o) is equal to 1. Since the descent of
(K" — aI) is equal to 1, we have

(K'—aD*(X") = (K —al)(X"). (22)

Since the space X’ is the direct sum of Ker(K’' — aI) and (K’ — aI)(X’) = (K’ — al)*(X'),
the operator (K’ — af) is invertible on (K’ — aI)(X"). If « ¢ o(K'), then the space X' is the
direct sum of Ker(K" — aI) and (K’ — ol )(X"), and the operator (K" — «I) is invertible on
(K" — al)(X"). Therefore, there are x; € Ker(K' —al) C Y and x, € (K’ — al)(X’) such
that x; +x; = x. We have (K" —al)x, = y.

Denote by Z the closure of Y. Since K'(Y) C Y, we obtain K'(Z) C Z. Denote by K,
the restriction of K’ to Z. Then K} is a compact operator in Z. Since Ker(K' — aI)? C Y,
we have

Ker (K — ocI)2 = Ker(K' — al)? = Ker(K' — aI) = Ker (K — oI). (23)

If « & 0(K7), then the space Z is the direct sum of Ker(K;, — al) and (K, — al)(Z), and
the operator (K, — af) is invertible on Z. Suppose that a € 0(K7). Since K, is compact,
then « is a pol of the resolvent by [5, Satz 50.4]. Since

Ker (K —aI)” = Ker (K — aI), (24)

the ascent of (K — al) is equal to 1. Since « is a pol of the resolvent and the ascent of
(K, — al) is equal to 1, [5, Satz 50.2] yields that the space Z is the direct sum of Ker(K}, —
al) and (K, — al)(Z) and the descent of (K, — al) is equal to 1. Since the descent of
(K, — o) is equal to 1, we have

(K —al)*(2) = (K' - aI)(Z). (25)

Since the space Z is the direct sum of Ker(K; — aI) and (K, — aI)(Z) = (K;, — al)*(Z),
the operator (K7 — al) is invertible on (K; — al)(Z). Since y € Y C Z, there are y; €
Ker(Ky — al) and y; € (K — I )(Z) such that y = y; + y,. Since X' is the direct sum of
Ker(K' — al) = Ker(K; — al) and (K’ —al)(X') D (Kz —al)(Z) and y € (K’ — al)(X'),
we obtain that y; = 0 and y, = y. Thus, y € (K — aI)(Z). Since (K, — ) is invertible
on (K —al)(Z), there is z € (K, — al)(Z) such that (K, — aI)(z) = y. Since (K’ — o) is
invertible on (K" — a)(X"), we deduce that x, =z € (K, — al)(Z) C Z.
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Now, let w € Ker(K’ — o). Fix a sequence {zx} C Y such that zx — z = x,. Then

W(Ty) = y(Tw) = [(K' = aDxa)(Tw) = lim [(K' ~ aD)z](Tw)

26
=limz (K —al)Tw) = ]lim z(T(K' —al)w) = ]%im z1(0) = 0. (26)
Since w(Ty) = 0 for each w € Ker(K' — af), [15, Chapter 10, Theorem 3] yields Ty €
(K —al)(X).

Denote by K’ the restriction of K’ to (K’ — aI)(X). If we denote by P the spectral
projection corresponding to the spectral set {a} and the operator K’, then P(X") = (K’ —
ol )(X") by [5, Satz 50.2] and o(K’) = 0(K’) \ {a} by [14, Chapter VI, Theorem 4.1].
Therefore,

o(K')=0(K)\{a} C{f (B—a)-a>0}C tL>JO{[3; IB—a—tal < |tal}.  (27)

Since {B; If —a—tal < |tal} C{B; If—a—tal <|hal} for 0<t; <t and a(K') is

a compact set (see [14, Chapter VI, Theorem 1.3, and Lemma 1.5], there is t > 0 such

that 0(K’) € {B; |B — « — tal < |ta|}. Therefore, r(K' — al — tal) < |ta|. Since we have
r(t Ya Y (K’ — al — tal)) < 1, the series

V= Z(l o (R - al - tal) " (28)

converges Easy calculation yields that V is the inverse operator of the operator I +
-1 ‘I(K’ —al —tal) =t 'a” (K’ — al). Since t'a~ 'y = t'a (K’ — al)x,, we have
x2=t"'a"'Vy.Denote zx = t 'a~! [t 'a" (K’ — al — tal)]*y. Then

Xy = Z Zk. (29)
k=0

Since K'(Y)C Y,z €Y foreach k. Since KT =TK’ on Y, wehave Tzy =t 'a~ ! [t la (K
—aol — tocI)]kTy.

Since (K — aI), (K — al)?, (K’ — aI), and (K’ — al)? are Fredholm operators with in-
dex 0 (see [14, Chapter V, Theorem 3.1]), [14, Chapter VII, Theorem 3.2] yields

dimKer(K — aI)? = dimKer(K’ — aI)? = dimKer(K' — aI) = dimKer(K — aI), (30)

and thus Ker(K — al)? = Ker(K — al). If a ¢ 0(K), then the space X is the direct sum of
Ker(K — oI) and (K — al)(X), and the operator (K — «I) is invertible on X. Suppose that
a € 0(K). Since K is compact, then « is a pol of the resolvent by [5, Satz 50.4]. Since

Ker(K — al)? = Ker(K — o), (31)

the ascent of (K — af) is equal to 1. Since « is a pol of the resolvent and the ascent of
(K — o) isequal to 1, 5, Satz 50.2] yields that the space X is the direct sum of Ker(K — aI)
and (K — ol )(X) and the descent of (K — «f) is equal to 1. Since the descent of (K — al)
is equal to 1, we have (K — al)*(X) = (K — aI)(X). Since the space X is the direct sum
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of Ker(K — af) and (K — aI)(X) = (K — al)*(X), the operator (K — al) is invertible on
(K — aI)(X). Denote by K the restriction of K to (K — aI)(X). If we denote by Q the
spectral projection corresponding to the spectral set {a} and the operator K, then Q(X) =
(K —aI)(X) by [5, Satz 50.2] and 0(1%) = 0(K) \ {a} by [14, Chapter VI, Theorem 4.1].
Since 0(K) = 0(K") by [14, Chapter VI, Theorem 4.6], we obtain 0(1%) cC{BsIf—a-
ta) < |tal}. Therefore, r(K — ol — tal) < |tal. Since Ty € (K —aX) and r(t e (K —
ol —tal)) < 1, the series

> Tze=> ta [~ ta (K —al - tal)|“Ty (32)
k=0 k=0

converges. Since T is closed, x; = > zx, and >’ Tz, converges, then the vector x; liesin Y,
the domain of T. O

THEOREM 7. Let f € Loo(¥), f =0, and g € L,(G) N L,(R™), where p >m/2, g =0 on
R™\ G. Let L be a bounded linear functional on W'?(G) representable by u € €' (0G). If u
is a weak solution in W42(G) of problem (3), then u € L« (G) if and only if u € €,(9G).

Proof. Ifu € Lo (G), then y € €, (0G) by Lemma 4.

Suppose now that y € €,(dG). Let w = u — WU(gFH,,). According to Lemma 3, there is
a bounded linear functional L on W'?(G) representable by ji € 6, (dG) such that w is a
weak solution in W12(G) of the problem

Aw=0 ongG,

ow - (33)
3 +wf=L ondG

Define for ¢ € Lo (#) and x € JG,

1 3
To(x) = 3 9(x) + LG‘P( )y U ), (34)

Since U(fH) € €(R™) by [6, Corollary 2.17 and Lemma 2.18], the operator T is a
bounded linear operator on L« (#) by [11, Proposition 8] and [6, Lemma 2.15]. The
operator T — (1/2)I is compact by [12, Theorem 20] and [6, Theorem 4.1 and Corollary
1.11]. According to [10, Theorem 1], there is v € €'(dG) C (Lo (9())" such that T'v =
and

J vy - de%m+J Uy frdde = Jvdﬂ, (35)
G G

for each v € 9.

Remark that 6’ (0G) is a closed subspace of (L. (J))’. According to [11, Proposition
8], we have T’ (¢’ (0G)) C €’(dG). Denote by 7 the restriction of T’ to €’ (dG). Accord-
ing to [10, Lemma 11] and [14, Chapter VI, Theorem 1.2], we have o(7) C {f; f = 0}.
Since a(7") = o(7) (see [15, Chapter VIII, Section 6, Theorem 2]), each € o(T) is an
eigenvalue (see [14, Chapter VI, Theorem 1.2]), and T is the restriction of 7" to L (%),
we obtain that o(T") = o(T) C {f; B = 0} by [15, Chapter VIII, Section 6, Theorem 2].
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According to [9, Theorem 1.11], we have Ker T" C €, (9G). According to [9, Lemma 1.10]
and [10, Lemmas 12 and 13], Ker T” = Ker(T")?. Denote, for p € €, (dG), by Vp the re-
striction of Up to dG. Then V is a closed operator from 6, (0G) to L (#) by [13, Lemma
5]. If p € 6,(0G), then VT'p = TVp by [13, Lemma 4]. If p,p> € 6€,(3G), then p; and
p2 have finite energy by [13, Proposition 23], [7, Theorem 1.20], and

Joupl dp, = Lw Vallp, - VlUp, dJ,, = Joupz dp1. (36)

Since T'v = ji € €,(dG), Theorem 6 yields that v € €,(dG). Since v has finite energy
[Uvdvand [Uvdy = [ |VU|2dH,, by [7, Theorem 1.20], we obtain that Uy € W2(G)
(see [7, Lemma 1.6] and [16, Theorem 2.14]). Since 9 is dense in W"2(G) by [16, The-
orem 2.3.2], relation (35) yields that the function U is a weak solution in W?(G) of
(33). Since v = AUy — w is a weak solution in W'2(G) of the problem

Av=0 ongG,
ov (37)
o +vf=0 onodG,
and f > 0, we obtain
o:J Vv-Vvd%m+I vad%zj Vv [2d56,, > 0. (38)
G oG G

Therefore, Vv = 0 on G and there is a constant ¢ such that v(x) = ¢ for #,,-a.a. x €
G by [16, Corollary 2.1.9]. Since v € €,,(dG), the function WU is bounded in G. Since
u(x) = U(gd,) (x) + Uv(x) — ¢ for ¥,,-a.a. x € G and U(gH,,) € €(R™) by Lemma 3,
we obtain u € L (G). O
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DARBOUX-LAME EQUATION
AND ISOMONODROMIC DEFORMATION

MAYUMI OHMIYA

Received 10 September 2002

The Darboux-Lamé equation is defined as the double Darboux transformation of the
Lamé equation, and is studied from the viewpoint of the isomonodromic deformation
theory. It is shown that the second-order ordinary differential equation of Fuchsian type
on P, corresponding to the second Darboux-Lamé equation is obtained as isomono-
dromic deformation of some specific Gauss’ hypergeometric differential equation.

1. Introduction

We consider the nth Lamé equation

2
I J @)~ (nln+ Do)~ 1) fx) =0, (1)

where 7 is a natural number and §(x, 7) is the Weierstrass elliptic function with the fun-
damental periods 1 and 7 such that 37 > 0. If the fundamental period 7 and the discrete
eigenvalue A satisfy a kind of degenerate condition obtained in [6], we can construct the
nth algebro-geometric elliptic potential u;} (x,&) with the complex parameter & by the
method of double Darboux transformation. We call the ordinary differential equation

2
JF )~ k(o 8) - 1) f(x) =0 (12)

the nth Darboux-Lamé equation of degenerate type. The purpose of the present work is
to clarify the isomonodromic property of equation (1.2) regarding & as the deformation
parameter. Various authors have formerly clarified the isospectral property of the double
Darboux transformation (the double commutation) of the nth algebro-geometric po-
tential. See, for example, [2, 6] and the references therein. However, we could not treat
the isomonodromic deformation problems, for n > 3, in this paper, while the isospectral
deformation problem have been almost completely solved for general n.
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2. Preliminaries

In this section, the necessary materials are summarized. We refer the reader to [5, 6] for
more precise information.
We consider the second-order linear ordinary differential operator in the complex do-
main
>
H(u)=fﬁ+u( x), xeC, (2.1)

where u(x) is a meromorphic function. The functions Z, (), n € N, defined by the recur-
sion relation

Zo(u) =1, Zo(u) = ANu)Zy—1(u), n=12,..., (2.2)

which are the differential polynomials in u(x), are called the KdV polynomials, where
o' /1, 9 1
A= (50) - (30 e~ 35m) 23

is the A-operator associated with the differential operator H(u).

Let V(u) be the linear span of all KdV polynomials over C. If dim V(1) = n+ 1, then
u(x) is called the nth algebro-geometric potential and we write rankV (u) = n. If u(x)
is the nth algebro-geometric potential, then there uniquely exist the polynomials a;(1),
j=0,1,...,n, in the spectral parameter A of degree n — j + 1 such that

Zui(u=2A) = > a;(M)Zj(u—A). (2.4)
j=0
For this fact, see [5, 6]. The M-function M(x,A;u) associated with u(x) is the differential
polynomial defined by
M(xAu) = Zy(u— 1) — Z aj(M)Zji—1(u—A). (2.5)

The spectral discriminant
Asu) = My (A1) — 2M (26, A5 1) My (2, A5 1) + 4 (u(x) — A) M (x, A1) (2.6)
is the polynomial of degree 2n + 1 in A with constant coefficients. Let
SpecH(u) = {A | A(A;u) = 0}, (2.7)

which corresponds to the discrete spectrum of the operator H(u). If A; € SpecH (u), then
we have

172

(H(u) = Aj)M(x,Aj3u) " = 0. (2.8)

We call M(x,Aj;u)"? the M-eigenfunction.
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For f(x) € ker(H(u) —A) \ {0}, the Darboux transformation is the operator H(u*)
with the potential u* (x) defined by
2

u*(x) = u(x) - Zaaxz log f (x). (2.9)

We sometimes call the resulted potential u*(x) itself the Darboux transformation.
Suppose f(x) € ker(H(u) —A) \ {0}, then we have

ﬁ € ker (H(u*) —\) \ {0}. (2.10)

This fact is called Darboux’s lemma [1]. The Darboux transformation of the algebro-
geometric potential #(x) by the corresponding M-eigenfunction

2 2

ui‘] (x) = u(x) — 28— logM(x,/\j;u)l/2 =u(x) — pe)

52 log M (x,Aj5u) (2.11)

is called the algebro-geometric Darboux transformation (ADT). Let
M\(x,/\j;u) :JM(x,Aj;u)dx (2.12)

and fix the integration constant appropriately; then, by Darboux’s lemma, mentioned
above, it follows that the function F) ; (x,&), defined by

1, () + EM (x, 1551
M (x,Aj;u) 2

Fy,(x,8) = (2.13)

is the 1-parameter family of the eigenfunction of H (ufj) associated with the eigenvalue
A;, that is,

(H (uf) = 45) By (6,8) =0, (2.14)

where ¢y, (§) is an arbitrary function which depends only on &. The function ¢, () will be
determined exactly so that the ADDT, which is defined below, of the nth Lamé equation
is isomonodromic.

The algebro-geometric double Darboux transformation (ADDT) is defined as the Dar-
boux transformation of u)’[j (x) by Fy, (x,&):

2
ui‘j* (x,&) = uz‘j (x) — 2%logﬂj (x,&)
(2.15)

2 —~
= u(x) - 2% log (¢, (&) +EM (x,Aj5u)).

In what follows, we assume that ¢, () does not identically vanish since ¢y, () = 0, then
the ADDT uj{‘j* (x,&) does not depend on €.
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Let
Spec,,H(u) = {A; | the multiple roots of A(A;u) = 0} (2.16)

which we call the multiple spectrum of H(u). It is shown in [6] that if u(x) is the nth
algebro-geometric potential, then ui"j (x) is the (n — 1)th algebro geometric potential if
and only if Spec,,H(u) # & and A; € Spec,, H(u).

If n is a natural number, then the nth Lamé potential u,(x,7) = n(n+ 1)p(x,7) is
known to be the nth algebro-geometric potential (see, e.g., [5]).

Let M, (x,A,7) be the M-function associated with the nth Lamé potential u,(x, 1), that
is, M, (x,A,7) = M(x,A;u,(x,7)). Let

D(s10) = R(Au), A0 )) (.17)

where R(P, Q) is the resultant of polynomials P(A) and Q(A). If D(74;u,) = 0 for 7. € H™,
then there exists A, € Spec,,H (u,), that is, A, is the multiple root of A(A;u,) = 0 and

ranku) (x,14)=n-1, (2.18)

where u:’)t* (x) is the Darboux transformation of the nth Lamé potential u,(x) by the
corresponding M-eigenfunction M, (x, A4, 74)"?, that is,

2
ury, (6,74) = un (X, 74) — @logMn(x,A*,T*). (2.19)

Let
0,={r|D(t;u,) =0} CH" (2.20)

and we call it the lattice of degenerate periods associated with the nth Lamé potential u,,(x).
One can immediately see that the lattice of degenerate periods @, is the discrete subset
of H*.

Now, we enumerate several examples of the degenerate condition for the Lamé poten-
tials. For this purpose, we must carry out elementary but very complicated computation.
Hence, here we explain only the simplest case n = 1. See also [3] for another method of
computation.

KdV polynomials. We have
1 3, 1,

Zo(u,) =1, Zy (uy) = =y, Zy(un) = Sus— <u

5 (2.21)

Computation of the M-function M,(x,A,7). Let pg and p; be the constants such that

Z(m) = (3 ) 49 - (5) 29
= Pozo(ul) +p1Z1 (1) = Potp1§.

(2.22)
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Hence, p; = 0 and py = (1/8)g, follow immediately. On the other hand, according to [5,

Theorem 3, page 414], define the coefficients ocg/"), v=0,1,2,...,n, forn =0,1,2, then we

immediately have
a” == oc(()z) =1, oc(()l) = %, (x§1) = oc(()o) =1. (2.23)
Moreover, by [5, Lemma 7, page 417], we have
Zy(ur = A) = ax(V)Z; (1 = A) +ao(M)Zo (1 = 1), (2.24)
where

ay(1) = —aP 2+ pid+ o po = —A2 + lgz,
8

3 (2.25)

a(N) = —aPA+all) = -2

Hence, we have
1 3
Mi(oA,) = 3 (29~ 1) - (— EA) Y (2.26)

Computation of the spectral discriminant A(A;u;). Using the M-function M, (x,A,7) ob-
tained above, we have

AAsuy) = 02 = 2(0+ V)" +4Q20 — 1) (9 +1)* = —4L + @) — g5. (2.27)

For the first Lamé potential u;(x,7), since g(7)* — 27¢3(7)? # 0 for any 7 € HY,
Spec,,H(u1) = & holds for any 7 € HY, thatis, ®; = &.

On the other hand, for the second Lamé potential u, (x, ), we can compute the spectral
discriminant similarly to the above example, and

AQs) = 4V = 3g(0) (¥ = Spd -2 (o) (2.28)

follows. Hence Spec,, H(u,) # @ holds if and only if g,(7) = 0. Note that g;(7) = 0 holds
if and only if /() = 0, where J(7) = g2(7)*/(g2(7)? — 27¢3(7)?) is the elliptic modular
function. Since g,(e?™/?) = 0, by the modular invariance of J(7), we have

ae’™+b (a b N
@2—{T|T—m, (C d) ESL(Z,Z)}’CH

={7| 37 >0}.

(2.29)

3. The second Darboux-Lamé equation

Suppose that 7, € ©®, and Ay € Spec,, H(u,(x,7+)). Let M, (x,A4,74) be the M-function
corresponding to the nth Lamé potential u,(x, 7). By (2.15), the ADDT of u,(x, ) is
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expressed as
2

M;):)j{* (X,f) = MH(X,T*) - 2%108 (¢A* (f) +5M\n (X,A*,T*)), (31}

where M\n(x,/\*,r*) is defined by (2.12). We call the 1-parameter family of the ordinary
differential equation (1.2) with the potential ujj’{* (x,¢&), defined above, the nth Darboux-
Lamé equation of degenerate type, and DL, (74,14,&) denotes that 1-parameter family
(1.2).

In what follows, we construct exactly the second Darboux-Lamé equation of degener-
ate type. Suppose that 7, € @,, then, by the direct calculation parallel to that for M, (x,
A, T), we have

MZ(-X)A)T*) :A2+380(X,T*)A+980(X,T*)2. (32)

Since we have shown g(7«) = 0 in Section 2,

Aksu) = —4)2 ()P - %ga(f*)) (3.3)

follows. Hence Spec,,H (u>(x, 7)) = {0} and we have

Mz(x,O,T*)l/Z =39 (x,74) € kerH (uy). (3.4)

Therefore, the ADT u3(x) is given by

2
() = 20 () — 28T, (3.5)
$(x,74)
and, by Darboux’s lemma, we have
1
= € kerH (ux,). (3.6)
Mz(X,O,T*)]/2 350(X,T*) ( 2,0)
On the other hand, we have
M (x,0,7) = JMz(x,O,T*)dx = J%O(x,r*)zdx = %50’ (%, 7). (3.7)
Hence, by (3.1),
o o 3,
57 (6, 0) = () = 25 log (40() + 569 (x,7)) (38)

follows. Thus we have the following lemma.

LemMma 3.1. The second Darboux-Lamé equation of degenerate type is explicitly expressed
as

(2,74 ) (o ()? = 3Epo(E) 0" (x,7) + (27/4) g3 (74) E2)
(90(8) + (3/2)8" (x,74))’

2
% Fo = f. (39
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Moreover,

b0 (&) + (3/2)E0" (x,74)

39(xs) (3.10)

Fo(x,8) =

The isospectral property of the potential u5'§ (x, 7 ) will be discussed in the forthcom-
ing paper [7].

4. The Fuchsian equation on P,

Suppose that 7, € @, that is, g2(7x) = 0. Since g2(74)® — 27¢3(74)? # 0, g3(74) # 0 fol-
lows. In what follows, we fix one of the square roots of g3(7+) and denote it by y, that is,
y? = g3(14). Then, by the variable transformation

1
y(go (x)T*)+E) (41)

the second Darboux-Lamé equation DL, (74,0,¢) is transformed to the second-order or-
dinary differential equation of Fuchsian type on P;:

2 4 2\0 » B 3ipE —2¢0(8)\ 2
21 fle )+ (gz— 5) 2 fab) = r(z, e )f (4.2)
with the parameter &, where
D(r,s) = 2 B=D2Hs6=2) = 5 oy rp), (4.3)

3 (z—s)? ’

We denote the 1-parameter family of the ordinary differential equation (4.2) by DL (7,
0,&). The regular singular points of equation (4.2) are

3ipé — 2¢o (&)
6iyé

In what follows, we assume that ¢y(0) # 0. Then it follows that s(0) = oo, and that the
differential equation ﬁiz(‘r* ,0,0) coincides with the hypergeometric equation

P N 2
2= 1)~ )+ (%z— g)a—zf(z) -2 (4.5)

z=0,1,00, s=s(&) = (4.4)

Now, we construct the fundamental system of solutions of ﬁiz(‘r* ,0,&) (4.2). Suppose
& # 0. Then, by Darboux’s lemma and (3.1),

_ 1 . 650(’5:7*)
fited) = Fo(x,&)  2¢0(8) +3E0" (x,74)°
f2(x,8) =f1(x>f)Imdx (4.6)
B 0 (x,74) J(2¢0(5)+3550'(x,‘f*))2dx
6(2¢0(&) + 380" (x,74)) 0(x,14)°
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are the fundamental system of solutions of the second Darboux-Lamé equation

H(u3g (x,6)) f(x,6) = —aa—;f(xaf)ﬂLuik,ék(ny)f(X,f) =0 (4.7)
such that W[ fi, f2] = fi foax — fixfo = 1. By the variable transformation (4.1), we have

P (x,14) = P23 (1 - 2)13, 9 (x,74) = iy(2z - 1). (4.8)
Let fj(z,f) = fi(x,£), j = 1,2. We immediately have

R e =)
JE0 = 240 @® +3yEz - 1) (49)

Similarly, we have

ﬁ(z)f) =

iz!3(1 - 2)'3 J (2¢0(8) +3iy§(22 — 1))2dz. (4.10)

18y (2¢p (&) +3ipE (22— 1)) Z¥3(1 — z)4/3
5. Isomonodromic property of /Diz (1%,0,&)
The following is the well-known criterion for the isomonodromic property.

LemMma 5.1. Suppose that the second-order ordinary differential equation

aa—:zf(z,f)+P(z,f)a%f(z,f)+q(z,f)f(zaf)=0 (5.1)

is of Fuchsian type on Py with the parameter . The monodromy group for this equation
is independent of the parameter & if and only if there exist a(z,&) and b(z,&), which are
rational in z, such that

S (@) =a@ b5 f@d)+bab D), (52)

By the above general criterion, to show that the monodromy matrix associated with

the fundamental system fl (z,¢), fz(z,i ) is independent of the parameter &, it suffices to
show that a(z,§) and b(z,£), defined by

Jﬁs(z,a @(z,a flz(z,s) flz(z,f)’
a(z E) _ fZE(Z)f) fZ(Z)E) b(z 5) _ fZZ(Z)E) fZE(Z)f) (53)
’ fiz(z,) ﬁ(z,a" ’ fiz(2,8) ﬁ(z,f)"

(28 folz,€) (28 falz,)

are rational functions of z. Let

(2¢0(8) +3ipE(2z - 1))’

Z3(1 — z)4/3 ’

g(z’f) =

(5.4)
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then, by (4.9) and (4.10), the expression
2@ = fie) g6z (5.5)
follows. Hence, we have

fi:(z8)  filz,€)

2 2 = —fi(z,£%(2,8),
e
SR B ACN 3% dz.
Pzt Ao hi(z8) Igz(%f) z
Thus
_ J&(=z8)dz
a(z,§) = 2(2.) (5.7)
follows. On the other hand, we immediately have
(28 fie(z8)
b(z,§) = a(z,§) + = ——. (5.8)
T @y fiz6)
We have
fezd) 9, o L 1-2z 6ipE
Az 52108 N1 = 3 T 3B+ 3iyE 2z = 1)’ 5
fie(z§) _9d., = B 2¢0(&) + 6iyz '
Ad) GE108N1@8) = =50 ) 3iyEaz = 1)

These are both rational functions of z. Hence, if a(z,£) is a rational function of z, then
b(z,§) is also a rational function of z. Therefore, we have the following lemma.

LemMa 5.2. The family DLy(1+,0,&) is isomonodromic if and only if the integral constant
of the indefinite integral

Glz,E) = (z—z2)1/3j4¢°(£)¢6(£) —98gs (1) (1 —ZZ)de (5.10)

(z—22)"
is determined so that G(z,&) is the rational function of z for all &.

Proof. By direct calculation, we have

z—7z°

(2¢0 — 3ipE(1 - 22))°

a(z,§) = <|2G(z,£) — 12iy(¢o(&)

(5.11)

+f¢5<£>>(z—z2)‘“j (21_222)24/3 dz}-
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On the other hand, we have

1-2
J (z—z2)24/3dz = (zil - 2) (z—2%)"" + const. (5.12)

This completes the proof. O
Next we have the following lemma.
LemMa 5.3. The integral constant of the indefinite integral
(z—zz)l/SJ%dz (5.13)
(z—-2%)
can be determined so that it is the rational function of z if and only if c = —1.

Proof. Firstly, suppose ¢ = —1, then we immediately have

,[ (zz—2 22)14/3 dz = gk _ZZZ)M +a. (5.14)
Hence, putting « = 0, we have
(z—z2)1/3jﬁdz=3(l—z). (5.15)
Secondly, by the above, we have
(z— zz)l/3jﬁdz — (c+1)(z— zz)l/3jﬁdz+3(l —2.  (5.16)
Let
p(z) = (z zz)m’[ﬁda (5.17)

then we have

d 1-2z 1
élogp(z) = 3z=2) + =2 (5.18)
This implies that
) 1
z(z — l)ép(z) = 5(2z— Dp(z) - 1. (5.19)

Assume that one can choose the integration constant so that p(z) is the rational function.
Then there exist the polynomials p;(z), p2(z), and p3(z) such that p;(0) = p,(0) = 0 and

p(z)=p (%) +pz( ) +p3(2). (5.20)

z—1
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Let

j=1 j=1 j=1 j=1
0 1 1 1
=1 p( )~ vp( 1)
0 1 1 1
_((Z—])2+(Z—1))afzp2(z 1)_5(2(2_1)-'—1)1)2(2—1) (5.22)
< JBi JBi l 2 B l 1B
B Z(zl)r1 zﬂp4y_23u—nrl_zsu—n1‘%

j=1
where ¢ + ¢; + ¢3 = —1. By these relations, we have
1
log — 5061 =0. (5.23)

Hence o; = 0 follows. Moreover, one verifies that

—j(X]‘-l-(j—l)(X];l—%(Xj'i'%Oéjfl=O, j=2,3,...,l,
(5.24)
- — g(xl = (1.
These imply that oy = &) = - - - = a1 = 0, that s, p;(z) = 0 and ¢; = 0. Similarly, one can
show that p,(z) = 0 and ¢, = 0. On the other hand, we have
Y (5.25)
3
Hence y, = 0 follows. Moreover, we have
. . 2 1 .
Jyi= G4y =3yt 3y =0 j=12...n-1
(5.26)

— _z +l =0
yl 3)/0 3y1_ *
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These imply that y, = y,-1 = - - - = yo = 0. On the other hand, we have
1
—g)/() = (3. (527)
Hence ¢; = 0 follows. This is contradiction. This completes the proof. O
Let
4¢0(E)¢o(§)
K=-——"T-—"""— 5.28
96 (r.) (5:28)
then we have
1-22)*-K
Gled) = ~Skgs(r.) (e- )" [ L2 2K,
(z-2%)

5 (5.29)

1- 2 (K+1)/4
=-9%Bﬁkﬂz—zﬂbg<?[Ciigégdz+4J5——i_i_L_d)

(Z . 22)4/3

Hence, we can determine the integral constant so that G(z,§) is the rational function of z
if and only if K = 3. Since we assumed that ¢o(0) # 0, we have

1/2
¢o(f)=<—%7g3(T*)fz+c> 4o, (5.30)

Thus, we proved the following theorem.

THEOREM 5.4. Suppose T, € @y. Let ¢o(&) be defined as in (5.30). Then, the monodromy

group for DLy (74,0,&) is isomorphic to that for Gauss’ hypergeometric differential equation
(4.5) for every & € Py.

6. Monodromy group of ﬁiz(r* ,0,0)

By Theorem 5.4, to carry out the calculation of the monodromy group of DL, (74,0,£), it
suffices to do it for /Diz(r*,0,0).

We denote D = P; \ {0, 1,0} and let 71 (D, z) be the fundamental group of D with the
base point zy € D. Let

(2 = f(2), ¥2(2) =Zf’(2)—%f(2), (6.1)

and X (z) = '(y1(2), y2(2)). Then the Okubo form [4, page 177] of the Gauss’ hypergeo-
metric differential equation (4.5) is expressed as

(Z—B)EX =AX, (6.2)
0z

where

0 0 1301
B:(o 1>’ A:(4/9 —2/3)' (6.3)
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Let x(z,20) = (Xi1(2),X2(2)) be the fundamental system of solutions of the Okubo form
(6.2) near zp. On the other hand, let y € m;(D,z;) and let y”(z,zy) be the analytic con-
tinuation along the closed path y. Then there exists M, € GL(2,C) such that y¥(z,zo) =
x(2,20)M,. The map y, : m1(D,zy) — GL(2,C) defined by u,(y) = M, is the linear repre-
sentation of the fundamental group m1(D,zo). The image G = p,(m1(D,z)) is called the
monodromy group associated with the fundamental system y(z,zo).
Let F(w,f3,y;2) be the hypergeometric function. According to [4, pages 178-179], d

fine the holomorphic solutions Y(z,a) and the nonholomorphic solutions X(z,a), for
a = 0,1, as follows:

] 22 2 1
Y(Z’O):t<_§F<l’ 3’3’2)’F(1’_§’ 3’Z>>

4 14 1 727
X0 = (28 (5-5.5%) 52 °F(55:59))

1

3

(6.4)
Y(z,l)=t(F(l,——,%;l—z),%F(l,—%, ;,1 z))
X(z,1)=t(3(z )1/31:( %g,%u—z),(z—1)-2/3F<—§,%,—§;1—z)).

The matrix functions (Y(z,0),X(z,0)) and (Y(z,1),X(z,1)) are both the fundamental
systems of solutions of the Okubo form (6.2) defined near z = 0 and z = 1, respectively. By
the method explained precisely in [4, pages 193—-199], using these fundamental systems,
one can solve the connection problem and finally obtain the generators M, and M, of the
monodromy group G as follows:

(1) (2 L
M, = exp|\3mi)] exp|3mi ) M, = ) . (65)
0 1 —exp(—y‘[i)—l 1

It is easy to see that the monodromy group of the Okubo form (6.2) coincides with that
of Gauss’ hypergeometric equation (4.5).
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MULTIVALUED SEMILINEAR NEUTRAL FUNCTIONAL
DIFFERENTIAL EQUATIONS WITH NONCONVEX-VALUED
RIGHT-HAND SIDE

M. BENCHOHRA, E. GATSORI, AND S. K. NTOUYAS

Received 3 September 2002

We investigate the existence of mild solutions on a compact interval to some classes of
semilinear neutral functional differential inclusions. We will rely on a fixed-point theo-
rem for contraction multivalued maps due to Covitz and Nadler and on Schaefer’s fixed-
point theorem combined with lower semicontinuous multivalued operators with decom-
posable values.

1. Introduction

This paper is concerned with the existence of mild solutions defined on a compact real
interval for first- and second-order semilinear neutral functional differential inclusions
(NEDIs).

In Section 3, we consider the following class of semilinear NFDIs:

%[y(t) —f(t,y)] € Ay(t)+F(t,y:), ae.te]:=1[0,b],

}’(t) = ¢(t)> te [—1’,0],

(1.1)

where F: ] X C([-r,0],E) — P(E) is a multivalued map, A is the infinitesimal generator
of a strongly continuous semigroup T'(t), t > 0, ¢ € C([-r,0],E), f : ] x C([-r,0],E) —
E, P (E) is the family of all subsets of E, and E is a real separable Banach space with norm
[-1.

Section 4 is devoted to the study of the following second-order semilinear NFDIs:

Ly 0~ fby)] € Ay +E(y), te,
)’(f) = ¢(t)) te [—T,O], )”(0) =1

(1.2)

where F, ¢, f, P(E), and E are as in problem (1.1), A is the infinitesimal generator of a
strongly continuous cosine family {C(¢) : t € R}, and n € E.
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272  Neutral functional differential inclusions

For any continuous function y defined on the interval [—r,b] and any ¢ € ], we denote
by y: the element of C([—r,0],E), defined by

y:(8) = y(t+0), 60el[-r,0]. (1.3)

Here, y;(-) represents the history of the state from time ¢ — r, up to the present time t.

In the last two decades, several authors have paid attention to the problem of existence
of mild solutions to initial and boundary value problems for semilinear evolution equa-
tions. We refer the interested reader to the monographs by Goldstein [11], Heikkild and
Lakshmikantham [13], and Pazy [19], and to the paper of Heikkild and Lakshmikantham
[14].1In [17, 18], existence theorems of mild solutions for semilinear evolution inclusions
are given by Papageorgiou. Recently, by means of a fixed-point argument and the semi-
group theory, existence theorems of mild solutions on compact and noncompact intervals
for first- and second-order semilinear NFDIs with a convex-valued right-hand side were
obtained by Benchohra and Ntouyas in [1, 4]. Similar results for the case A = 0 are given
by Benchohra and Ntouyas in [2]. Here, we will extend the above results to semilinear
NFDIs with a nonconvex-valued right-hand side. The method we are going to use is to
reduce the existence of solutions to problems (1.1) and (1.2) to the search for fixed points
of a suitable multivalued map on the Banach space C([—r,b],E). For each intial value
problem (IVP), we give two results. In the first one, we use a fixed-point theorem for
contraction multivalued maps due to Covitz and Nadler [7] (see also Deimling [8]). This
method was applied recently by Benchohra and Ntouyas in [3], in the case when A =0
and f = 0. In the second one, we use Schaefer’s theorem combined with a selection theo-
rem of Bressan and Colombo [5] for lower semicontinuous (l.s.c) multivalued operators
with decomposable values.

2. Preliminaries

In this section, we introduce notations, definitions, and preliminary facts from multival-
ued analysis, which are used throughout this paper.

We denote by P (E) the set of all subsets of E normed by || - [|. Let C([—7,0],E) be the
Banach space of all continuous functions from [—#,0] into E with the norm

gl =sup{|¢p(0)|: —r <6 <0}. (2.1)

By C([—r,b], E) we denote the Banach space of all continuous functions from [—r, ] into
E with the norm

[yl :=sup{|y(t)| : t € [-1,b]}. (2.2)

A measurable function y:J — E is Bochner-integrable if and only if |y| is Lebesgue-
integrable. (For properties of the Bochner-integral, see, e.g., Yosida [24].) By L(J,E) we
denote the Banach space of functions y : ] — E which are Bochner-integrable and normed
by

b
Iyl = jo |y (1) | dt, (2.3)
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and by B(E) the Banach space of bounded linear operators from E to E with norm

INllgE) =sup {|N(y)| : Iyl = 1}. (2.4)

We say that a family {C(t) : t € R} of operators in B(E) is a strongly continuous cosine
family if
(1) C(0) =I (I is the identity operator in E),
(i) C(t+s)+C(t—s) =2C(t)C(s) for all s,t € R,
(iii) the map ¢t — C(t)y is strongly continuous for each y € E.
The strongly continuous sine family {S(¢) : t € R}, associated to the given strongly
continuous cosine family {C(t) : t € R}, is defined by

S(t)y = JO[ C(s)yds, y€E, teR (2.5)

The infinitesimal generator A : E — E of a cosine family {C(t) : t € R} is defined by

d2
Ay= 250010 (2:6)

For more details on strongly continuous cosine and sine families, we refer the reader
to the books of Fattorini [9], Goldstein [11], and to the papers of Travis and Webb [22,
23]. For properties of semigroup theory, we refer the interested reader to the books of
Goldstein [11] and Pazy [19].

Let (X, d) be a metric space. We use the following notations:

PX)={Y eP(X):Y + @},
Py(X)={Y € P(X):Y closed},

(2.7)

Py(X) ={Y € P(X) : Y bounded},

P, (X)={Y € P(X):Y compact}.

Consider Hy : P(X) X P(X) — Ry U {00}, given by
Hy(A,B) = max{supd(a,B),supd(A,b)}, (2.8)
acA beB

where d(A,b) = inf,cad(a,b) and d(a,B) = infycpd(a,b).

Then (Pp,(X),Hy) is a metric space and (P (X),Hy) is a generalized (complete) met-
ric space (see [16]).

A multivalued map N :J — Py(X) is said to be measurable if, for each x € X, the
function Y : J — R, defined by

Y(t) = d(x,N(t)) = inf{d(x,2) : z€ N(t)}, (2.9)

is measurable.
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Definition 2.1. A multivalued operator N : X — P(X) is called
(a) y-Lipschitz if and only if there exists y > 0 such that

Hy(N(x),N(y)) < yd(x,y), foreachx,y€X; (2.10)

(b) contraction if and only if it is y-Lipschitz with y < 1.

The multivalued operator N has a fixed point if there is x € X such that x € N(x). The
fixed-point set of the multivalued operator N will be denoted by FixN.

We recall the following fixed-point theorem for contraction multivalued operators
given by Covitz and Nadler [7] (see also Deimling [8, Theorem 11.1]).

TaeoreM 2.2. Let (X,d) be a complete metric space. If N : X — P(X) is a contraction, then
FixN # &.

Let 54 be a subset of J X C([—7,0],E). The set o is £ ® B measurable if o belongs to
the o-algebra generated by all sets of the form § X %, where $ is Lebesgue-measurable
in J and 9 is Borel-measurable in C([—7,0],E). A subset B of L' (J, E) is decomposable if,
forall u,v € Band $ C ] measurable, the function uyg + vy;—g € B, where y4 denotes the
characteristic function for $.

Let E be a Banach space, X a nonempty closed subset of E, and G: X — P(E) a
multivalued operator with nonempty closed values. The operator G is Ls.c. if the set
{x € X:G(x) N C# @} is open for any open set C in E. For more details on multivalued
maps, we refer to the books of Deimling [8], Gérniewicz [12], Hu and Papageorgiou [15],
and Tolstonogov [21].

Definition 2.3. Let Y be a separable metric space and let N : Y — P(L!(J,E)) be a multi-
valued operator. The operator N has property (BC) if it satisfies the following conditions:

(1) Nisls.c;
(2) N has nonempty, closed, and decomposable values.

Let F: ] x C([-r,0],E) — %(E) be a multivalued map with nonempty compact values.
Assign to F the multivalued operator
F: C([~r,b],E) — P(L'(J,E)) (2.11)
by letting

F(y) = {we L' (J,E):w(t) € F(t,y,) forae. t €]} (2.12)

The operator F is called the Niemytzki operator associated with F.

Definition 2.4. Let F: ] X C([—r,0],E) — P(E) be a multivalued function with nonempty
compact values. We say that F is of Ls.c. type if its associated Niemytzki operator & is L.s.c.
and has nonempty closed and decomposable values.

Next we state a selection theorem due to Bressan and Colombo.
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TueoreMm 2.5 (see [5]). Let Y be separable metric space and let N : Y — P(L'(J,E)) be a
multivalued operator which has property (BC). Then N has a continuous selection, that is,
there exists a continuous function (single-valued) g : Y — L'(J,E) such that g(y) € N(y) for
every y €Y.

3. First-order semilinear NFDIs

Now;, we are able to state and prove our first theorem for the IVP (1.1). Before stating and
proving this result, we give the definition of a mild solution of the IVP (1.1).

Definition 3.1. A function y € C([—r,b],E) is called a mild solution of (1.1) if there exists
a function v € L'(J,E) such that v(¢t) € F(t,y1),a.e.on/, yo = ¢, and

t
Y0 = TS0 = FO9)]+ F (630 + | AT(=5)1 (53 ds
(3.1)

t
+J T(t—s)v(s)ds, teJ.
0

THEOREM 3.2. Assume that

(H1) A is the infinitesimal generator of a semigroup of bounded linear operators T(t) in E
such that || T(¢)|lpgy < My, for some My >0 and ||AT(t)|lpE) < Ma, for each t >0,
M, >0;

(H2) F:] x C([~1,0],E) — P,(E) has the property that F(-,u) : ] — P, (E) is measurable
foreach u e C([-r,0],E);

(H3) there exists | € L'(J,R) such that

Hy(F(t,u),F(t,u)) < I(t)||u -], (3.2)
foreacht € J and u,u € C([—r,0],E), and
d(0,F(t,0)) <I(t), foralmosteacht € J; (3.3)

(H4) [ f(t,u) — f(t,u)| < cllu —ull for each t € ] and u,u € C([—r,0],E), where c is a
nonnegative constant;

(H5) ¢+ Mach+ M, €% < 1, where £* = [ 1(s)ds.

Then the IVP (1.1) has at least one mild solution on [—r,b].

Proof. Transform problem (1.1) into a fixed-point problem. Consider the multivalued
operator N : C([—r,b],E) — P(C([-r,b],E)), defined by

N(y):={he C([-r,b],E)} (3.4)
such that
(1), ift € [-r,0],
h(t) =1 T(O[@0) = fO, )]+ f(t,ye) + J:AT(t —s)f (s, ys)ds (3.5)
+fT(t — $)v(s)ds, ifrey,

0
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where
vESpy={veL'(J,E):v(t) €F(t,y) forae. t €]} (3.6)

We remark that the fixed points of N are solutions to (1.1). Also, for each y € C([-1,b],E),
the set S, is nonempty since, by (H2), F has a measurable selection (see [6, Theorem
11L.6]).

We will show that N satisfies the assumptions of Theorem 2.2. The proof will be given
in two steps.

Step 1. We prove that N(y) € Py(C([-r,b],E)) for each y € C([-r,b],E).

Indeed, let (y,)n=0 € N(y) such that y, — y in C([-r,b],E). Then y € C([-r,b],E)
and there exists g, € Sr,, such that

t
yu(t) = T()[$(0) = f(0,0)] + £ (t, y1) + L AT(t—s)f (s, y5)ds
(3.7)

t
+J T(t - $)gu(s)ds, teJ
0

Using the fact that F has compact values and from (H3), we may pass to a subsequence if
necessary to get that g, converges to g in L'(J, E) and hence g € Sg;,. Then, for each t € J,

yu(t) — §(t) = T()[¢(0) — f(0,P)] + f (¢, y¢) + JOAT(t =) f (s, y5)ds
(3.8)

t
+J T(t—s)g(s)ds, te.
0
So, y € N(y).

Step 2. We prove that Hi(N(y1),N(»2)) < ylly1 — y2ll» for each y;,y, € C([-r,b],E),
where y < 1.

Let y1,y, € C([—r,b],E) and h; € N(y1). Then there exists g1 (¢) € F(t, y1¢) such that

t
hi(t) = T()[¢(0) = f(0, )] + f (£, y1) + JOAT(t_S)f(S’yls)ds

t (3.9)
+L T(t—s)qi(s)ds, t€].
From (H3), it follows that
Hy(E(t,y11),F(t,y20)) <1D||y1e —yael|, t€T (3.10)
Hence, there is w € F(t, y5;) such that
lg1(t) =w| <1y = yull, te] (3.11)

Consider U : ] — P(E) given by

Ut)={weE: |ga(t)—w| <I®)||[y1e — yxl|}- (3.12)
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Since the multivalued operator V(t) = U(t) N F(t, y») is measurable (see [6, Proposition
I11.4]), there exists g>(t), a measurable selection for V. So, g>(t) € F(t, y»;) and

|g1(t) —g(t)| <I()||y1e — yx||, foreachte] (3.13)

We define, for each t € J,

t
hy(t) = T(1)[$(0) = f(0, )] + f (8, yar) + L AT(t =) f (s, y25)ds
(3.14)

t
+J T(t—s)g(s)ds.
0
Then we have
|hi () — ha(1) |
t t
< |ftyu) = f(tya) | + M, JO | f(t,y15) = f (£ y25) | ds+ M, JO |g1(s) — ga(s) | ds

t t
< cllyre =yl + Mac | = pallds+ My | 1)y = padds

b
< dllyr = yalls + Mackllys = pall+Millya = ol | 19

< [e+Mych+ M €*]||y1 — 2.
(3.15)

Then
[|h1 — hal| < [+ Mach+Mi€*]||y1 — 2| (3.16)
By the analogous relation, obtained by interchanging the roles of y; and y, it follows that
Ha(N(1),N(y2)) < [c+Macb+M*]|[y1 = ya|.. (3.17)

Since y := ¢+ Macb + M, €* < 1, N is a contraction, and thus, by Theorem 2.2, it has a
fixed point y which is a mild solution to (1.1). O

Remark 3.3. Recall that, in the proof of Theorem 3.2, we have assumed that y < 1. Since
this assumption is hard to verify, we would like point out that using the well-known
Bielecki’s renorming method, it can be simplified. The technical details are omitted here.

By the help of Schaefer’s fixed-point theorem, combined with the selection theorem of
Bressan and Colombo for l.s.c. maps with decomposable values, we will present the sec-
ond existence result for problem (1.1). Before this, we introduce the following hypotheses
which are assumed hereafter:

(Cl) F:]J x C([-7,0],E) — P(E) is a nonempty compact-valued multivalued map

such that
(a) (t,u) — F(t,u) is £ ® 9B measurable,
(b) u~ F(t,u) is Ls.c. fora.e. t € J;
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(C2) for each p > 0, there exists a function h, € L' (J,R*) such that
||[F(t,u)]|p :=sup {|v| :v € F(t,u)} < h,(t) (3.18)

fora.e.t €], ue C([-r,0],E) with [lull <p.
In the proof of our following theorem, we will need the next auxiliary result.

LeEmMA 3.4 [10]. Let F:] X C([-7,0],E) — P(E) be a multivalued map with nonempty
compact values. Assume that (C1) and (C2) hold. Then F is of Ls.c. type.

THEOREM 3.5. Assume that hypotheses (C1), (C2), and the following ones are satisfied.
(AO) A is the infinitesimal generator of a compact semigroup T(t), t >0, such that
IT()pE) < M1, My >0, and [|AT(t)lpE) < M, for each t = 0, M, > 0.
(A1) There exist constants 0 < ¢y < 1 and ¢, > 0 such that

| f(tuw)| <callull+c, te], ueC([-r0],E). (3.19)

(A2) The function f is completely continuous and, for any bounded set 4 = C([—r,b],E),
the set {t — f(t,y:): y € A} is equicontinuous in C(J,E).

(A3) There exist p € L*(J,R") and a continuous nondecreasing function y : R* — (0, c0)
such that

IF(t,w)lp < p(&)y (llull) (3.20)

fora.e. t €] and each u € C([—r,0],E) with

b ®  du
L M(s)ds < J v (3.21)
where
1
co = i[Ml(”(p” +cillgll +¢2) + 2+ beyMs |,
! | ) (3.22)
M(t) = max{ - aM,, - Mlp(t)}.

(A4) For each t € ], the multivalued map F(t,-) : C([-r,0],E) — P(E) maps bounded
sets into relatively compact sets.
Then problem (1.1) has at least one solution.

Proof. Hypotheses (C1) and (C2) imply, by Lemma 3.4, that F is of Ls.c. type. Then, from
Theorem 2.5, there exists a continuous function g : C([—r,b],E) — L'([0,b],E) such that
g(y) € F(y) forall y € C([-r,b],E).
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Consider the operator Ny : C([—7,b],E) — P(C([-r,b],E)) defined by

¢(t)) lft € [_7,0],
Ni(y)(t) = T(t)[¢(0) = f(0,)] + f (£, ) (3.23)

+JtAT(t —s)f(s,ys)ds+ ItT(t —s5)g(y)(s)ds, ifte].
0 0

We will show that N is completely continuous. The proof will be given in several steps.
Step 1. The operator N sends bounded sets into bounded sets in C([—7,b],E).

Indeed, it is enough to show that for any g > 0, there exists a positive constant / such
that, foreach y € B, := {y € C([-7,b],E) : [[yllo < q},onehas [[N1(y)ll« < . Lety € B,
then

Ni(p)(t) = T(t)[¢(0) = f(0,)] + f (¢, y¢) + LAT(t =) f(s,y5)ds

t (3.24)
+J T(t—5)gy)(s)ds, te].
0
From (A0), (C2), (A1), and (A3), we have, for each t € ],
IN:(y) ()]
<Mi[lgll+ | f(0,0) [T+ | f(t,ye) |
(3.25)

t t
+ | IATC= 9l | £ (530 s [ 1T~ 9Ly |8 | s

< M1[||¢|| +c1q+cz] +c1q+ca+bMycig+bMc; +M1||hq||Ll.
Then, for each h € N(B,), we have
INUlo < Mi[ll@ll + c1g+ 2] +c1q+ 2 + bMacrg + bMacr + My || bl =1 (3.26)

Step 2. The operator N; sends bounded sets in C([—r,b], E) into equicontinuous sets.

Using (A2), it suffices to show that the operator N, : C([—r,b],E) — C([—r,b],E), de-
fined by

¢(1), ift € [-r,0];
N2 (y)(t) = T(t)¢(0)+LAT(t—s)f(s,ys)ds (3.27)
+JtT(t — 5)g(y)(s)ds, ifreg,
0

maps bounded sets into equicontinuous sets of C([—7,b],E). Let uy,u; € J, uy < u, let
By:={y € C([-r,b],E): lyll~ < q} be abounded set in C([~r,b],E), and y € B;. Then
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we have
N2 (y) (u2) = Na(y) (ur) |

< | T(u1)p(0) = T(42)$(0) | + (c1g+¢2) Lul [[AT (uy = s) = AT (1 — ) || p g ds
(g | AT (=) e+ || 1T =9) = T =9 gy ()

+ J 1T (uz - 5)||B(E)hq(5)d5.
| (3.28)

As u; — uy, the right-hand side of the above inequality tends to zero. The equicontinuity
for the cases u; < up; <0 and u; <0 < u, is obvious.

Step 3. The operator N, is continuous.

Let {y,} be a sequence such that y, — y in C([—r,b],E). Then

IN2(ya) () = Na(p)(1) |

‘ b (3.29)
<M || 1f (59 = £ (5030 [ ds4 M1 | 1g0m) () =g(3)(6) s
Since the function g is continuous and f is completely continuous, then
[IN2(yn) = N2 ()]
(3.30)

<Mysup | | f(syns) = f(s,ys) |ds+Mi|g(yn) —gW)[n — 0.

te] JO

As a consequence of Steps 1, 2, and 3 and (A2), (A4), together with the Arzeld-Ascoli the-
orem, we can conclude that N, : C([—r,b],E) — C([—r,b],E) is completely continuous.

Step 4. The set €(N,) = {y € C([-r,b],E): y = AN;(y) for some A € (0,1)} is bounded.
Let y € €(N;). Then y = AN, (y) for some 0 < A < 1, and for t € [0, b], we have

y(t) = A[T(t)(«J(O) — £0,¢0)) + f(t, y1)

t t (3.31)
+J AT(t—s)f(s,ys)ds+J T(t—s)g(y)(s)ds}.
0 0
This implies, by (A0), (A1), and (A3), that for each t € ], we have
t
()] = M (161 +c1 161 +c2) +cl||yt||+C2+bczM2+c1M2L lysllds
(3.32)

M [ pOwlindas.
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We consider the function y defined by
p(t) =sup{|y(s)| :-r<s<t}, 0<t=<b. (3.33)

Let t* € [—r,b] be such that u(t) = [y(t*)]. If t* € ], by inequality (3.32), we have, for
te],

t
u(t) < My(llgll + cill@ll + c2) + cru(t) + c2 + bea My + c1 M, L p(s)ds
(3.34)

+ M, JO p(8)y (u(s))ds

Thus

1 t
u(t) < — . [Ml (11l +cillll +c2) +ca+beaMy + 1M, L u(s)ds
(3.35)

t
M Jop(s)t//(y(s))ds], te)

If t* € [—7,0], then u(t) = ||¢]l and inequality (3.35) holds. We take the right-hand side
of inequality (3.35) as v(¢); then we have

v(0) = 1 [MI(H¢||+C1||¢||+C2)+C2+bC2M2] u(t) <v(), tej,

(3.36)
V(1) = {cleu(t) +Mip()y(u(t)}, te].
Since y is nondecreasing, we have
v (t) < M {v() +y(v()}, te]. (3.37)
From this inequality, it follows that
t ,(S)
L FEETETE J M(s)ds. (3.38)
We then have
v(t) [ du
L(O) iy = J M(s )ds < J M(s)ds < L(O) iy’ (3.39)

This inequality implies that there exists a constant K; such that v(t) < Kj, t € ], and hence
u(t) < K, t €J. Since for every t € ], [l y¢ll < u(t), we have

7l < Ki := max {[|$]l,Ki}, (3.40)

where K| depends only on b, M;, and M, and on the functions p and y. This shows that
¢é(N1) is bounded. As a consequence of Schaefer’s theorem (see [20]), we deduce that N;
has a fixed point y which is a solution to problem (1.1). O
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4. Second-order semilinear NFDIs

Definition 4.1. A function y € C([—r,b],E) is called a mild solution of (1.2) if there exists
a function v € L'(J,E) such that v(¢) € F(t, y;) a.e.on ], yo = ¢, ¥’ (0) = 1, and

(1) = C(HHO0) +S(1) (5 — £(0,8)) + L Clt—3)f (s, y.)ds + L S(t—s)v(s)ds.  (4.1)

THEOREM 4.2. Assume that hypotheses (H2), (H3), and (H4) and the following ones are
satisfied:

(H6) A is an infinitesimal generator of a given strongly continuous bounded and compact
cosine family {C(t) : t >0} with ||C(t)||lpE) < M;
(H7) Mb(c+¢€*) < 1.

Then the IVP (1.2) has at least one mild solution on [—r,b].

Proof. Transform problem (1.2) into a fixed-point problem. Consider the multivalued
operator N5 : C([—r,b],E) — P(C([-r,b],E)) defined by

Ns(y):= {h € C([-r,b],E)} (4.2)
such that
(1), ift € [—r,0],
C(1)$(0) +S(t) (- f(0,¢))
h(t) = +JtC(t—s)f(s,ys)ds (4.3)

0
t

+J S(t - $)g(s)ds, ifrey,

- 0

where g € Sg,,.

We will show that Nj satisfies the assumptions of Theorem 2.2. The proof will be given
in two steps.
Step 1. We prove that N3(y) € Py(C([-r,b],E)) for each y € C([-r,b],E).

Indeed, let (y,)n=0 € N3(y) such that y, — 5 in C([-r,b],E). Then y € C([-r,b],E)
and there exists g, € Sp,, such that

yu(t) = C()$(0) +S(t) (1 — £(0,¢))

t t 44
+J C(t—s)f(s,ys)ds+J S(t - $)gn(s)ds. (44
0 0
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Using the fact that F has compact values and from (H3), we may pass to a subsequence,

if necessary, to get that g, converges to g in L'(J,E) and hence g € Sg,y- Then, for each
te],

t
yu(t) — 3(t) = C()p(0) + S(t) (1 — £(0,¢)) + L C(t—s)f(s,y5)ds

t (4.5)
+J S(t - $)g(s)ds.
0
So, )7 S N3()/)
Step 2. We prove that Hy(N3(y1),N3(y2)) < ylly1 — 21l for each y1,y, € C([-r,b],E),
where y < 1.

Let y1,y, € C([—r,b],E) and h; € N;(y1). Then there exists g1 (¢) € F(t, y1,) such that

(1) = C($(0) +S() (1 — £(0,9)) + jo Ct = ) f (5, y1s)ds
(4.6)

t
+J S(t—s)gi(s)ds, te).
0

From (H3), it follows that Hy(F(t, y1¢),F(t, ¥2:)) < I(t)ly1e — y2¢ll, t € J. Hence, there is
w € F(t, y5) such that [g; () — w| < I(¢)|ly1¢ — yall, t € J. Consider U:J — P(E) given
by U(t) = {w € E: |gi(t) — w| < I(t)|y1¢ — yall}. Since the multivalued operator V() =
U(t) N F(t, y»;) is measurable (see [6, Proposition I11.4]), there exists g, (), a measurable
selection for V. So, g(t) € F(t, y2) and 1g1(¢) — g(t)| < I(t)l|y1: — yall, for each t € J.
We define, for each t € J,

I (£) = C(OS(0) + S (1 — £(0,8)) + L C(t =) f (5, yae)ds + JO S(t—$)ga(s)ds. (4.7

Then we have

t t
[ (t) = ha(8) | SMJO | f(s,15) = f(s,02) |dS+MbJ0 |g1(s) — g2(s) | ds

t t
Me | [ly1c = yollds+ b | 1)1y = yadlds

= (4.8)
< Heblly, - yall + Wby =l [ 1o
<Mb(c+&*)|[y1 -yl
Then
|lh = ha||, < Mb(c+€%)|[y1 = y2||- (4.9)

By the analogous relation, obtained by interchanging the roles of y; and y», it follows that
Hy(N3(y1),N3(y2)) <= Mb(c+€%)|[y1 = y2| - (4.10)

Since Mb(c+£*) < 1, Nj is a contraction, and thus, by Theorem 2.2, it has a fixed point
y which is a mild solution to (1.2). O
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THEOREM 4.3. Assume that hypotheses (H6), (C1), (C2), (Al) (with ¢1,¢; = 0), (A2), and
(A4) and the following one are satisfied:

(A5) there exist p € LY'(J,R") and a continuous and nondecreasing function v : Rt —
(0,00) such that, for a.e. t € ] and each u € C([-r,0],E),

dr

b ©
IEG WLy < p&w (lul), jo M(s)ds < L

where
c=MI¢ll+bM[Inl +cillpll +2¢2],

M(t) = max {1,c;M,bMp(t)}. (4.12)

Then the IVP (1.2) has at least one solution on [—r,b].

Proof. Hypotheses (C1) and (C2) imply, by Lemma 3.4, that F is of Ls.c. type. Then,
from Theorem 2.5, there exists a continuous function g : C([—r,b],E) — L([0,b],E) such
that g(y) € F(y) for all y € C([-r,b],E). Consider the operator N, : C([-r,b],E) —
C([-r,b],E) defined by

o(1), ift € [-r,0],
Ni(y)(t) = C(t)$(0) +S(t)[n — £(0,9)] (4.13)

+JtC(t—s)f(s,ys)ds+JtS(t—s)g(y)(s)ds, ifres
0 0

As in Theorem 3.5, we can show that Ny is completely continuous.
Now, we only prove that the set

€(Ny):={y e C([-r,b],E) : y = AN4(y) for some 0 < A < 1} (4.14)

is bounded.
Let y € €(Ny4). Then y = AN4(y) for some 0 < A < 1. Thus

t
y(t) = AC(1)$(0) +AS(t) [ — f(0,¢)] +/\J0 C(t—s)f(s,ys)ds

t (4.15)
+AJ S(t—s)g(y)(s)ds, te].
0
This implies by (H4), (H6), (A1), and (A5) that, for each t € ],
t
ly(t)] < Mllgll+bM (Il +cllgll +c2) +c1ML ||ys||ds + beaM
(4.16)

t
+ b0 [ p(o)w (s
We consider the function y defined by

p(t) =sup{|y(s)| :-r<s<t}, 0<t<b. (4.17)
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Let t* € [—r,b] be such that u(t) = [y(t*)]. If t* € ], by (4.16) we have, for t € ],

u(t) < Ml + bM (1] + il +2¢2) +L M(s)u(s)ds

¢ (4.18)
+ | MW () ds
If t* € [-r,0], then u(t) = ||¢ll and the previous inequality holds.
We take the right-hand side of the above inequality as v(¢); then we have
v(0) = Mgl +bM(Inl +cillgll +2c2),  u(t) <w(t), t€], (4.19)
V(1) = M(Ou(t) + MOy (u(b), te]. '
Using the nondecreasing character of v, we get
V() =M@ [v()+y(v(t)], tel. (4.20)
This implies, for each t € J, that
0 dr b ® dr
< | M(s)ds< J . 421
L(O) T+y(T) ,[0 ) wo) T+ (1) ( )

This inequality implies that there exists a constant K, such that v(t) < K5, t € ], and hence
u(t) < Ky, t €. Since for every t € ], [l y¢l < u(t), we have

7l < K := max {[1$]l, Kz}, (4.22)

where K; depends only on b, M, and on the functions p and y. This shows that €(Ny) is
bounded.

Set X := C([—r,b],E). As a consequence of Schaefer’s theorem (see [20]), we deduce
that Ny has a fixed point y which is a solution to problem (1.2). O

Remark 4.4. The reasoning used above can be applied to obtain the existence results for
the following first- and second-order semilinear neutral functional integrodifferential in-
clusions of Volterra type:

%[J’(t) ~flty)]-Aye J k(t,s)F(s,ys)ds, ae te],
0

}’(t) = (/)(t)) te [—T,O],

i[)"(f) - fty)] —Aye JO k(t,s)F(s,ys)ds, a.e.te€],

dt
y(t) = ¢(t), te[-r,0],
y'(0) =1,

(4.23)

where A, F, f, ¢, and # are as in problems (1.1) and (1.2) and k: D — R, D = {(t,s) €
JX]J:t=>s}.
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CONDITIONS FOR THE OSCILLATION OF
SOLUTIONS OF ITERATIVE EQUATIONS

WIESEAWA NOWAKOWSKA AND JAROSEAW WERBOWSKI

Received 14 October 2002

We give some oscillation criteria for linear iterative functional equations. We compare
obtained theorems with known results. We give applications to discrete equations too.

The problem of oscillation of solutions of differential and difference equations has
been investigated by many authors since in the literature, there are many oscillation cri-
teria for these equations (see [2, 5]). However, for the iterative functional equations, the
situation is different. Our aim is to give some new oscillation criteria for iterative func-
tional equations. We are of the opinion that it is worth considering iterative functional
equations because, in particular, they are recurrence equations which have a lot of appli-
cations. They can be used to describe processes in many areas such as biology, meteorol-
ogy, economics, and so on (see [6]). This paper is concerned with the oscillatory solutions
of linear iterative functional equations of the form

Qo(H)x(t) + Qi(1)x(g(1)) + Q(1)x(g* (1)) + - - *+Qus1 (Hx (g™ (1)) =0, m=1, (1)

where x is an unknown real-valued function and Qi : I — R, for k = 0,1,...,m+ 1, and
g1 — I are given functions, such that R is the set of real numbers and I denotes an
unbounded subset of R, = [0,). By ¢” we mean the mth iterate of the function g,
that is,

L=t g (t)=g(g"®), tel,m=0,1,.... (2)

By ¢! we mean the inverse function of g and g~ 1(¢) = ¢~ '(g~™(t)). In this paper,
upper indices at the sign of a function will denote iterations. In each instance, we have the
relation g!(t) = g(t). Exponents of a power of a function will be written after a bracket
containing the whole expression of the function. We also assume that

g(t) #t, }ijgg(t) =00, tel (3)

Moreover, we assume that ¢ has an inverse function.
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By a solution of (1), we mean a function x : I — R such that sup{|x(s)|:s€ I}, =
[to,) NI} >0 for any t) € Ry and x satisfies I in (1).

A solution x of (1) is called oscillatory if there exists a sequence of points {f,};,
t, € I, such that lim,,_. « t, = o and x(t,,)x(t,+1) < 0 for n = 1,2,.... Otherwise it is called
nonoscillatory.

The purpose of this paper is to obtain new oscillation criteria for (1). The analogous
problem has been considered in [1, 7, 9].

In this paper, we will use the following lemma.

LemMa 1 [9]. Consider the functional inequalities

x(g°(1)) = p()x(g" ' (1)) +q()x (g™ (1)), (4)
x(g°(1) < p()x(g" (1)) +q(D)x (g™ (1)), (5)

wherem = 1,s € {1,...,m}, p,q:I — Ry, and g satisfies condition (3). If

(6)

m—s+1 —s+2
m—s+1>m s
b

lziggilofizzoq(gi(t)) ;1:[1 plg™ ) > (m—s+2

then the functional inequality (4) (resp., (5)) does not have positive (resp., negative) solutions
forlarget € I.

It is easy to notice that the existence of oscillatory solutions of (1) is connected with
the sign of the functions Q; (i = 0,1,...,m+ 1) on I. That either Q;(¢) >0 or Q;(¢) <0,
fori=0,1,...,m+1 and t € I, implies that every solution of (1) oscillates. So, similarly
as in our previous considerations (see, e.g., [9]), we will assume that in (1), one of the
coefficients of Q; (i = 1,2,...,m) has the sign opposite to that of others, that is, there
exists s € {1,...,m} such that Q,(¢) <0 and Q;(t) >0, i€ {0,1,...,m+ 1} — {s}. So, we
further assume that for some s € {1,2,...,m},

Q1) <0, Qi(t)=0, i=0,1,....,s—1,s+1,....m+1 (7)
with
Qs-1(1),Qs11(t) >0 fort el (8)

Without loss of generality, we may assume that Q(¢) = —1, t € I. Then (1) takes the form

s—1 m+1
x(g() = > Qx(gh®)+ D Q)x(gF®), m=1, (9)
k=0 k=s+1

where s € {1,2,...,m}, Qi(t) >0 (i=0,1,...,s — 1,s+1,...,m+1), and Q,_;(t), Qss1(t) >
Ofortel.

As usual, we take >y a; = 0and [[_a; = 1, where r < k.

We start from the following theorem.
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THEOREM 2. Every solution of (9) is oscillatory if one of the following conditions hold:

liminf A (g(1) B(1 >i (10)
or
lim sup {A(g()B(1) +A(g*(1))B(g(1)) "
+A (g ())A(g(1)B(g(1)B(g* (1)} > 1,
where

At) = Z Qx(t) 1_[ Qi (g7 (1),
(12)

m+1

= S Q) ]_[ Qs-1(g’ (1)
j=2

k=s+1

Proof. Suppose that (9) has a nonoscillatory solution x and let x(t) >0 for t € I, t; = 0.
Then also, in view of assumption (3) about function g, x(gi(t)) >0,ie{l,2,....m+1},
and t € I, t; > t;. Thus, from (9) we get

x(g°(1) = Qi(t)x(g'(t)) fori=0,1,....,s— Ls+1,...,m+1. (13)

Hence, we have

x(g() = Qua(B)x (g™ (1)),

14
(g2(0) > Qo (g2(0)x(g (1)), (1)

From above we obtain

x(g7 (1) = Qi (g7 (1) x(g72(1) = Qe (g7 (1)) Qe (g2 (D) x (g (1), (15)
Thus,

x(gk(1)) = x(g (1)) HQm(g_f(t)), k=0,1,2,...,s— 2. (16)

Similarly from inequality (13) we get

x(g°(1) = Q1 (H)x (g1 (1)),

17
x(g7 (1) = Q1 (g2(1))x (g™ (1)) "

Hence,
x(g (1) = Q-1 (¢(1)x(g S*Z(t)) = Q1 (g7 (0)) Q1 (g2(0)x (g (1)),  (18)

x(g"(1) = x(g( ]_[Qs k=s+2,...,m+1. (19)
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Using now (16) and (19) in (9), we obtain

x(g(t)) = A(H)x(g (1)) + B(t)x (g (1)), (20)
where A and B are given by (12). Thus, in view of condition (10) and Lemma 1, inequal-

ity (20) cannot possess positive solutions. We obtain a contradiction. Now we prove the
second part of the theorem. From (20) for i € {0,1,2}, we have

x(g(1) = A(g' (1) x (g1 (1)) + B(g'(1))x(g" (1)), (21)
x(g°(1) = A(H)x(g" ' (1)). (22)

From above we obtain

x(g2(1) = A(g2(1)x (g (1)), (23)
(g (1) = A(g (1) x(g"(1))
Hence,
x(g”s(t)) ZA(gz(t))A(g3(t))x(gS+1(l‘))~ (24)

Using the above inequality in (21) for i = 2, we get

x(g72 (1) = A(g*(1)x(g™ (1) + A(g* (1) A(g° (1)) B(g* (D) x(g" (D). (25)
Now applying inequalities (20) and (25) in (21) for i = 1, we have

x(g(1) = A(HA(g(1)x (g (1)
+{A(g(1))B(1) + A(g*(1)) B(g(1)) (26)
+A(g2(1))A(g (1)) B(g(1))B(g*(1) }x (g (1)),
x(g (1) = {A (g(t))B(t)+A(g (t))B(g(1)

)
A1) A(g (1) B(g(1)B(g (1)) }x (g (1). 27

Dividing both sides of the above inequality by x(g**!(¢)), we get a contradiction with (11).
This completes the proof. O

Remark 3. In the particular case when I = N and g(n) = n+ 1, from iterative functional
equations, we obtain recurrence equations. So, results obtained in this paper can be ap-
plied to recurrence equations, too. For example, condition (10) applied to the second-
order linear difference equation of the form

cm)x(n+1)+c(n—1)x(n—1) = b(n)x(n), (28)
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where n € N,b,c: N — (0,00), gives the result obtained by Hooker and Patula in [4,
Theorem 5]. However, condition (11) applied to (28) improves the result presented in
[3, Theorem 2.3]. Namely, this theorem has the following form: if for some sequence

Mg — 0,

[C(Hk)]2 . [C(nk4-1)]2

b(ng)b(ng+1)  b(n+1)b(np+2) (29)

then every solution of (28) is oscillatory. On the other hand, condition (11) applied to
(28) has the form

{ [c(n)]2 N [c(n+1)]2 N [c(n+1)]2 [c(n+2)]2 }>1

limsup

n—oo

b(n)b(n+1) bn+1)b(n+2) bn+1)b(n+2)b(n+2)b(n+3)
(30)

If we consider (9) with s =1, I = N, and g(n) = n+ 1, then from Theorem 2, we obtain
conditions of [8, Theorems 5 and 6].

Now we give another condition for the oscillation of all solutions of (9). It can be
applied when Theorem 2 is not satisfied.

THEOREM 4. Suppose that

Alg())B(H) =850, < ifortel, (31)

lilmsup {A(g(0)B(t) + A(g* (1)) B(g(1))
o (32)
+A(g%(1)A(g*(1))B(g()B(g*(1)} >1- 8%,

where A and B are as previously given. Then all solutions of (9) are oscillatory.

Proof. Let x(t) >0, for t € I, t; = 0, be a nonoscillatory solution of (9). Then, as in the
proof of Theorem 2 for t € I,,, t, = t, inequalities (16) and (19) hold. So, inequality (20)
is also true. Thus, for sufficiently large ¢, inequalities (21) and (26) are also satisfied. From
(21) for i = 0, we have

x(g°(1)) = B(t)x(g (1)),

33
A(g(1)x(g°(t)) = A(g(1))B()x(g*" (1)). 3
Using assumption (31) in the above inequality, we obtain
A(g(n)x(g° (1)) = dx (g (1)). (34)
The last inequality gives
A()x(g (1) = dx(g(1)),
(Bx (g™ (1) = ox(g*(1)) (35)

AMA(g(1)x(g 1 (1) = 8x (g (1)).
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Now applying the last inequality in (26), we have

x(g1(1) = 8%x (g (1))
+{A(g(1)B(t)+A(g*(t))B(g(1)) (36)
+A(g*(1))A(g(1))B(g(0)B(g* (1)) tx (g™ (1)).

Now dividing both sides of the above inequality by x(g**!(¢)), we obtain

1-6%= {A(g(1)B(t) + A(g* (1) B(g (1) 37)
+A(g*(1))A(g (1) B(g(1)) B(g*(1))}.
The last inequality contradicts assumption (32). Thus, the theorem is proved. O

Remark 5. The theorems given in this paper are analogous to those presented in [9] but
conditions given in both papers are independent. For example, from [9, Theorem 1], it
follows that every solution of (9) is oscillatory if

m—s+1

m—s+2
hmmfZQ ) [1 P(gi+f(t))><m_5“) , (38)
j=1

Iot—c0 * m—s+2

i=0

where

s—2
P(t):ZQk HQsH 1) + Qi (1),
(39)
Qt) = Z Qi (1) Qurs—ks1 (€575(1)) + Quusa (8).

k=s+1

In order to show the independence of conditions (10) and (38), we consider the following
iterative functional equation:

MO+ x4+ 1)+ it 43) 4 [2x(t+4), 150, (40)

x(t+2) = [t] 501 50

In this equation, m = 3, s = 2, and g(t) = t+ 1. Thus, condition (10) takes the form

hft{lglf [Qu(t+1)Qs(t— 1)+ Qu(t+1)][Q3(t) + Qa(t)Qi(t +2)]

. 1 15(t—1) 4 15t ., 4 361 1 (4D
- lim ¥ |+ 10 |- 5m5 < 3
[t+12 50  50(¢+1) |1 50 50(£+2) 1~ 2500 4
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and is not fulfilled. But the above-mentioned equation has only oscillatory solutions be-
cause for this equation, condition (38) has the form

3
liminf [QOP(¢(0) P(&(0) + QPP > (2), @)
where

P(t) = Qi (1) + Qo(1)Qs (g 2(1)),

(43)
Q1) = Qs(1)Q3(g (1)) + Q4(t),

and is satisfied because

(115t 15(t+1) 1 15(t—1) 4
}ir?o{[w 50 +[t]2][[t+1]2 50 +50(t+1)]

of 1 15t 4
[t+2]2 50  50(t+2)

15(¢+1) 15(t+2) 2 1 15¢ 4
+[ 50 50 +[t+”][[t+z]2¥+50(t+z)] 4

S IR ICE VI
[t+3]2 50 50(t +3)

2\3
=0.314792 > (5) .

Now we consider the iterative functional equation of the form

x(t+2) = 3[1)°

S0 Lx(t )+ La(t+3)+

x(t+4), t>0. (45)
The above-mentioned equation possesses only oscillatory solutions too. For this equa-
tion, condition (38) is not true but condition (10) is satisfied.
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ON CERTAIN COMPARISON THEOREMS FOR HALF-LINEAR
DYNAMIC EQUATIONS ON TIME SCALES

PAVEL REHAK

Received 9 October 2002

We obtain comparison theorems for the second-order half-linear dynamic equation
[r(t)(ID(yA)]A + p(H)®@(y°) = 0, where ®(x) = |x|* 'sgnx with « > 1. In particular, it
is shown that the nonoscillation of the previous dynamic equation is preserved if we
multiply the coefficient p(t) by a suitable function g(t) and lower the exponent « in the
nonlinearity @, under certain assumptions. Moreover, we give a generalization of Hille-
Wintner comparison theorem. In addition to the aspect of unification and extension, our
theorems provide some new results even in the continuous and the discrete case.

1. Introduction

In [17], it was shown that the basic results (in particular, the Reid roundabout theorem
and, consequently, the Sturmian theory) known from the oscillation theory of the Sturm-
Liouville differential equation

(r(y") +p(t)y =0 (1.1)

can be extended to the half-linear dynamic equation

[r(HD(y*)]* + p()D(y7) =0 (1.2)

on an arbitrary time scale T (i.e., a closed subset of R), where 7(t) and p(t) are real right-
dense continuous (rd-continuous) functions on T with 7(£) # 0 and ®(x) = |x|¥ ! sgnx
with a > 1. Moreover, in the same paper, it was proved that under the assumption of a
right-dense continuity of the coefficients (¢) and p(t), the initial value problem involving
(1.2) is uniquely solvable. The terminology half-linear is justified by the fact that the space
of all solutions of (1.2) is homogeneous, but not generally additive. Thus, it has just half of
the properties of a linear space. Equation (1.2) covers the half-linear differential equation
(when T =R)

[r(H®(y)] + p(t)®(y) = 0 (1.3)
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and the half-linear difference equation (when T = Z)

Alrc®@(Ayk) ] + pe®@ (yrs1) = 0. (1.4)

Furthermore, (1.1) is a special case of (1.3) (when a = 2), and if ® = id (i.e., « = 2), then
(1.4) reduces to the Sturm-Liouville difference equation

A(rkAyk) + pryrer = 0. (1.5)

Finally, the linear dynamic equation

(r()y)* +p(1)y” =0, (1.6)

which covers (1.1) and (1.5) when T = R and T = Z, respectively, is a special case of
(1.2) (when « = 2). It means that the theory of (1.2) unifies and extends the theories of
all mentioned equations and also explains some discrepancies between them. Note that
the basic results concerning oscillatory properties of (1.1), (1.5), (1.6), (1.3), and (1.4)
can be found, for example, in [9, 15, 16, 20], [1, 2, 11], [3], [5, 6, 13], and [17, 18, 19],
respectively.

The most important oscillatory properties of (1.2) are described by the so-called Reid
roundabout theorem; see [17, Theorem 2]. There are several important consequences
of this theorem; two of them—the Riccati technique and the Sturm-type comparison
theorem (see the next section)—are used to prove our results.

In this paper, we present two types of comparison theorems. The first one actually con-
tains two statements. First, we give a condition in terms of the inequality between the inte-
grals [~ p(s)Asand [ P(s)As (i.e., we compare the coefficients “on average;” note that in
the classical Sturm-type theorem, the coefficients are compared “pointwise”), where P(t)
is the corresponding coefficient to p(t) of the equation which is compared with (1.2). This
statement unifies and generalizes [12, Theorem 2] and [18, Theorem 4], and for histori-
cal reasons, it can be called of Hille-Wintner type. Note that in [12] (this paper concerns
(1.3)), the coefficient p(¢) is assumed to be nonnegative. Second, we assume the condition
in terms of the inequality between the exponents of the power function ®. This enables,
among others, to compare a half-linear equation with a linear one. Note that, in this sense
(i.e., the relation between two equations with different nonlinearities), the statement is
new even in the continuous case (i.e., when T = R). In the proof, we combine the Riccati
technique with the application of the Schauder fixed-point theorem. Our second type of
comparison theorems says that, under certain additional conditions, the (non)oscillation
of (1.2) is preserved when multiplying the coefficient p(t) by a suitable function g(¢). It
extends the result in [7] and its proof is based on the Riccati technique.

The paper is organized as follows. In Section 2, we give basic information concerning
the calculus on time scales, some auxiliary statements including the Riccati technique,
and a background for an application of the Schauder fixed-point theorem. The main
results—comparison theorems—are proved in Section 3, where some comments and an
example can also be found.
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2. Preliminaries

We start with introducing the following concepts related to the notion of time scales. It
was established by Hilger in his Ph.D. dissertation in 1988; see [10]. We refer to [3] for
additional details concerning the calculus on time scales. Let T be a time scale (i.e., a
closed subset of R). We assume throughout that T has the topology that it inherits from
the standard topology on the real numbers R. Because of the character of our result,
we suppose that supT = co. Define the forward jump operator a(t) at t € T by o(t) :=
inf{7 > t:7 € T}, and the backward jump operator p(t) at t € T by p(t) := sup{r < t:
7€ T}. If o(t) > t, we say t is right-scattered, while if p(t) < t, we say t is left-scattered. If
o(t) = t, we say t is right-dense, while if p(t) = t, we say t is left-dense. We will also use
the notation p(t) := o(t) — t which is called the graininess function. A function f: T — R
is called (delta) differentiable at t € T with (delta) derivative f2(t) € R if there exists the
(finite) limit

NP . f(O'(S)) *f(t)
fr = SHtl,IJI(r.})#t o(s)—t 2.1
We use the notation f7(t) = f(o(t)) for t € T, that is, f° = f o 0. The notations [a,b],
[a,b), [a, ), and so forth denote time scales intervals. A function f : T — R is said to be
rd-continuous provided that f is continuous at right-dense points in T and at left-dense
points in T, left-hand limits exist and are finite. We write f € C,4(T). The integral of a
rd-continuous function f (it indeed exists) is defined by means of the antiderivative F,
that is, fabf(t)At = F(b) — F(a), where F is such that F* = f.

We say that a solution y of (1.2) has a generalized zero at t in case y(t) = 0. We say y
has a generalized zero in (¢,0(t)) in case r(¢) y(t) y(o(t)) < 0 and u(t) > 0. We say that (1.2)
is disconjugate on the interval [g, b] if there is no nontrivial solution of (1.2) with two (or
more) generalized zeros in [a,b].

Equation (1.2) is said to be nonoscillatory (on [a,)) if there exists ¢ € [a, ) such
that this equation is disconjugate on [c,d] for every d > c. In the opposite case, (1.2)
is said to be oscillatory (on [a,)). Oscillation of (1.2) may be equivalently defined as
follows. A nontrivial solution y of (1.2) is called oscillatory if it has infinitely many (iso-
lated) generalized zeros in [a,0). By the Sturm-type separation theorem, see [17, The-
orem 3], one solution of (1.2) is (non)oscillatory if and only if every solution of (1.2) is
(non)oscillatory. Hence, we can speak about oscillation or nonoscillation of (1.2).

The classical Sturm’s result can be generalized as follows, see [17, Theorem 3].

ProrosiTioN 2.1 (Sturm (or Sturm-Picone)-type comparison theorem). Consider the
equation

[R()D(y*)]* +P(H)D(y°) =0, (2.2)

where R and P satisfy the same assumptions as r and p. Suppose that r(t) < R(t) and
P(t) < p(t) on [T, ) for all large T. Then (1.2) is nonoscillatory implying that (2.2) is
nonoscillatory.
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Along with (1.2) (defined on a time scale interval of the form [a, o)), consider the
generalized Riccati dynamic equation

Rw] := wh +p(t) +SL[w,r;a](t) =0, (2.3)

where

Sw,r;a] —hm

"
Aeu A ( d)((l)*l(r)+/1d>*1(w)))' (24)

As we will see, it is related to the original equation by the Riccati-type substitution w(t) =
r(t)®[y2(£)/y(t)]. Observe that

{gz(i; |W|ﬁ}(f) for right-dense t,
Lw,r;a](t) = (2.5)

{% (1 ECE) :-‘uCD*l(w)) ) }(t) for right-scattered ¢,

where the 'Hopital’s rule is used in the first case, ®~! denotes the inverse of @ (i.e.,
®~!(x) = |x|P~!sgnx), and B is the conjugate number of « (i.e., 1/a+1/f=1).

The proof of the following statement is based on the Reid roundabout theorem and
Sturm-type comparison theorem (see [17, Lemma 14]), and it is usually referred to as the
Riccati technique.

ProrosiTioN 2.2 (Riccati technique). Equation (1.2) is nonoscillatory if and only if there
exists T € [a,00) and a function w satisfying the generalized Riccati dynamic inequality
RIw](t) <0 with {O1(r) +u® Y(w)}(t) >0 fort € [T, ).

A behavior of the operator & with respect to its arguments will be described by the
properties of the function

J
S(x,y,a) = hm 3 ( DO 1(y) +)Ld)‘(x))>' (2.6)

Note that the function S can be understood as a “half-linear generalization” of the func-
tion x?/(y + ux) that corresponds to the operator occurring in the Riccati dynamic equa-
tion associated to linear dynamic equation (1.6), and hence a similar behavior of these
functions can be expected in a certain sense.

LemMa 2.3. The function S has the following properties:
(i) let y > 0, then x(05/9x)(x, y,a) = 0 for ®1(y) + u® 1(x) >0, where (9S/0x)(x, y, )
=0ifand only if x = 0;
(ii) S(x, y,a) = 0 for @~ (y) + u®~!(x) > 0, where the equality holds if and only if x = 0;
(iii) ifx >0, y >0, and

. (1+A2)In(14+Az) — Azlnz
=lim

lim 1 >0, (2.7)

where z := (x/y)" @V, then (98/9a)(x, y,&) = 0
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Remark 2.4. (i) Using the UHopital’s rule, we have y = z — zInz when y = 0.
(ii) It is easy to see that if 4 > 1, then y > 0, since

. In(1+pz) +pzln ((1+pz)/z)
¢

. (2.8)

On the other hand, if 4 € [0,1), then z being small (more precisely, z < 1, but in fact, the
right-hand side may be greater than 1; it depends on y) is a sufficient condition for y to
be nonnegative. We notice how the graininess function plays the role in the monotone
nature of S. Observe that S is not always nondecreasing with respect to «, even when
x,y>0.

(iii) In view of the last remark, if, for example, w(t) >0, r(¢) > 0, lim;_ w(¢) = 0, and
liminf, .. r(t) >0, then 0F (w(t),r(t);)/0a = 0 for large t. It is clear that the last two
conditions may be dropped when u(t) > 1 eventually.

Proof. For the proof of (i) and (ii), see [17, Lemma 13].
To prove the property (iii), first note that for y > 0, the function S can be rewritten as

X o\ VD) 1-a
S(x,y,oc)=;[l—(l+y<;> ) ], (2.9)

while for u = 0 it takes the form S(x, y,&) = (a — 1)x (x/y)V V. Differentiating S with
respect to «, using the known rules, we get

g—z = g(lwz)-“[uwz)ln(lwz)—yzlnz] (2.10)

in case y > 0. If y = 0, then we obtain 0S/da = x(z — zInz). In view of the assumptions of
the lemma, Remark 2.4(i), and the equality

.0 \x x\ VD e

ima 5 (06) )
ol . «x x\ VD e
i (nG) ) )

we get the statement. O

(2.11)

The next lemma claims that, under certain assumptions, an eventually positive solu-
tion of (nonoscillatory) equation (1.2) has an eventually positive delta-derivative, conse-
quently, (2.3) has a positive solution.

LEMMA 2.5. Assume that r(t) >0,

t—o0

t t
liminfj p()As = 0, hrtninfj p()As £0, (2.12)
T —® T
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forall large T, and

JOO 1P (s)As = oo. (2.13)

If y is a solution of (1.2) such that y(t) >0 for t € [T, o), then there exists Ty € [T, ) such
that y2(t) >0 fort € [T}, ).

Proof. The proof is by contradiction. We consider the following two cases.
Case 1. Suppose that y2(¢) < 0 for t € [T, ). Then also [®(y)]2(t) <0 for t € [T, )
since

[D()]* (1) = %ﬂy(f)]yA(t) — (a— )|y <0 (2.14)

by [3, Theorem 1.87], where t < & < o(t). Another argument for [®(y)]*(¢) < 0 is that if
y is decreasing, then @(y) is decreasing as well because of the properties of the function
®. Without loss of generality we may assume that T is such that [; p(s)As = 0, t € [T, ),
reasoning as in [7, Proof of Lemma 13]. Define Q(t,T) = [; p(s)As. The integration by
parts gives

j p(s)d>[y”(s>]As=j QA (s T)D(y°(s))As
T T

t (2.15)
- QETIO(0) - | Qs TI@(y(s)] 8520,
Integrating (1.2), we have, using the last estimate,
HO® (YA (1) = r(T)D(yN(T)) = L [H(HD(5())]*As <. (2.16)
Hence,
yAt) < DY) (2.17)

rB=1(t)

fort € [T, ). Integrating (2.17) for t > T, we see that y(¢) — —oo by (2.13), a contradic-
tion. Therefore, y*(t) < 0 cannot hold for all large ¢.

Case 2. Next, if y2(t) # 0 eventually, then for every (large) T € [a, o), there exists Ty €
[T,0) such that y*(T,) < 0 and we may suppose that liminf; ., [; p(s)As > 0. Since
y(t) >0 for t € [T, ), the function w(t) = r(t)®[y*(t)/y(t)] satisfies the generalized
Riccati equation (2.3) with {®~1(r) + u® 1(w)}(t) >0 for t € [T, ). Integrating (2.3)
from Ty to ¢, t = T, gives

w(t) =w(Tp) — JT p(s)As— L P(w,r;a)(s)As. (2.18)



Pavel Rehdk 303

Therefore, it follows that limsup,_ , w(t) <0, using the facts w(Ty) < 0, w(t) is eventually
nontrivial, and (2.12) holds. Indeed, there is M > 0 such that f;o S(w,r;a)(s)As = M and
f;o p(s)As = —M/2 for all large t. Hence, there exists T} € [T, o) such that w(t) <0 for
t € [Ty, ) and so y2(t) < 0 for t € [T}, ), a contradiction to the first part. O

In the next lemma, a necessary condition for the nonoscillation of (1.2) is given in
terms of solvability of generalized Riccati integral inequality under certain assumptions.
Note that a closer examination of the proof of Theorem 3.1 shows that this condition is
also sufficient.

LemMa 2.6. Let the assumptions of Lemma 2.5 hold and assume further that |, p(s)As =
lim;_ o f;p(s)As is convergent. Let y(t) be a solution of (1.2) such that y(t) >0 for t €
[T, ). Then there exists T € [T, ) such that

w(t) = Lm p()As+ Lw P (w, r;c)(s)As (2.19)

for t € [Ty, ), where w(t) = r(t)®[y(¢)/y(t)] > 0.

Proof. From Lemma 2.5, there exists T} € [T, o) such that w(t) >0 for t € [T}, ) and w
satisfies (2.3) for t € [T, o) (clearly, with {®~!(r) + u® (w)}(t) > 0). Integrating (2.3)
fromttos,s=t= T, weget

wie) =i+ [ p©ag+ [ Fomra©as o (2.20)

Therefore,
0<wis) <wit) - [ pe1ag (221)

and hence,
W)= [ p©ag+ [ Fonra©ne (2.22)
for s> t > T;. Letting s — oo, we obtain (2.19). O

In the last part of this section, we give a background for the application of the Schauder
fixed-point theorem. It will be used in the proof of Theorem 3.1. We start by recalling the
Schauder theorem that is applicable for our setting in dynamic equations.

ProrosITION 2.7 (Schauder fixed-point theorem, [8, Theorem 6.44]). Let N be a normed
space and X be a nonempty, closed, convex subset of N. If I is a continuous mapping such
that T (X) € X (i.e., mapping X into itself) and I (X) is relatively compact, then I has a
fixed point in X.

Denote with C%[a, 00) the linear space of all continuous functions f : [a, ) — R such
that SUP; e [4,00) | f(£)] < 0. Define this supremum to be the norm || || = SUP; e [4,00) [f(D)].
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The following statement can be understood as a time scale version of the Arzela-Ascoli
theorem. For the discrete analog of this well-known theorem, see [4, Theorem 3.3]. Note
that for T = N we get C¥; = £, and condition (ii) in the next lemma holds trivially.

Lemma 2.8. Let X be a subset of Cg[a, ) having the following properties:

(i) X is bounded;
(ii) on every compact subinterval ] of [a, ), there exists, for any ¢ >0, § > 0 such that
ti,t €], It — 2| < 8 implies | f(t1) — f(t2)| < e forall f € X (i.e., the functions of
X are locally equicontinuous);
(iii) for every e >0, there exists b € [a, o) such that t,,t, € [b, o) implies | f () — f(t,)]
<eforall f € X (in the “discrete terminology,” X is said to be uniformly Cauchy).

Then X is relative compact.

Proof. By [8, Theorem 6.33], it is sufficient to construct a finite e-net for any ¢. Since
the proof is more or less obvious, we mention just some of its important points and
omit details. In view of the properties (i), (ii), and (iii), it is possible to construct a two-
dimensional grid, where the vertical values are the elements yi,...,y, € R, =K = y; <
¥y <+ < ym =K, K being such that || ]| <K for all f € X, and sufficiently close to
neighbors, that is, yi+1 — y; is a sufficiently small number depending on ¢. The horizontal
values xy,...,x, € T,a =x; <x, < - - - < x, = b, are sufficiently close to their neighbors in
the sense that if they are close to dense points, the differences of the values of f (f € X) at
these points are small—depend on ¢ (this is possible thanks to the local equicontinuity)—
or they are isolated and sufficiently far from each other; b = a being such that | f(#,) —
f(t2)] is sufficiently small (depends on &) whenever t,, t, € [b,») for all f € X. Such b
exists thanks to the property (iii). Now, having such grid for any f € X, we can construct
a linear fractional function g which approximate f (in fact, || f — gll < €). The number of
functions g constructed in this way is finite and thus the set of such functions forms a
finite e-net for X. O

3. Main results

We start with Hille-Wintner-type comparison theorem involving also the condition in
terms of the change of the exponents in the power function ®. Along with (1.2), consider
the equation

[R()®a(x2)]" + P(£) s (x%) =0, (3.1)
where R and P satisfy the same assumptions as r and p, and Qg(x) = |x|% 1 sgnx with

a>1.

THEOREM 3.1. Assume 0 < R(t) < r(t),

0< fo p(s)As < fc P(s)As (3.2)
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for all large t (in particular, these integrals exist as finite numbers),
| R (3.3)

with > 1 being the conjugate number to & and 1< a < & Further, suppose that
liminf,_ R(t) > 0 when u(t) # 1 eventually (if u(t) > 1 eventually, then this condition may
be dropped—see also Remark 2.4). If (3.1) is nonoscillatory, then so is (1.2).

Proof. By Lemma 2.6, the assumptions of the theorem imply the existence of a function z
(actually, z = R®;(x"/x), x being an eventually positive increasing solution of (3.1)) and
T € [a, ) such that

z(t) = Lw P(s)As+ Loo P (z(s),R(s);&) As =: Z(¢t) (3.4)

with z(t) > 0 for t = T. Without loss of generality, we may assume that (3.2) holds for
t > T. Define the set Q = {w € CE[T,):0 < w(t) < Z(t) for t > T} and the operator
T :Q — CE[T,) defined by

T (w)(t) = Lw p()As+ fo P (w(s), R(s); @) As (3.5)

for w € J. In view of the assumptions of the theorem and the properties of ¥, the oper-
ator J is well defined. It is very easy to see that Q is closed and convex.

We show that J maps Q into itself. Suppose that w € Q and define v(t) = I (w)(¢),
t > T. Obviously, v(¢) = 0 for t > T. We prove that v(¢) < Z(t). First note that since
w e Q is small for large ¢ and liminf,_« R(¢) >0 (provided that u(t) # 1 eventually),
we have w(t)/R(t) <1 for large ¢ (without loss of generality, we may suppose that T is
such that Z(t)/R(¢) < 1 for t = T in case pu(t) # 1 eventually), and so the assumptions of
Lemma 2.3(iii) are satisfied (see also Remark 2.4). Now we get

v(t) = Jmp(s)As+ Joo P (w(s),R(s);a)As
< JOOP(S)A5+Jmff(w(s),R(s);oc)As (3.6)

< Jw P(s)As+ Jw P (w(s), R(s);@) As < Z(1)
t t

by the assumptions of the theorem and by Lemma 2.3. Hence 7 (Q)) C Q.

According to Lemma 2.8, to prove the relative compactness of J(Q), it is sufficient
to verify that conditions (i), (ii), and (iii) hold for J(Q). Clearly, J7(Q) C Q implies
the boundedness of J(Q). In view of the definition of 7, for any w € Q, we have 0 <
—(Tw)2(t)=p(t) + L(w(t),R(t);a) < p(t) + F(z(¢),R(t); &), which proves the equicon-
tinuity of the elements of J(Q). Finally, we verify that J(Q) is “uniformly Cauchy.”
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Let ¢ > 0 be given. We have to show that there exists fy € [T, ») such that for any #,,#, €
[£0, 00), it holds that | T (w)(t;) — T (w)(£2)| < € for any w € Q. Without loss of generality,
suppose that #; < t,. Then we have

t t
(Tw) (1) = Tw) (1) | < Ut p(s)As +L P (w(s), R(s); ) As. (3.7)

Since the integrals in (3.7) are convergent, for any ¢ > 0, one can find #y € [T, ) such
that

t c t c
’ L p(s)As| < > t P (w(s),R(s);a)As < 2 (3.8)

whenever t, > t; > t;. From here and (3.7), we get the desired inequality. Hence, T (Q) is
relatively compact.

The last hypothesis, which has to be verified, is the continuity of & in Q. Let {w,},
n € N, be a sequence in Q which uniformly converges on every compact subinterval
of [T, ) to w € Q. Because J(Q) is relatively compact, the sequence {J (w,,)} admits
a subsequence {J (wy,)} converging in the topology of Cfs[T,) to v. The inequality
F(wn, (t),R(t); ) < F(2(1),R(t);&) implies that the integral e F(wn,(s),R(s); ) As is to-
tally convergent. Hence, by the Lebesgue dominated convergence theorem on time scales,
see [14], the sequence {J (w,,)} converges to J (w). In view of the uniqueness of the limit,
T (w) = 7 is the only cluster point of the sequence {J (w,)} that proves the continuity of
T in Q.

Therefore, it follows from Proposition 2.7 that there exists an element w € Q such that
J (w) = w. In view of how the operator J is defined, this (positive) function w satisfies
the equation

w(t) = fo p(s)As+ Lw P (w(s), R(s); @) As, (3.9)

t > T, and hence, also the equation w” + p(£) + FP(w,R;)(£) = 0, clearly, with ®~1(R) +
p®~(w) > 0. Consequently, the function y, given by

p-1
y(T)=A#0, yA=(%) Vs (3.10)

t > T, isanonoscillatory solution of [R(£)®(y*)]* + p(t)®(y°) = 0, and hence, this equa-
tion is nonoscillatory. The statement now follows from Proposition 2.1. O

Remark 3.2. (i) A closer examination of the previous proof shows that the necessary
condition for nonoscillation of (1.2) in Lemma 2.6 is also sufficient.

(ii) It is not difficult to make the following observation. If (2.13) holds, p(t) = 0 (and
eventually nontrivial) for all large ¢, [.° p(s)As converges, and (1.2) has a positive so-
lution y, then the nonnegative function w(t) = r(t)®[y*/y] (in fact, it is a solution of
(2.3)) is eventually nonincreasing and converges to zero. Moreover, it satisfies the integral
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equation

0

w(t) = Fp(s)As-i— L F(w(s),r(s);a)As. (3.11)

Clearly, the solvability of (3.11) is also a sufficient condition for the nonoscillation of
(1.2). In this case, it is possible to prove the comparison theorem involving the con-
dition in terms of the inequality between exponents of the nonlinearities immediately
by the Riccati technique without using the Schauder fixed-point theorem. Indeed, we
have 0 = w2(t) + p(t) + L[w,r;a] = wh(t) + p(t) + F[w,r;a] for large t provided that a >
& >1 and liminf;.. r(t) >0 (when u(t) # 1 eventually). The fact that [r(t)®s(y*)]* +
p(t)Da(y?) = 0 is nonoscillatory then follows from Proposition 2.2. In view of Remark
2.4, the statement can be proved in this way even under the assumptions of Lemma 2.5,
provided that u(f) = 1 eventually, since we do not need a solution of (2.3) to be close to
zero. In particular, this is satisfied in the discrete case, that is, T = Z.

Now, we mention a few background details which serve to motivate our second main
result. Along with (1.2), consider the equation

[F()®(y*)]* +Ap(1)®(y) =0, (3.12)

where A is a real constant, and assume that 7(¢) > 0. We claim that if (1.2) is nonoscillatory
and 0 <A < 1, then (3.12) is also nonoscillatory. If p(t) > 0, then this statement follows
immediately from the Sturm comparison theorem (Proposition 2.1). If p(¢) may change
sign, then dividing (3.12) by A, we obtain an equivalent equation which is nonoscillatory
again by the Sturm theorem. This can be analogously done for oscillatory counterparts. If
the constant A is replaced by a function g(t), then the situation is not so easy (when p(t)
may change sign; otherwise the Sturm theorem can be applied immediately). The follow-
ing statements give an answer to the question “what are the conditions which guarantee
that the (non)oscillation of (1.2) is preserved when multiplying the coefficient p(t) by a
function ¢(#)?” They generalize [7, Theorem 7, Corollary 8]. Along with (1.2), consider
the equation

[R(OD(x*)]* +q()P(1)D(x7) = 0, (3.13)

where R and P satisfy the same assumptions as r and p.

TuEOREM 3.3. Assume that q(t) € Cly[a,00), 0 < r(t) < R(t), P(t) < p(t), 0< q(t) <1,
and q®(t) < 0. Further, let (2.12) and (2.13) hold. Then (1.2) is nonoscillatory implying
that (3.13) is nonoscillatory.

Proof. The assumptions of the theorem imply that there exists a solution y of (1.2) and
T € [a,) such that y(¢) >0 and y(t) >0 on [T,o) by Lemma 2.5. Therefore, the
function w(t) := r(t)@(y2(¢)/y(t)) > 0 satisfies (2.3) with {®71(r) + u® 1 (w)}(t) >0
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n [T, ). We have

qS[w,r;a] = hm "q

_ rq
Ay A (1 CD[CD‘I(Q)CD‘l(r)+A<D‘1(q)®‘1(w)]) (3.14)
=Sqw,qr;al.

Now, multiplying (2.3) by g(t), we get
wh(t)q(t) + p(H)q(t) + Fqw, qr; el (1)
> wA(t)q(t) +P(t)q(t) + F[qw,qr;a(t)

wh(t)q(t) +w (£)g" (1) + P(t)q(t) + F[qw, qr;al (t)
= (wq) (t) +P(t)q(t) + Fqw,qr;al(t)

(3.15)

for t € [T, ). Hence, the function v(t) = w(t)q(t) satisfies the generalized Riccati in-
equality v2(t) + P(t)q(t) + ¥[v,qr;a](t) < 0 with

{071 (gr) +p@ (W)} (1) = 0 HY{O (1) + @~ (W)} () >0 (3.16)
for t € [T, o). Therefore, the equation
[q(O)r(D(x2)]* +q(H)P(H)D(x7) =0 (3.17)

is nonoscillatory by Proposition 2.2, and so (3.13) is nonoscillatory by Proposition 2.1
since q(t)r(t) < r(t) < R(¢). O

TaEOREM 3.4. Assume that q(t) € Cly[a, ), 0 < R(t) < r(t), p(t) < P(t), q(t) = 1, and
q*(t) = 0. Further, let

¢
lirtninfj q(s)P(s)As > 0, llmlan q(s)P(s)As # 0, (3.18)
Sl o

forall large T, and

Jle_ﬁ(s)As - . (3.19)

Then (1.2) is oscillatory implying that (3.13) is oscillatory.

Proof. Suppose, by a contradiction, that (3.13) is nonoscillatory. Then there exists a solu-
tion x of (3.13) and T € [a, ) such that x(¢) >0 and x*(¢) >0 on [T, %) by Lemma 2.5.
Therefore, the function v(t) := R(£)®(x2(¢)/x(t)) > 0 satisfies

VA1) +q(t)P(t) + S v, R;a] (t) = 0 (3.20)

with {O7H(R) +u®~1(v)}(¢) >0 on [T, o). We have

vA(t) vABg()  v(g (1) _ (M)A (3.21)

at)y = @ g q(t)
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at right-dense ¢, while

q(t)

VvA() Vv (t) ) v v(t) :<v(1‘)>A (3.22)
q(t)  ult)g(t) wul)g(t) w(t)go(t) u(t)q(t) '

at right-scattered t. Dividing (3.20) by q(¢) and using the above estimates, we get

A
1 al(t) > (YO v R
#P(O)+ I Raln) 2 (q(t)) +p(t)+8’[q, q,cx](t) (3.23)

VA
0= q(t)

for t € [T, ). Hence, the function w(t) = v(t)/q(t) satisfies the inequality w2 () + p(t) +
Sw,R/g;al(t) < 0with {O~1(R/q) + @~ (w)} >0 fort € [T, ). Therefore, the equation

A
R(t) A g\ —
[q(t)w >] £ p(D() =0 (3.21)

is nonoscillatory by Proposition 2.2. Now, since R(t)/q(t) < R(t) < r(t), (1.2) is nonoscil-
latory by Proposition 2.1, a contradiction. O

Remark 3.5. A closer examination of the proofs shows that the last two theorems can be
improved in the following way (assuming the same conditions).

Theorem 3.3: (1.2) is nonoscillatory implying that (3.17) is nonoscillatory.

Theorem 3.4: (3.24) is oscillatory implying that (3.13) is oscillatory.

Our theorems then follow from the above by virtue of the Sturm-type comparison
theorem.

We conclude the paper by the following application of Theorem 3.3.

Example 3.6. Let T = Z. Then u(t) = 1, f2(t) = Af(t), and f:f(ﬂAt: b1 (¢). Fur-
ther, let #(¢) = [(t+ 1)1 — tF-1]1-* and
y A=1)

tt+1) o (3.25)

p(t) =

where y and A are real constants. It is easy to see that p(¢) changes sign for A # 0. Moreover,

y=A<t> p(s)<y+A, (3.26)
s=t

t—1

S rihs) =P — oo (3.27)

s=0

as t — co.In [17], it was proved (on general T) that (1.2) is nonoscillatory provided that

u)r' P 0

im 5 =
t—o0 1-B A
JartF()As (3.28)

20c—1<(x—1

a—1 _ a—1
) <liminfsi(t) < limsupsd(£) < - ("‘ 1) :
04 (44 t—oo 04

t—oo
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where
t a—1 roo
sA(t) = (J rl-ﬁ(s)As> j p($)As. (3.29)
a t
Hence, if y > A >0 and
_ a—1
y+/\<l<“ 1) , (3.30)
a\ «

then (2.12) holds, (1.2) is nonoscillatory because of (3.26), and

Aty =t> p(s). (3.31)
Consequently, equation
Y A(=1)t
(40P =) o))+ (9 A o)~ )

where g(f) is any nonincreasing sequence between 0 and 1, is also nonoscillatory by
Theorem 3.3.
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ON LINEAR SINGULAR FUNCTIONAL-DIFFERENTIAL
EQUATIONS IN ONE FUNCTIONAL SPACE

ANDREI SHINDIAPIN
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We use a special space of integrable functions for studying the Cauchy problem for linear
functional-differential equations with nonintegrable singularities. We use the ideas de-
veloped by Azbelev and his students (1995). We show that by choosing the function y
generating the space, one can guarantee resolubility and certain behavior of the solution
near the point of singularity.

1. Linear Volterra operators in A, spaces

We consider the following n-dimensional functional-differential equation:

Px i+ (K + )i+ Ax(0) = , (1.1)
where
t
(Ky)(t) = L K(t,5)y(s)ds, (1.2)
_ | Btylg®] ifg(t) € [0,1],
(S7)(0) = {o if g(£) & [0,1]. (13)

The case where K and S are continuous on L, [0, 1] operators is well studied (see, e.g., [1]
and the references therein). Here we suppose that the functions K(#,s) and B(f) may be
nonintegrable at = 0. More precisely, we will formulate conditions on operators K and
S in Sections 2 and 3. Under such conditions, those operators are not bounded on L[0, 1]
and one has to choose other functional spaces for studying (1.1). We propose a space of
integrable functions on [0,1] and show that it may be useful in such a case.

We call Aﬁ space the space of all measurable functions y: [0,1] — R”", for which

1 h 1/p
yllap = sup W(L |y(s)|pds> < o0, (1.4)

0<h<1

Copyright © 2004 Hindawi Publishing Corporation

International Conference on Differential, Difference Equations and Their Applications, pp. 313-321
2000 Mathematics Subject Classification: 34K10

URL: http://dx.doi.org/10.1155/9775945143


http://dx.doi.org/10.1155/9775945143

314  On linear singular FDE

We assume everywhere below that ¥ is a nondecreasing, absolutely continuous func-
tion, ¥(0) =0

THEOREM 1.1. The space A{,), is a Banach space.

Let X[a,b], Y[a,b] be spaces of functions defined on [a, b].

We will call V': X[0,1] — Y[0, 1] the Volterra operator [3] if for every & € [0,1] and for
any x1,x; € X[0,1] such that x;(¢) = x,(¢) on [0,&], (Vx1)(¢) = (Vx2)(¢) for ¢ € [0,1].

It is possible to say that each Volterra operator V : X[0,1] — Y[0,1] generates a set
of operators Vi : X[0,&] — Y[0,&], where & € (0,1]. By yg, we denote the restriction of
function y defined on [0, 1] onto segment [0,¢].

THEOREM 1.2. Let V : L — L be a linear bounded operator. Then V is a linear bounded
operator in Al and VIlge < IVl

Proof. Let y € Al. Then

1
||V)’||Aﬁ = sup V/(h)H VE}’E)”L[o,g]p

1 (1.5)
< sup —=||VellpoqllyellLiog < VLIl
0<h<1 (h) |:|
THEOREM 1.3. Let V : A{f,l - Aﬁl be linear bounded operator and let
va(f)
su < (1.6)
te| Opl] l//1( )
Then V is linear and bounded in Aiz and
Wl(f)llfz(f)
IVIlap, = IVIlyp sup sup . (1.7)
b by ' £el0,1] re[0,¢] v (O (1)
Proof. Let y € Ayy. Then
1V yell 0,91 (8 IV yellag, o.6191(6)
IVyllap, < sup ————F2m— < su N
T =20 w@n@  Tam wn®
1yyllag, w1(8)
< IVl sup =~
v2(§)
(1.8)
< IVIwys? sup sup ||)’T||L[o,r]1/’1(£)1//2(7)
< MY
tefo) reloy] V1D V2A(E)ya(r)
¥1(§)ya(7)
<yl IVIlar, sup sup —=—or=—C.
yiat Ao Y eer0a] refog V2(E)yi(T) 0

CoROLLARY 1.4. IfV;: Aﬁl - Ail and V; : Aiz - Aﬁz are linear continuous Volterra oper-
ators, then V = Vi + V, is continuous on space Aﬁ generated by y(t) = min (y (1), y»(t))
and |Vl < 1Villyg +11Vally .
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2. Operator K

In this section, we consider the integral operator (1.2). We will show that under certain
conditions on matrix K(f,s), a function y may be indicated such that K is bounded on
Ay and its norm is limited by a given number.

We say that matrix K(f,s) satisfies the N condition if for some p and p; such that
1 <p<p<oandforanyee (0,1],

||K£(t,-)||L[0’t] €Ly[s1]. (2.1)

Here K (t,s) is a restriction of K(t,s) onto [¢,1] X [0,¢], I/p+1/p" = 1.
The N condition admits a nonintegrable singularity at point ¢ = 0.

LEmMa 2.1. Let nonnegative function w : [0,1] — R be nonincreasing and having a nonin-
tegrable singularity at t = 0.

Then y(t) = exp[ffw(s)ds] is absolutely continuous on [0,1], does not decrease, and is a
solution of the equation flt w(s)x(s)ds = x(t).

Denote

t
v(t) = exp [é L vraisup ||K(T,S)||dT]. (2.2)

s€[0,7]

THEOREM 2.2. Let matrix K(t,s) satisfy the N condition with p = 1 and let C be some
positive constant. Then operator K is bounded in Ay with function y defined by the equality
(2.2) and ||K||a, < C.

Proof. Let x € Ay and y = Kx. From the N condition it follows that for almost all t €
[0,1], K(+,s) € L. Let w(t) = Vraisupsg[O,T] IK(1,s)|ldt. Then

([;veolias) = [ [ ( [ icrstisias)ae]

< t (VraisupHK(T,s)H) (] | be(ollds) e (23)

0 5€[0,7] 0

< ||x||ij (P (r)dr.

0

According to Lemma 2.1, y(t) = exp[(1/C) ffw(s)ds] is a solution of the equation
[{ w(s)y(s)ds = Cy(t), does not decrease, is absolutely continuous, and y(0) = 0. That
implies

(Ltlly(S)llds) < Clixlla, w(). (2.4)
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Remark 2.3. If K(+,s) has bounded variation on s, it is possible to indicate a “wider” space
Ay for which conditions of Theorem 2.2 are satisfied by defining function y as

1

y(t) = exp [éj (||K<r,r>||dr+j0 d var ||K<r,s)||)dr]. (25)

THEOREM 2.4. Let matrix K(t,s) satisfy the N' condition with 1 < p < oo and let C be some
positive constant. Then operator K is bounded in space A{,’, generated by

w(t) = exp [plc Lt (L IK(n,s)||” ds)Pl/P/ df] (2.6)

and HK”Aﬁ <C.
Theorem 2.4 can be proved in a way similar to proof of Theorem 2.2.

LEmMMA 2.5. Let K : Aﬂ - Ai (1< p < o0) be a bounded operator and let its matrix K(t,s)
satisfy the N condition. Then K : Aﬁ’, — L, is a compact operator.

Proof. For every t € [0,1], (Ky)(t) is a linear bounded functional on L. Let {y;} be a
sequence weakly converging to y in L,. If {y;} C Aﬁ and ||yi|\A5 < 1, then ||yo||A5/ <1.
Indeed, if for some #, € [0,1], ((1/y(t1)) [’ ly(s)I2ds)/? > 1, then the sequence ly; =
fol 1(s) yi(s)ds does not converge to Iy, where

1, ifs < t1,
I(s) = 2.7
© {o, ifs> . 27

Hence, for almost all t € [0,1], {(Ky;)(t)} converges and the set Ky is compact in
measure. Thus, for the operator K : Aff, — L, to be compact, it is necessary and sufficient
that the norms of K y are equicontinuous for ||)/||A{; <M.Letd € (0,1). AsK: Aﬁ - Aﬁ
is a bounded operator,

1 5 1/p
(o5 [ locnsras) < o 23)

This implies that for any & > 0, there exists & >0 such that if § < &y, then
(s I(Ky)(s)[1Pds) VP < e/2.

Then, from the N condition, there exists &, such that if mese < 8, for some e C [,1],
then ([, [[(Ky)(s)I17ds)V? < &/2.

Finally, for e; C [§,1] such that mese; < min{d;,6:},

([ iocnoira)” < ([ icpsira)” ([ uneirs) <. @9
1 0

Lemma 2.6. Let {y;} — yoin L, (1< p < o0) and let the sequence {(1/u)y;} be bounded in
Al for some continuous increasing function u, u(0) = 0. Then {y;} — yo in Al.
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Proof. We have

Noras) < un( [
0 0

Thus, y; € Ai. Beginning with some N for any ¢ € [0,1] and for any given € > 0,

yi(s)
u(s)

P 1/p
ds) < Mu(t)y(t). (2.10)

(J [yi(s) = yo(s) IPds> v <. (2.11)
Hence,
([ ooids) ™" = ([[lor - yocoias) "+ [ Icslpas)
< e+Mu(H)y(t) < Mu(t)y(t), (2.12)

t 1/p
(] 117~ eslifs) -~ < 2muterw (o),

beginning with some Ns for any § >0, ||y — yill ap < 6. Indeed, Lemma 2.5 guarantees
the existence of T € (0, 1] such that for all t € [0, 7],

t 1/p
(L Ilyi(s) = yo(s)ll"ds> < oy(t). (2.13)

Let t € [7,1]. Then for ¢ = Sy (1), (2.11) yields (2.13) for all t € [0, 1]. O

Let u: [0,1] — R be a continuous increasing function, #(0) = 0. Denote

w(t):epr e (J 1K (z,9)][? ds) P’dr]. (2.14)

Lemmas 2.5 and 2.6 imply the following theorem.

THEOREM 2.7. Let matrix K(t,s) satisfy the N condition with 1 < p < co. And let y be
defined by (2.14). Then K : A}, — Al is a compact operator and its spectral radius is equal to
zero.

3. Operator S

Denote

if g(t) & [0,1], (3.1)
(Sy)(t) = B(£)(Sg) (1).

~|yle®] ifg) e [0,1],
(Sg)’)(f){O

In [2], it is shown that S, is bounded in L, if r = (sup(mesg~!(E)/mesE))"? < o and
|Sgllz, = r, where sup is taken on all measurable sets from [0,1].
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Let Q,, be a set of points from [0,1] for which g(¢) = mt, 3(t) is a nonincreasing ma-
jorant of function [|B(#)|l, and

B mesg ! (e)
(P(t) mlese—O mese

(3.2)

where e is a closed interval containing ¢.
We say that operator Sg satisfies the Jl condition if vraisup,. ., ¢(¢) < o for any

€ (0,1] vraisup || B(t)|| < oo, (3.3)

tee1]

and there exists m € [0,1) such that

tm = vraisup (B(t)P¢(t)) < oo. (3.4)
teg(Qum)

LEmMa 3.1. There exists nonincreasing function u: (0,1] — R such that B(t)P(t) < u(t)
and the function

O ift e (0,1],
t) = 3.5
v {o ift =0, (3:3)
is absolutely continuous on [0,1].
Proof. Let {t;} be a decreasing sequence, t; = 1, t; — 0. Denote
ni = vraisup (B()P (1)), u(t) = "Mty 4 (3.6)
te(tivioti) tiv1 — &
where t € (tj+1,t;). Then B(t)P¢(t) < u(t), u increases and is absolutely continuous on
[0,1]. O
Let
_ () 1
Vi = M u(l) — —|. (3.7)
Inm

THEOREM 3.2. Let operator Sq satisfy the Jl condition and let function u satisfy conditions
of Lemma 3.1. Then S, is bonded in Aff, with y(t) = t“© and

||Sg||A€, = (Vm +,um)]/P- (3.8)

Proof. Lety e Aﬁ, H)’”A; =1,and § € (0,1). Denote measures A and g on [§, 1] by A(e) =
J.B(s)Pds and pu(e) = fg,l(e) B(s)Pds. Then by the Radon-Nikodym [2] theorem, we have

|1 senonrad <

p
‘[ 1([0,¢])n[8,1] ly[g®)]]"dA(s)

(3.9
=J ||y(5)||P # (s)dA(s).
g 1(0,6)N[8,1]
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Thenasg(t) <t,

du . fg—l(e)ﬁ(S)Pds ) Vraisupg,l(e)‘B(s)Pds -
dA (s) = m£1516110 fe/)’(s)l’ds = mlelsrerio vraisup, 3(s)? @(s) = ¢(s) (3.10)

or

B()?|y(s)||P o(s)ds

[ 1snoias

)
g 10,0\ Qm)N[8,1]

p
+Jg*l(amm[a,nﬁ(s)pny(s)” pls)ds

mt , (3.11)
< | By P pds+ | (o) unds

0 0
< L y()|1Pu(s)ds + oy (£)P.

We denote function uy : (0,1] — R by uk(t) = u(t;), where t; = (2K —i)/2%, i =0,1,2,...,
2k — 1. From uy — u, it follows that

mt mt
[ 1P ueds =tim [ "y 1 mo)ds (3.12)
We write function uy in the form

u(to), ift € (t1,t0],
u(ty) +[u(ty) —u(t) ], ift e (t,t],
ur(t) =1 . ) (3.13)

u(te—z) +{u(te1) —u(ti2)], ifte (ot

The condition ¢ < t; implies that [J" || y(s)||Pds < yP(mt) = (mt)“(m) < mpet)yP(t) and

m 2k
J t||y(s)||pu(s)ds < sz”(t")[u(ti) —u(tioy) JwP (t) + u(1)mPVyP ()

0 i-1
< l/fp(t)[Lo:l)msds+m“(1)u(l)] (3.14)
< wp(t)m““)[u(l) - ﬁ]

simultaneously for all k. Finally,

L | (S7)(9)| Pds

< P (HmiD) [u(l) - ﬁ] Y (O
< Wp(t)(ym +[1m)

= lim‘
50

[ lseno1Pas

(3.15)

which proves the theorem. O
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Remark 3.3. From (3.7) and (3.8), it follows that if lim,,_.; < 1, then there exists function
y such that the norm of operator S, : Ai - Aﬁ is less than 1.

In some particular cases, it is possible to give less strict conditions on function ¥ gen-
erating the space Aﬁ. Direct calculations prove the following theorem.

THEOREM 3.4. Let B(t) < C/t* and g(t) = Cot? with B >1. Then ||Sg||A5 < C1/C,, where
y(t)=t",y=(ap+B—-1)/p(B—1). Ify>(ap+p—1)/p( — 1), then the spectral radius

of Sg is equal to zero.
4. The Cauchy problem
We consider the Cauchy problem for (1.1):
(Zx)(t) = f(1), x(0) = a. (4.1)
The theorems of this section are immediate corollaries of Theorems 2.2, 2.4, 2.7, 3.2,

and 3.4.

THEOREM 4.1. Let matrix K(t,s) satisfy the N condition and let operator Sy satisfy the
condition. Let also vraisup, (o u(t) = o, (um)"? < q <1, and let the function y, be given
by (2.14). Then if C < 1 — q, the Cauchy problem (4.1) has a unique solution in Aﬁ, with
y(t) = min{y, (£),t*0} for f and a such that (f — aA) € A},

Let w be a solution of the equation

1 ) P
mlw——1|]<C{ —q, = sup {u(t),w}, (4.2)
( - 14 ¥ temg]{ }

where 0 < g < Cf < 1, and u satisfies conditions of Lemma 3.1.

TueOREM 4.2. Let matrix K(t,s) and operator Sq satisfy the N and M conditions, respec-
tively. Let vraisup, (o  u(t) < o and ()P < q < 1. Then if g < Cy, (C1 + C,) < 1, then
the Cauchy problem (4.1) has a unique solution in Aff, with y(t) = min{y, (t),t"} for f and
a such that (f —aA) € Aﬁ.

THEOREM 4.3. Let matrix K(t,s) satisfy the N' condition, B(t) < C,/t% g(t) = Cotf (B> 1),
andy > (ap+—1)/p(B—1). Let also C < 1 and y(t) = min{y, (¢),t}. Then the Cauchy
problem (4.1) has a unique solution for f and o such that (f — aA) € A},

Example 4.4. The Cauchy problem

x[lzzit)] +q(0)x(£7) = f(1), te[0,1],

x(§) =0, ifh(§) =<0,

x(t) + p(t) (4.3)

where h(t) <t, k> 1, and p and g are bounded functions, has a solution if fot [f(s)lds=<
Mexp(—t'"%). If (t — h(t)) = 7 > 0, then it has a solution if fot [ f(s)lds < Mt? fory > 1.
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NONMONOTONE IMPULSE EFFECTS IN SECOND-ORDER
PERIODIC BOUNDARY VALUE PROBLEMS

IRENA RACHUNKOVA AND MILAN TVRDY
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We deal with the nonlinear impulsive periodic boundary value problem u’" = f(t,u,u’),
u(ti+) =J;(u(t)), u' (ti+) = MW/ (), i = 1,2,...,m, u(0) = u(T), u'(0) = u'(T). We es-
tablish the existence results which rely on the presence of a well-ordered pair (01,07) of
lower/upper functions (g, < 0, on [0, T]) associated with the problem. In contrast to pre-
vious papers investigating such problems, the monotonicity of the impulse functions J;,
M; is not required here.

1. Introduction

In recent years, the theory of impulsive differential equations has become a well-respected
branch of mathematics. This is because of its characteristic features which provide many
interesting problems that cannot be solved by applying standard methods from the the-
ory of ordinary differential equations. It can also give a natural description of many real
models from applied sciences (see the examples mentioned in [1, 2]).

In particular, starting with [7], periodic boundary value problems for nonlinear
second-order impulsive differential equations of the form (2.1), (2.2), and (2.3) have re-
ceived considerable attention; see, e.g., [1, 3, 5, 6, 8, 9, 14], where the existence results in
terms of lower and upper functions can also be found. However, all impose certain mono-
tonicity requirements on the impulse functions. In contrast to these papers, we provide
existence results using weaker conditions (2.10) and (2.11) instead of monotonicity.

Throughout the paper, we keep the following notation and conventions. For a real
valued function u defined a.e. on [0, T], we put

T
llull = sup ess |u(t)], \|u||1:I | u(s) | ds. (1.1)
te[0,T] 0

For a given interval ] C R, let C(J) denote the set of real-valued functions which are
continuous on J. Furthermore, let C'(J) be the set of functions having continuous first
derivatives on J, and IL(J) the set of functions which are Lebesgue integrable on J.
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Let m € N and let
O=ty<th<bh< - <tpy<tmy=T (1.2)
be a division of the interval [0, T]. We denote
D= {ti,t,...,tm} (1.3)
and define C} [0, T] as the set of functions u: [0, T] — R,

up)(t) ifte [0,4],

up () ift € (t,t2],

u(t) = (1.4)

U (t) ift € (tw, T,

where uf;) € C!{t;,ti11] fori =0,1,...,m. Moreover, AC[0, T] stands for the set of func-
tions u € CL[0,T] having first derivatives absolutely continuous on each subinterval
(tisti1),i=0,1,...,m. Foru € (CIID[O,T] andi=1,2,...,m+ 1, we write

u(t) =u(ti—) = fim (0, w'(0) = w'(0+) = limu' (1), (1.5)
llullp = llullco + 114 0. (1.6)

Note that the set (Cllj [0, T] becomes a Banach space when equipped with the norm || - [Ip
and with the usual algebraic operations.

We say that f : [0, T] X R? — R satisfies the Carathéodory conditions on [0, T] x R? if

(i) for each x € R and y € R, the function f(-,x, y) is measurable on [0, T];
(i) for a.e. t € [0, T], the function f(t,-,-) is continuous on R?;
(iii) for each compact set K C R?, there is a function mg(t) € L[0,T] such that
| f(t,x,y)] < mg(t) holds for a.e. t € [0, T] and all (x, y) € K.
The set of functions satisfying the Carathéodory conditions on [0, T'] x R? will be denoted
by Car([0, T] x R?).

Given a Banach space X and its subset M, let cl(M) and 0M denote the closure and the
boundary of M, respectively.

Let Q) be an open bounded subset of X. Assume that the operator F: cl(Q) —» X is
completely continuous and Fu # u for all u € 0Q. Then deg(I—F,Q) denotes the Leray-
Schauder topological degree of I — F with respect to (), where I is the identity operator on
X. For a definition and properties of the degree, see, for example, [4] or [10].

2. Formulation of the problem and main assumptions
Here we study the existence of solutions to the following problem:
u’ = f(tu,u'), (2.1)

u(ti+) =Ii(u(ti)), u'(ti-f—) =M,<(u'(t,-)), i=12,...,m, (2.2)
u(0) = u(T), u' (0) =u'(T), (2.3)
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where u/(t;) are understood in the sense of (1.5), f € Car([0,T] x R?), J; € C(R), and
M; e (C(R)

Definition 2.1. A solution of the problem (2.1), (2.2), and (2.3) is a function u € AC,[0, T
which satisfies the impulsive conditions (2.2), the periodic conditions (2.3), and for a.e.
t € [0, T] fulfils the equation u”"(t) = f(t,u(t),u’(¢)).

Definition 2.2. A function o) € A(Cll) [0, T] is called a lower function of problem (2.1), (2.2),
and (2.3) if
o' (t) = f(t,01(t),0((t)) forae. te[0,T],
or(ti+) =Ji(o1(t), o1(ti+) =M;(o7(t)), i=12,..,m, (2.4)
01(0) = 01 (T), 01(0) = 07(T).

Similarly, a function o, € AC [0, T] is an upper function of problem (2.1), (2.2), and
(2.3)if

0y (t) < f(t,05(t),05(t)) forae. te[0,T], (2.5)
o (ti+) =Ji(o2(t), o3(ti+) =Mi(0s(ti)), i=12,....,m, (2.6)
0,(0) = 0o(T), 05(0) < 05(T). 2.7)

Throughout the paper we assume

O=ty<th <bh< -+ <ty<tmy=T< o0, D= {ti,t2,...stm},
2.8
f € Car([0,T] x R?), Ji € C(R), M; e C(R), i=1,2,...,m; 28)
o1 and o3 are, respectively, lower and upper functions of (2.1), (2.2), and (2.3),
oy <0o,on[0,T]; (2.9)
o1(ti) =x <o (t)) = Ji(o1(t;)) <Ji(x) <Ji (o2(t:)), i=1,2,...,m; (2.10)
<oi(t) = Mi(y) <M;(o{(t)),
Yy =0 Yy 1 (2.11)

y= O'Z,(ti) = M,()/) ZM,‘(O’Z,(t,‘)), i=1,2,...,m.

Remark 2.3. If M;(0) =0 for i = 1,2,...,m and r; € R is such that J;(r;) = r, for i =
1,2,...,mand

f(t,r,0) <0 forae.te[0,T], (2.12)

then o1(t) = r; on [0, T] is a lower function of problem (2.1), (2.2), and (2.3). Similarly,
if , € Rissuch that J;(r;) =, foralli=1,2,...,m and

f(t,,0) >0 forae.te[0,T], (2.13)

then 0, (t) = r, is an upper function of problem (2.1), (2.2), and (2.3).
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3. A priori estimates

At the beginning of this section, we introduce a class of auxiliary problems and prove
uniform a priori estimates for their solutions.
Take d € R, f € Car([0,T] x R?),J; € C(R), and M; € C(R), i = 1,2,...,m, such that

~

f(t,x,y) < f(t,o1(t),01(t)) forae.te[0,T], allx € (- o0,01(t)),

and all y € R such that |y —o{(¢)| < M;
o(t) —x+1 G3.0)
f(tx,y) > f(t,0x(0),05(8)  forace. t € [0,T), all x € (05(t), ), ‘
; X0l
and all y € R such that |y —03(t) | < p T £

Tix) <Ji (o (1) ifx<ai(t),
Ti(x) = Ji(x) ifx e [oi(t;),o(t:)], (i=1,2,...,m); (3.2)
Tix) > )i (02 () if x>0 (t:),

Mi(y) = M; (0] (t;)) if y < o] (t:),

— , _ T = 1,2, ,m); (3.3)
Mi(y) = M; (03 (t:))  if y = 03(t:),
0'1(0) <d< 0'2(0), (34)
and consider an auxiliary Dirichlet problem
W = ftuu), (3.5)
u(t,-+) =N,-(u(ti)), u'(ti-f—) ZM,‘(u/(ff)), i=12,...,m, (3.6)
u(0) = u(T) =d. (3.7)

LeMMma 3.1. Let (2.8), (2.9), and (2.10) and (3.1), (3.2), (3.3), and (3.4) hold. Then every
solution u of (3.5), (3.6), and (3.7) satisfies

or<u<o, onl0,T]. (3.8)

Proof. Let u be a solution of (3.5), (3.6), and (3.7). Put v(¢) = u(t) — 02(t) for t € [0, T].
Then, by (3.4), we have

v(0) =v(T) <0. (3.9)

So, it remains to prove that v < 0 on (0, T).

Part (i). First, we show that v does not have a positive local maximum at any point of
(0,T) \ D. Assume, on the contrary, that there is a € (0,T) \ D such that v has a positive
local maximum at a, that is,

v(a) >0, v (a) = 0. (3.10)
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This guarantees the existence of § such that [«, ] € (0,T) \ D and

v(t)

v(t) >0, [v'(1)| <v(t)+1

<1

for t € [a, B]. Using (2.5), (3.1), and (3.11), we get

~

V() =u (1) — 05 (t) = f(Hu(t),u' (1) — o5 (2)
> f(t,05(t),05(t)) — 03 (1) = 0

for a.e. t € [, 3]. Hence,

0< Jtv"(s)ds — V()

a

for all t € (a,]. This contradicts that v has a local maximum at a.

Part (ii). Now, assume that there is t; € D such that

max v(t) = v(t;) >0.
tE([jfl,tj]

Then v'(t;) = 0. By (3.2) and (3.3), we get

Ti(u(t)) >J; (02(t)), M; (1 (1)) = M; (05(t;)).

By (3.6) and (2.6), the relations
v(tj+) >0, Vi(ti+) =0
follow. If v/ (¢;+) > 0, then there is 8 € (¢;,j41) such that

Vi(t)>0 on (t),B].

(3.11)

(3.12)

(3.13)

(3.14)

(3.15)

(3.16)

(3.17)

If v/(tj+) = 0, then we can find f3 such that (¢;,] € (0,T) \ D and (3.11) is satisfied on
(tj,B]. Consequently, (3.17) is valid in this case as well. As by Part (i) v cannot change its

sign on (t;,t;+1), in both these cases we have
V() =0 on (tj,tj).
Now, by (3.16),(3.17), and (3.18), we get

max v(t) = v(tj) >0.
te(tj,tj+1]

Continuing inductively, we get v(T) > 0 contrary to (3.9).

(3.18)

(3.19)
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Part (iii). Finally, assume that

sup v(t)=v(tj+)>0 (3.20)

te(tjtjv1]

for some t; € D. In view of (3.2), this is possible only if

Ti(u(t)) >7; (0:(5;)). (3.21)

If u(tj) € [01(tj),02(¢j)], then by (3.2) and (2.10), we have

~

Ji(u(t;) =T, (u(t;) <J; (02(t))), (3.22)

contrary to (3.21). If u(t;) < 01(t;), then by (3.2), (2.9), and (2.10), we get

Ti(u(t) <J; (01 () <7; (02(1))), (3.23)

again a contradiction to (3.21). Therefore, u(t;) > 0,(t;), that is, v(¢;) > 0. Further, (3.20)
gives v'(tj+) < 0. If v/ (¢;+) = 0, then, as in Part (ii), we get (3.17), which contradicts
(3.20). Therefore, v'(¢;+) < 0, which yields, with (3.3), that v'(¢;) < 0. Thus, in view of
Part (i), we deduce that v' < 0 on (¢;_y,¢;), that is, SUP; (s, 1) v(t) = v(tj_1+) > 0. Con-
tinuing inductively, we get v(0) > 0, contradicting (3.9).

To summarize, we have proved that v < 0 on [0, T'] which means that u < 0, on [0, T].
If we put v = 07 — u on [0, T] and use the properties of o) instead of 0,, we can prove
o1 < uon [0, T] by an analogous argument. O

In the proof of Theorem 4.1, we need a priori estimates for derivatives of solutions. To
this aim we prove the following lemma.

LEmMA 3.2. Assume that r € (0,00) and that

helL[0,T] isnonnegative a.e. on [0, T], (3.24)
w € C([1,00)) is positive on [1, o), s = oo, (3.25)
1 w(s)

Then there exists r* € (1, ) such that the estimate
]l < 7* (3.26)
holds for each function u € A(Cll) [0, T satisfying |ulle < r and
[u" ()] <w(|u'(O)])(|4' ()] +h(t)) forae t€[0,T], for |u'(£)] > 1. (3.27)

Proof. Letu € ACIID[O, T1] satisty (3.27) and let |lullo < r. The mean value theorem im-
plies that there are &; € (t;,t;41) such that

2
lu' (&) | < Kr +1, i=12,...,m, (3.28)
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where
A= min (ti+1 - ti). (329)
i=0,1,...,m
Put
2r ,
=+ L, p= vl (3.30)

By replacing u by —u if necessary, we may assume that p > ¢y and

p= sup u'(t) forsomeje{0,1,...,m}. (3.31)
te(tjtjn]
Thus we have
p=1u'(a) forsomea e (tj,tj1] (3.32)
or
p=u'(at) with a=t;. (3.33)

By (3.28), there is € (j,j11),  # &, such that ' (B) = co and u'(t) = ¢, for all ¢ lying
between & and . Assume that (3.32) occurs. There are two cases to consider: t; < f < & <
t]‘+1 or t]‘ <a< ﬁ < t]'+1.

Case 1. Lett;<f <a <tj.Since u/(t) > 1 on [B,al, (3.27) gives

u'(t) <w(' (1) (W () +h(t) forae. te[Bal, (3.34)
and hence
P ds B « u//(t) 3 « , 3
JCO w(s) Jﬁ w(u' (1)) dt = L; w (t)dt+ [lhlly < 2r + Al (3.35)

On the other hand, by (3.25), there is r* > ¢ such that

*

J A L (3.36)
Co (,U(S)

which is possible only if p < r*, that is, if (3.26) holds.
Case 2. Lett; <a<p<tj1. By (3.27), we get
—u'(t) <w(u () (' (t)+h(t)) forae.te [afl],

Pods  (Pou() _ (3.37)
Jo g = L, Gy =2 i

so the inequality (3.26) follows.
If (3.33) occurs, a similar argument to that in Case 2 applies and gives (3.26) as well.
O
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Remark 3.3. Notice that the condition

® ds

e =0 (3.38)

in (3.25) can be weakened. In particular, the estimate (3.26) holds whenever r* € (0, o)
is such that

*

[ 25 s ars (3.39)
o w(s)

4. Main results

The main existence result for problem (2.1), (2.2), and (2.3) is provided by the following
theorem.

THEOREM 4.1. Assume that (2.8), (2.9), (2.10), and (2.11) hold. Further, let

| f(tx,y) | <w(lyl)(Iyl+h(t)) forae te[0,T]andallx € [01(t),02(t)],|y] > 1,
(4.1)

where h and w fulfil (3.24) and (3.25). Then the problem (2.1), (2.2), and (2.3) has a solution
u satisfying (3.8).

Before proving this theorem, we prove the next key proposition where we restrict our-
selves to the case that f is bounded by a Lebesgue integrable function.

ProprosITION 4.2. Assume that (2.8), (2.9), (2.10), and (2.11) hold. Further, let m € IL[0, T']
be such that

| f(t,x,y)| <m(t) forae t€[0,T] andall (x,y) € [01(£),02(£)] X R. (4.2)

Then the problem (2.1), (2.2), and (2.3) has a solution u fulfilling (3.8).

Proof
Step 1. We construct a proper auxiliary problem.
Let A be given by (3.29). Put

llo1]] + lloall

c=lmlly +
llmlly A

+lo7]]. + 1103 (4.3)
and for ¢ € [0, T] and (x, y) € R?, define

o1(t) ifx<o(t),
alt,x) =1x if 01(t) < x < 0»(t), (4.4)
o0 (t)  ifx>o0y(t),

if |yl <,
B(y) = {y L (45)
csgny if [yl >c
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Fora.e. t € [0,T] and all (x,y) € R?, € € [0,1], define functions

wi(t,e) = sup | f(t,0k(8),00(1)) = f(t,0k(£),¥) |, k=1,2, (4.6)

yelo(t)—e,0,(t)+e]

T,-(x) =x+]J;j(a(t,x)) —alt,x),

— i=1,2,...,m (4.7)
Mi(y) = y+Mi(B(y)) = B(y),
f(tLa(t),y) —w1<t, a:?tgti;H) - a:?tgtz;ﬂ if x < 1 (b),
fltx,y) =1 f(bx,y) ifo1(t) < x < 0(1),
e (e v R Sl S ELAC)
(4.8)

We see that wy € Car([0,T] X [0,1]) are nonnegatlve and nondecreasing in the second
variable and wx(0) = 0 for k = 1,2. Consequently, f € Car([0, T] x R?). Furthermore, L,
M e C(R),i=1,2,...,m. The auxiliary problem is (3.5), (3.6), and

u(0) = u(T) = a(0,u(0) +u'(0) —u'(T)). (4.9)
Step 2. We prove that problem (3.5), (3.6), (4.9) is solvable.
Let
t(S;T) ifo<t<s<T,
G(t,s) = B
w if0<s<t=<T,
¢ (4.10)
T fo<t<s<T,
Gl(tss) = T—¢t
T ifo<s<t<T.

Define an operator E: CL[0,T] —~ CL[0,T] by

Fu)(t) = a(0,u(0)+u'(0) —u'(T)) +JTG(t s) f(s u(s),u’(s))ds
” S N (4.11)
+ Z G (t,1:) (i(u(t) — u(t;)) + zG(l‘> ti) (M (u' (63)) — u' (;)).

i=1 i=1

Asin [13, Lemma 3.1], we get that F is completely continuous and u is a solution of (3.5),
(3.6), (4.9) if and only if u is a fixed point of .

Denote by I the identity operator on C}[0,T] and consider the parameter system of
operator equations

1-2Bu=0, re[01]. (4.12)

For R € (0,), define B(R) = {u € C,[0,T] : llullp < R}. By (4.2), (4.4), (4.5), (4.6),
(4.7), (4.8), and (4.11), we can find Ry € (0, ) such that u € B(R,) for each A € [0,1]
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and each solution u of (4.12). So, for each R = Ry, the operator I -AF is a homotopy on
cl(B(R)) x [0,1] and its Leray-Schauder degree deg(I —/UNJ,B(R)) has the same value for
each A € [0,1]. Since deg(I,B(R)) = 1, we conclude that

deg(I-E,B(R)) =1 forR € [Ry,0). (4.13)

By (4.13), there is at least one fixed point of Fin B(R). Hence there exists a solution of the
auxiliary problem (3.5), (3.6), (4.9).
Step 3. We find estimates for solutions of the auxiliary problem.

Let u be a solution of (3.5), (3.6), (4.9). We derive an estimate for || ul|«. By (4.7), (4.8),
and (2.11), we obtain that ]7,7,-, Myi=1,2,...,m, satisfy (3.1), (3.2), and (3.3). Moreover,
in view of (4.4), we have

01(0) < a(0,u(0) +u'(0) — u'(T)) < 02(0). (4.14)
Thus u satisfies (3.8) by Lemma 3.1.
We find an estimate for ||u'||«. By the mean value theorem and (3.8), there are &; €

(t;,tir1) such that

u(&)| < M, i=1,2,..,m. (4.15)

Moreover, by (3.8) and (4.8), u satisfies (2.1) for a.e. t € [0, T]. Therefore, integrating
(2.1) and using (4.2), (4.3), and (4.15), we obtain

W/l < [/ (&) | + IImlly <c. (4.16)

Hence, by (4.7) and (4.9), we see that u fulfils (2.2) and u(0) = u(T) (i.e., the first condi-
tion from (2.3) is satisfied).
Step 4. We verify that u fulfils the second condition in (2.3).
We must prove that ' (0) = »'(T). By (4.9), this is equivalent to
01(0) < u(0)+u' (0) —u'(T) < 0,(0). (4.17)
Suppose, on the contrary, that (4.17) is not satisfied. Let, for example,

u(0)+u (0) —u'(T) > 0,(0). (4.18)

Then, by (4.4), we have a(0,u(0) +u'(0) — u'(T)) = 02(0). Together with (2.7) and (4.9),
this yields

u(0) = u(T) = 02(0) = 0»(T). (4.19)
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Inserting (4.19) into (4.18), we get
u' (0) >u'(T). (4.20)
On the other hand, (4.19) together with (3.8) and (4.20) implies that
05(0) = u'(0) >u'(T) = 05(T), (4.21)
a contradiction to (2.7).
If we assume that u(0) +u'(0) — u'(T) < 01(0), we can argue similarly and again derive
a contradiction to (2.7).

So, we have proved that (4.17) is valid, which means that 4’ (0) = »'(T'). Consequently,
u is a solution of (2.1), (2.2), and (2.3) satistying (3.8). O

Proof of Theorem 4.1. Put
c=r"+|loill« +[los ]l (4.22)

where r* € (0,) is given by Lemma 3.2 for r = ||01 ||« + |02 |l. For a.e. t € [0, T] and
all (x, y) € R?, define a function

f(t%,) iflyl <c.
gltx,y) = (2 - %‘)f(t,x,y) ifc< |yl <2c, (4.23)
0 if | y] = 2c.

Then ¢y and o3 are, respectively, lower and upper functions of the auxiliary problem (2.2),
(2.3),and

u’ =g(t,u,u). (4.24)
There exists a function m™* € LL[0, T] such that
| f(tx,p) | <m* (1) (4.25)
fora.e. t € [0,T] and all (x, y) € [01(¢),02(t)] X [-2¢,2¢]. Hence
|g(t,x,y)| <m™(t) forae.t€[0,T], all (x,y) € [o1(£),02()] X R. (4.26)
Since g € Car([0,T] x R?), we can apply Proposition 4.2 to problem (4.24), (2.2), (2.3)
and get that this problem has a solution  fulfilling (3.8). Hence |lu||. < r. Moreover, by

(4.1), u satisfies (3.27). Therefore, by Lemma 3.2, ||u' || < r* < c. This implies that u is a
solution of (2.1), (2.2), and (2.3). O

The next simple existence criterion, which follows from Theorem 4.1 and Remark 2.3,
extends both [5, Theorem 4] and [13, Corollary 3.4].
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COROLLARY 4.3. Let (2.8) hold. Furthermore, assume that

(1) M;(0) =0and yM;(y) =0 foryeRandi=1,2,...,m;
(ii) there are 1,12 € R such that ry <1y, f(t,71,0) <0 < f(t,12,0) for a.e. t € [0,T],
Ji(r) =1, Ji(x) € [r,n] ifx € [r,n2], Ji(n) =, i=1,2,...,m;
(iii) there are h and w satisfying (3.24) and (3.25) with 0,(t) = r, and 0,(t) = r, and
such that (4.1) holds.

Then the problem (2.1), (2.2), and (2.3) has a solution u fulfillingry < u < r, on [0,T].

Remark 4.4. Let 01 < 0, on [0,T] and oy (t;/+) < 02(t;+) for i = 1,2,...,m. Having G and
G from the proof of Proposition 4.2, we define an operator F: C},[0, T] — C},[0, T] by

(Fu)(t) = u(0) +u'(0) —u/'(T) + JT G(t,s) f (s,u(s),u'(s))ds
" ’ " (4.27)
+ > Gi(68) (J; (u(ti)) — u(t) + > G(61) (M; (' (1)) — o' (8:)).

i-1 i-1
Let r* be given by Lemma 3.2 for ¥ = [|01 ||« + [|02[| . Define a set

Q={uecCL{0,T]: |t |lo <r*, 01(t) < u(t) < 02(t) for t € [0, T],

4.28
al(ti+)<u(ti+)<02(t,-+)f0ri=1,2,...,m}. ( )

As in [13, Lemma 3.1], we get that F is completely continuous and u is a solution of
(2.1), (2.2), and (2.3) if and only if u is a fixed point of F. The proofs of Theorem 4.1
and Proposition 4.2 yield the following result about the Leray-Schauder degree of the
operator I —F with respect to Q.

COROLLARY 4.5. Let 01 < 03 on [0,T] and o1(t;+) < 02(ti+) for i =1,2,...,m, and let the
assumptions of Theorem 4.1 be satisfied. Further, assume that F and Q are defined by (4.27)
and (4.28), respectively. If Fu # u for each u € 9Q, then

deg(I-F,Q) = 1. (4.29)
Proof. Consider ¢ and g from the proof of Theorem 4.1 and define T,-, Mi, i=12,...,m,
and f by (4.7) and (4.8), where we put g instead of f. Define F by (4.11) and put Q; =

fue Q:01(0) <u(0)+u'(0) —u'(T) < 02(0)}. Suppose that Fu # u for each u € 0Q.
We have

F=F ond(Q). (4.30)
and

(Fu=u,ucQ)=uc. (4.31)
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By the proof of Proposition 4.2, we have that each fixed point u of F satisfies (3.8) and
consequently [lu|l« < r. Hence, by (4.1), (4.8), and (4.23),

[u’ ()| = |g(t,u(t),u’ (1) | <w(|u'(O)])(|u/ ()] +h(t)) (4.32)

for a.e. t € [0,T] and for |u/(¢)| > 1. Therefore Lemma 3.2 implies that [|u' || < 7*. So,
by (2.3), u € cl(Q). Now, choose R in (4.13) such that B(R) D Q. Then, by the excision
property of the degree, we get

deg(I-F,Q) = deg (1-F,Q;) = deg (1-F,Q;) = deg (I-F,B(R)) = 1, (4.33)

wherefrom, taking into account (4.30), we obtain (4.29). O

Remark 4.6. Following the ideas from [12, 13], the evaluation of deg(I—F,Q) enables us
to prove the existence of solutions to problem (2.1), (2.2), and (2.3) also for nonordered
lower/upper functions. This will be included in our next paper [11].
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NONUNIQUENESS THEOREM FOR A SINGULAR
CAUCHY-NICOLETTI PROBLEM

JOSEF KALAS

Received 20 September 2002

The problem of nonuniqueness for a singular Cauchy-Nicoletti boundary value problem
is studied. The general nonuniqueness theorem ensuring the existence of two different
solutions is given such that the estimating expressions are nonlinear, in general, and de-
pend on suitable Lyapunov functions. The applicability of results is illustrated by several
examples.

1. Introduction

The nonuniqueness of a regular or singular Cauchy problem for ordinary differential
equations is studied in several papers such as [3, 4, 5, 13, 14, 15, 16, 17]. Most of these
results can also be found in the monograph [1]. The uniqueness of solutions of Cauchy
initial value problem for ordinary differential equations with singularity is investigated
in [7, 8, 9, 12]. The topological structure of solution sets to a large class of boundary
value problems for ordinary differential equations is studied in [2]. First results on the
nonuniqueness for a singular Cauchy-Nicoletti boundary value problem are given in [10,
11, 12] by Kiguradze, where sufficient conditions for the nonuniqueness are written in the
form of one-sided inequalities for the components in the right-hand side f(t,x1,...,%,)
of the corresponding equation. An expression for the estimation of the jth component
fi(tsx1,...,x,) of f depends on t and x; and is linear in |x;].

In [6], we studied the nonuniqueness for a singular Cauchy problem. Our criteria in-
volve vector Lyapunov functions and the estimations need not be linear. The present pa-
per deals with the nonuniqueness of the singular Cauchy-Nicoletti problem and extends
the results of [6] to this more general problem.

Supposing —0 <a < A < o0, b >0, we will use the following notations throughout
the paper: R and R* denote k-dimensional real Euclidean space and the interval [0, o),
respectively. | - | is used for the notation of Holder’s 1-norm (the sum of the absolute val-
ues of components). x = (x1,...,x,) denotes a variable vector from R” with components
X15...,%n, while xo = (xo1,...,%0n) stands for a fixed vector from R” with components
X01,--+>Xon. N is equal to the set {1,...,n}. [ denotes a fixed number from the set {1,...,n}.
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i1,12,...,i; are fixed integers such that 1 <i; <i; <--- <4 <n. I is set to be equal to
{i1,...,i1}. Prx denotes a projection of x such that Prx = (x;,,...,x;), while Pr*x denotes
a complementary projection to Prx. Clearly, Pr*x = (xj,,...,xj, ), where 1 < j; <--- <

Jut S 1, {10 OV A Jlee s juei) = . R’;’ﬁ;b(xo) and R’;,A are used for the notation of the
set {(t,x) € R ra<t<pf,|x—x| < b} and the set {(t,x) € R*!:a<t<A,x € RF},
respectively. The symbol IA{Z) . will be used for the set {(t,x) € R" :a<t <A, x € R*}.
A(a, B) denotes the interval (min(e, ), max(«, f3)).

The notation C[I',] is used for the notation of the class of all continuous mappings
I — Q. AC[[a,A],R¥] and AC[[a,A],RF] denote the class of all absolutely continuous
mappings [a,A] — R and the class of all mappings from C[[a,A],R¥] which are abso-
lutely continuous on any interval [a,f], where a < « < 5 < A, respectively. The class of
all Lebesgue-integrable mappings [a,A] — R* is denoted by L[[a,A],R*]. 5!37[1?2’ LR
stands for the class of all functions V(£,x): R", — R** with the following property:
V(t,-) is uniformly continuous, and if a < a < f < A, 7 & [a,], then V(£,x(t)) is
absolutely continuous on [a,f] for any absolutely continuous function x : [«, 5] — R".
,,,,, o [R’;, 4, R™] denotes the class of all mappings R’; 4 — R™ which satisfy Carathéodory
conditions on Rﬁ,ﬁ;g(o) for any a,f,a<a<f <A, 0j¢[a,fl(j=1,....p), o € (0,00),
01,...,0p being numbers from [a,A]. No(a,A;71,...,7,) is used for the notation of the
class {A = (A;(1) ijl :Aij € L[[a,A],R*]} such that the system of differential inequali-
ties |x/(t)] < Zyzllij(t)lxj(t)l, t € [a,A], i € N, possesses no nontrivial solution x(t) =
(x1(1),...,x4(t)) € AC[[a,A],R"] satistying x;(7;) =0 (i = 1,...,n).

The fundamental role in the proof of our main theorem will be played by the following
theorem by Kiguradze, which is adapted from [12] (see also [10]) in a simplified form.

,,,,

R"]. Assume that the components f; of f satisfy
filt,x)sgn [(t — ;) (xi — %0i) ] < Zlij(f) |xj| +ui(t) (i=1,...,n) (1.1)
=1

for (t,x) = (t,x1,...,%,) € R;‘,A, where %o; = 0 if 7; € {01,...,0,}. Suppose that A(t) =
()t,-j(t))ZFl € No(a,A;715...,Tp), pi € L[[a,A],R*]. Then the Cauchy-Nicoletti problem
x' = f(t,x), x(t;)) =0 (i=1,...,n) (1.2)

has at least one solution x(t) = (x1(t),...,x,(t)) € AC[[a,A],R"].

2. Results

Consider a Cauchy-Nicoletti boundary value problem
x' = f(t,x), xi(t;) =x0; (i=1,...,n), (2.1)

Where f(t)x) = (fl(t,Xl,...,xn),...,fn(t,xl,...,xn)), f € KU],...,OP [ﬁZ,A)Rn]) Xoi € R) and
t; € [a,A] (i€ N).
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TueoreM 2.1. Suppose that there are numbers ¢; € R (i € N), B; € [a,A]\ {t;,01,...,0,}
(i € I), a matrix function A = ()Lij)ffj=1 €Ny(a,A;11,...,T,) and functions y; € L[ [a,A],R*]
(i € N) such that ¢; = xo; fori € N\ I and

fitt,x)[sgn (t—1:) (xi— )] < > Aij(O) | xj | +pi(t) (i€ N) (2.2)
j=1

holds for (t,x) = (t,x1,...,%4) € RQ)A, where T; = t; or T; = B; wheneverie N\ 1 oriel,
respectively.
Assume that
(i) there exist vector functions g = (gi1>...»gik;) € Kaat,B; [R};’;A,Rk*‘] (i € I) such that
sgn(t —t;)gij (L, urs...,Uj1, 5 Uj,..., Uy,) is nondecreasing for j = 1,...,k; and there
is a solution @;(t) = (i (t),..., @ik, (1)) of

u; = gi(tur,...,u,) (2.3)
satisfying
(pi(l’) >0 fOT e A(l’,’,Bi), ltIH;l (p,‘(t) =0, hrtn};nfgo,(t) >0 (2.4)
foriel;

(i) Vi(t,x) = (Va(t,x),..., Vi, (t,x)) € Ly | A;’)A,RM"] (i € I) are such that there exists
Yo € R! with the property

sup {Vij (B y) : y €R",Pry = yo} < liIthjignf(pij(t) (j=1,....k;) (2.5)
| Vi(t,x) | > “Pi( |X,‘ —zi(1) | ) fOT re A(t,’,Bi), (2.6)

where ¥; € C[R*,R"], z; € C[(a,A),R] are such that

¥;(0) =0, Yi(u)>0 foru>0, 1&1132,-(1‘) = Xoi (2.7)

foriel;
(i) there exist positive functions ei € C[(a,A),R*] (i € I;k = 1,...,k;) such that
sgn (B; — ;) Vi; (£, x(t))

2.8
> sgn (B; — 1) gij (6,01 (1), @i j—1(£), Vij (£,x(£)), @i jr1(E)s..., @ik, () (2:8)

holds for i €1, j = 1,...,k;, and for any solution x(t) of (2.1) a.e. on any interval
(a1, ain) < A(t, B;) for which

Vik (£, x(1)) < i (t) + e (t)  on (qin,ai2) (k= 1,...,ki),

Vi (t,x(1)) > ij(t)  on (i, ain). (29

Then the Cauchy-Nicoletti boundary value problem (2.1) has at least two different
solutions on [a,Al, either of which satisfies Vi(t,x(t)) < @i(t) for t € A(t;,B;) and
i€l
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Proof. Without loss of generality, it can be assumed that I = {1,...,1},
Prx = (x1,...,x1), Prix = (Xp415...,%n). (2.10)
Foranyielandj € {1,...,k;}, denote
Lij =1i12%1}f(p,-,¢(1‘), Sij = sup{Vij(Bi,y) : y € R",Pry = yo}. (2.11)
According to (2.5) and to the uniform continuity of V;;(B;, -), we have a relation

Vij(Bi,y*) < Vij(Bi,y) + Vij(Bi»y*) = Vij(Bi, )
1 1 3 1 (2.12)
E(Llj-i_sl]) 4(Lij_sij) = ZLij+ZSij<Lij

for y € R”, Pry = y, and for y* € R” sufficiently close to y. Hence it can be supposed
without loss of generality that y, # Prx,.
Further, the uniform continuity of V;;(B;, -) implies that the inequality

sup{Vij(Bi,y) : y € R",Pry = yo — A(yo — Prxo) } < liltn%nfqnj(t) (ielLij=1,..,k)
’ (2.13)

holds provided that A > 0 is sufficiently small. Therefore, we can choose ¥;,%, € R %, #
X5, such that

max ax [sup {Vij(Bi,y) : y € R",Pry = X} ] < li?l%}nf(pij(t) (i=1,....Lj=1,....k).
3 i (2.14)
Choose & € {X,%,} arbitrary. Put & = xp — (§,Pr*xg), X =x—x0+¢, and f*(¢t,X) =
ftxo+X =) for (6X) = (£,X1,...,X,) € RY .
Clearly f* € Ky,,..0, [IAQZ)A,R”]. By using (2.2), we obtain

1 n
FreX)sgnl (=) (Xi+ &= )] < A0 [X5+&1+ 30 Ai(0) | X +207 | + i)
j=1 j=l+1
< D A X; ] +@i(t)
j=1

(2.15)

for (t,X)€R:,,i=1,...,],and

1

FX(6,X)sgn [ (t - 1,)Xi] Z LiO1X+E 1+ D ()| X +x0; | +pilt)
= j=hl (2.16)

I
M= T
=

()| X | +@i(t)

-
Il
—
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for (t,X) € R;‘)A, i=1+1,...,n, where
1 B n
ai(0) = 2 (O & 1+ X Nij() [ x07 | +pilt) (2.17)
j=1 j=l+1

fori=1,2,...,n. As fi; € L[[a,A],R*] holds, Kiguradze theorem implies that the bound-
ary value problem

X' = f*(t,X), Xi(ti)=0 (i=1,...,n) (2.18)
has at least one solution X (t) € AC[[a,A],R"]. Hence x(t) = X (t) + xo — & is a solution of

x' = f(t,x), xi(m)=§& (i=1,..,1),

xi(1i) =x0i (i=1+1,...,n). (2.19)

Now we will prove that lim; ., x;(t) = xo; fori = 1,..., L. Put m;(t) = Vi(t,x(t)), m;;(t) =
Vij(t,x(t)) fori=1,...,land j = 1,..., k;. In view of (2.14), the inequality
m;(t) < @;i(t) (2.20)

holds for t € (a,A) sufficiently close to B;. Suppose for definiteness that t; < B;, that is,
A(t;,B;) = (t;,B;) for some i € {1,...,I}. We will show that m;(t) < ¢;(t) for t € (;,B;).
Assume on the contrary that there is a 7 € (t;,B;) such that m;(7) < ¢;(7) is not true.
Since x(t) is continuous and (2.20) holds for ¢ € (a,A) sufficiently close to B;, there exist
j€1{l,...,k;} and an interval J; = (7;1,72) such that 7 < 7,y < 72 < B;,
mij(TiZ) = (Pij(TiZ)a
@ij(s) <mjj(s) < @jj(s) +&ij(s) forseJi, (2.21)
mix(s) < pir(s) +ex(s) forse ], k=1,...,k.
Using (2.8), we get
mi;(s) = gij (8,911 ()5. 91, j-1(5), M (5), @i j41(5)s ., Pk, () (2.22)

a.e.on Ji. As gi(t,ur,...,uj_1,*,Uj115..., Uu(s)) is nondecreasing, we have

mi;(s) = gij(s,9i1 (s),..., ik (s)) = 97 (s) (2.23)

a.e. on J;i. Therefore, the function m;;(t) — ¢;;(t) is nondecreasing on J;, which is a con-
tradiction to m;;(72) = ¢;j(7i2). Thus

0<m;(t) < (p,‘(t) fort e (ti,B,‘). (2.24)

Now the condition lim,_ ¢;(t) = 0 implies lim,_ . m;(t) = 0. With respect to the con-
tinuity of x;(¢) on [a,A], we have x;(#;) = lim¢_, x;(t) = x¢;. The inequality (2.24) implies
Vi(t,x(t)) < @i(t) for t € A(t;, B;). O
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CoroLLARY 2.2. Let¢; €R (i € N), B; € [a,A]\ {t;,01,...,0,} (i € I), a matrix function
A= (A,-j);szl € No(a,A;11,...,T,), and functions y; € L[[a,A],R*] (i € N) be such that
¢i = xo; for i € N\ I and condition (2.2) is fulfilled, where 1; = t; or 7; = B; whenever i €
N\ T orie I, respectively.
Assume that
(i) there exist functions g € Kyt B, [IAQ;,A,R] (i € I) such that sgn(t — t;)gi(t,-) are
nondecreasing and there are solutions ¢;(t) of

u; = gi(t,u;) (2.25)

satisfying (2.4);
(ii) there are z; € A\CJ][[a,A],R] and € = (&,,...,&,) € C[(a,A),]R*l] such that z;(t;) =
xoi (i € I) and the estimation

sgn(B; — t;)sgn (x; — zi(1)) (fi(t,x) — z/(t)) = sgn (B — t;)gi(t, | xi —zi(t) | )i € 1)
(2.26)

is fulfilled on Q= {(tx): 0i(t) < Ix; — zi(t)| < @i(t) +&i(t),t € A(t;,B;)} for almost
allt € A(t;, B;). Then the Cauchy-Nicoletti boundary value problem (2.1) has at least
two different solutions on [a,Al, either of which satisfies |x;(t) — zi(t)| < ¢;(t) for
t € A(t;,B;) andi€ 1.

Proof. Without loss of generality, it can be supposed that I = {1,...,I} and Prx = (x,,...,
x1). Put k; = 1 and V;i(t,x(t)) = Vi1 (t,x) = |x; — zi(t)| for i =1,...,1. Then
sgn (B; — ;) Vi, (£,x(8)) = sgn (B; — t;) (fi(t,x(t)) — z; (t)) sgn (xi(t) — zi(1))
> sgn (B; — t;)gi(t, | xi(t) — zi(t)]) (2.27)
= sgn (B; — t;)gi(t, Vi (£,x(1)))

holds for any solution x(t) of (2.1) a. e. on any interval (a;;,ain) S A(t;,B;) for which
@i(t) < Vi(t,x(t)) < @i(t) +&(t) on (a1, aiz). The assumptions of Theorem 2.1 are satisfied.

OJ
Example 2.3. Let fi,..., fu € KO[IAQ(')’J,R] be such that
fi(tsx1,...x,) sgnxy = 8(8) | %1 |7,
j . (2.28)
—fi(t,x1,...,x,) sgnx; < z)tjk(t) | x| +ui(t) (j=2,...,n)
k=1

for (t,x1,...,%,) € R&l, where y € (0,1) and 8,4, 4; € L[[0,1],R*], & being a positive
function. Consider the boundary value problem
x1 = fi(tx1,...,%4), x1(0) =0,

xé:fz(t,xl,...,xy,), x2(1):0>
(2.29)

Xy = fu(t,x1,.,%0),  xu(1)=0.
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Putt1=0,tz=t3:"':tn=1,

() o(tH)u? foru=0, (2.30)
JU) = .
& 0 foru<o,

M) =0(k=1,...,n), A (t) =0 (j =2,...,mk = j+1,...,n),and p (t) = 0. Let B, = 1.
Thenti=1=---=1,=1,

fi(tsx1,...,x,) sgn [ (t = By)x1] <0,

. (2.31)
fi(tx,...xa) sgn[ (£ = Dx;] < z)t]k Vx| +uit) (G =2,...,n),
and the equation ] = g (¢,u) has a positive solution
¢ 1/(1-y)
o1(t) = [(1 ) L 5(s) ds] (2.32)

in (0,1] such that lim_¢¢,(t) = 0. The assumptions of Corollary 2.2 are fulfilled with
I = {1}, c; =0, and z(¢) = z,(t) = 0. Therefore, the considered boundary value problem
has at least two different solutions on [a, A]. Moreover, the first component x; (¢) of these
solutions satisfies |x; (£)| < ¢ (¢) for t € (0,1].

COROLLARY 2.4. Supposethat —o <a<A< o, c€R,AeL[[a,A],R*],andu € L[[a,A],
R*]. Let B € [a,A] \ {ts,01,...,0,} be such that

F(t,x1,...,x0) sgn [(t = B) (xn — ¢) ] < A(t) | | +pu(t) (2.33)

for (t,x) € R} 1. Assume that

(1) there exists a function q € Ky, A t,.B [IA{}LA,R] such that sgn(t — t,)q(t, -) is nondecreas-
ing and there is a solution ¢(t) of

u' =q(t,u) (2.34)
satisfying
o(t) >0 forte A(t,,B), }{rp¢(t) =0, lirtnianq)(t) >0; (2.35)
(ii) there arez € A\C’[[a,A],R] and ¢ € C[(a,A),R"] such that z(t,) = xo,, and

sgn (B —t,) sgn (x, — z(£)) (f (t,x1,...,%,) — 2/ (£)) = sgn (B —t,)q(t, | x, — 2(t) | )
(2.36)
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holds on Q = {(t,x1,...,%,) : o(t) < |x, —z(t)| < @(t) +(t),t € A(t,,B)} for almost

all t € A(t,,B). Then the boundary value problem

v = f(tv, 0,0 D),

v(t) =x0, V' (t2) = X020 V(1) = Xon

has at least two different solutions on [a,A].

(2.37)

Proof. Put I = {n}, ky = 1, Prx = x,,, cu = ¢, gu(t,u) = q(t,u), @u(t) = (), ¢; = x; for

i=1,...,n—=1,ui(t)=0fori=1,...,n— 1, u,(t) = u(t), B, = B, and

1 forl<i=j-1=<n-1,
Aij(t) =1 Mt) fori=j=n,

0 otherwise.
Considering the system

4

X = X2, x1(t1) = xo1,
,

Xy = X3, x(t2) = X0z,

! p—

Xn—1 = Xn> xn—l(tn—l) = Xon-1>

R

X, = f(6X%1,%25..05%n), X (tn) = Xons

and applying Corollary 2.2, we get

IR

Ju(tx1..5x0) sgn [ (t—By) (xn — ca) ] < D Anj(8) [ x| +pa(t),

j=1

filt,x1yex0) sgn [ (£ =) (xi — i) ] < [ %1 | < Aiin | X391 |

M

Aij(8) [ | + pilt)

1

j
fori=1,...,n — 1. The result follows from Corollary 2.2.

Example 2.5. Lety € (0,1). Consider the boundary value problem
v = pi(t,) |V |V sgnv’ + py(tv,v'), v(0) =0, V(1) =0,
where p; € K; [ﬁé)l,R] and p, € K, [f%%)l,]R] are such that

x2p2(t,x1,%2) <0 for (,x1,x2) € (0,1) x R?,
p1(txr) < —=8(t) for (t,x1) € (0,1) X R,

0 € L[[0,1],R] being a positive function. Since

—p1(tx1) | %2 |7 = paltsxi,x2) sgnxs = 8(1) [ x2 |,

(2.38)

(2.39)

(2.40)

(2.41)

(2.42)

(2.43)
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the assumptions of Corollary 2.4 are fulfilled withn =2,a=0,A=1,t, =0,t, =1,¢ =0,
B=0,z(t) =0,A(t) =0, u(t) =0, and

—-8(t)u? f >0, 1 1/1-y
q(t,u) = {0 u o o(t) = [(1 -7) L 5(s)ds] . (2.44)

for u<o,

Therefore, problem (2.41) has at least two different solutions on [0,1].

COROLLARY 2.6. Let the assumptions of Corollary 2.2 be fulfilled with the exception that the
conditions (i), (ii) are replaced by (i), (ii’):
(i") there exist functions hi,q; € Kgaz,5, [R;)A,R] (i € I) such that functions sgn(t —
t)hi(t,-) and sgn(t — t;)qi(t,-) are nondecreasing for i € I and there are solutions
@i(1), wi(t) of u; = hi(t,u;) and v; = qi(t,v;), respectively, satisfying

¢i(t) >0 fort e A(4,B)), 1t£11t1¢(t) =0, li1tn%1‘1f(p(t) >0,

. o (2.45)
vi(t) >0 fort e A(4,B)), ltLrItlw(t) =0, llItll};nflV(t) >0

fortel;
(ii') there are z; € AC[[a,A),R] and ¢ = (gi,,...,&;) € Cl(a,A),R*'] such that z(t;) =
Xo;i and the inequalities

sgn (Bj — ;) [(fi(t,x) = 25(8)) = hj(t,(x; —2;(1),)] =0 (j€I)

, . (2.46)
sgn (B — 1) [ - (fi(t.x) = 25(1)) — q;(t, (xj —z;(1)) )] =0 (j€I)

are fulfilled on Q={(t,x): @;(t) <xj—zj(t) <@j(t) +&j(t),t € A(t;,Bj)} and Q =
{(t,x) 1 y;(t) < zj(t) — xj < y;(t) +€;(t),t € A(tj,B;j)}, respectively, for almost all
t € A(tj,B;). Then the Cauchy-Nicoletti boundary value problem (2.1) has at least
two dlﬁerent solutions on [a,A].

Proof. Without loss of generality, it can again be assumed that I = {1,...,I} and Prx =

(x15...,x1). Put kj =2, gin(t,u) = hi(t,u), go(t,v) = qi(t,v), @i (t) = @i(t), @in(t) = yi(t),
Vil(ty-x) = (xi - Zi(t))Jr) ViZ(t)-x) = (xi - Zi(t))—) and Vi(tax) = (Vil(t)x)) Vi2(t7-x)) forie
I. Then we have

sgn (B; — ;) Viy (£,x(t)) = sgn (B; — t;) (fi(£,x(t)) — z;(1))
= sgn (B; — t;) gin (t, Vir (£,x(1)) ),

sgn (B — ;) Vi (£,x(1)) = —sgn (B; — t;) (fi(t,x(1)) — z(1))
> sgn (B; — t;) g (£, Via (t,x(1)) )

(2.47)

for any solution x = x(t) of (2.1) a.e. on any interval («;;, i) € A(t;, B;) for which

Vir (£,x(8)) < @i(t) +(t), Via (£,x(8)) < yi(t) +€i(t) (2.48)
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on (aj1,®n), i=1,...,1,and
Vit (£x(2)) > ¢i(t) or  Vip(t,x(2)) > yi(t) (2.49)

on (a1, ), respectively. The statement follows from Theorem 2.1. O

COROLLARY 2.7. Let the assumptions of Corollary 2.4 be fulfilled with the exception that
conditions (i), (ii) are replaced by the following:

(i") there exist functionsh € Ky a1, [ﬁ;’A,R] andq € Ky ay, B [ﬁi,mR] such that sgn(t —
tw)h(t,-) and sgn(t — t,)q(t, -) are nondecreasing and there are solutions ¢(t), y(t)
of u' = h(t,u) and v' = q(t,v), respectively, satisfying

e(t)>0, w(t)>0 forte A(ty,B), }iﬂn{q(p(t) = %iﬁr%w/(t) =0,

liminf(t) >0,  Liminfy(t) > 0; (2:50)
t—B t—B
(ii") there are z € A\(Jj[[a,A],R] and € € C[(a,A),R"] such that z(t,) = xo, and
sgn (B —t,) [ f(t,x15...,%,) — 2 (£) = h(t, (x, — z(1)),)] =0,
N (2.51)

sgn (B—t,)[ — f(t,x15..,%0) +2/ (1) = q(t, (x, — 2(1)) )] = 0

hold on Q) = {(t,x1,...,%n) : o(t) < x, —z(t) < @(t) +&(t), t € A(t,,B)} and Q=
(X150 05%0) 1 (1) < 2(t) — x, < @(t) +&(t), t € ALy, B)}, respectively, for almost
all t € A(t,,B). Then the Cauchy-Nicoletti boundary value problem (2.37) has at
least two different solutions on [a, A].

Proof. Corollary 2.7 follows from Corollary 2.6 in the same way as Corollary 2.4 follows
from Corollary 2.2. O

Example 2.8. Let p; € K [IA{%J,R] and p, € K| [ﬁg’l,R] be such that

pi(tx,x2) < =81(1)91(x2)  for (t,x1,x2) € (0,1) X R x (0,00),
p1(6x1,%2) = 8 (0)9 (| x2|)  for (£,x1,x%2) € (0,1) X R X (—0,0), (2.52)
xapa2(t,x1,%2) <0 for (,x1,%2) € (0,1) x R?,

where 61, 6, are positive functions such that §; € L[[0,1],R] and 9; € C[[0,0),R"] (j =
1,2) are nondecreasing and positive on (0, o) and satisfying 9, (0) =9,(0) =0, fol O1(s)ds <
Jo. 1/91(s)ds < o0, and fol 8:(s)ds < [y 1/9:(s)ds < 0.

Consider the boundary value problem

rr

w' = pi(t,w,w') + pa(t,w,w'), w(0) =0, w' (1) = 0. (2.53)
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It holds that
- [Pl(faxbxz) +p2(t,x1,x2) +61(1)9(x2)] =0
for (t,x1,x2) € (0,1) X R X (0, ),
- [—pl(t,xl,xz) —pz(t,xl,xz) +82(t)92( —XZ)] >0
for (t,x1,%2) € (0,1) X R X (—00,0).

(2.54)

The problems

u'==80%w),  ul)=0,

V= -89,  v(1)=0 (2.35)

have positive solutions on [0, 1) and condition (2.54) implies
[p1(t,x1,%2) + pa(t,x1,%2) | sgnx, < 0. (2.56)

Therefore, the assumptions of Corollary 2.7 are fulfilled witha =0,A =1,c =0, z(t) = 0,
B=0,t=0,t, =1, A(t) =0, u(t) = 0, and

h(t) = {—al(t)s)l(u) for (£,11) € (0,1) X (0,00),

0 for (t,u) € (0,1) X (—00,0],
(2.57)
=8, ()9, (v) for (t,v) € (0,1) X (0, 00),
q(t,v) = {0

for (t,v) € (0,1) X (—00,0].

Hence problem (2.53) has at least two solutions on [0,1].
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ACCURATE SOLUTION ESTIMATES FOR NONLINEAR
NONAUTONOMOUS VECTOR DIFFERENCE EQUATIONS

RIGOBERTO MEDINA AND M. I. GIU

Received 27 August 2002

The paper deals with the vector discrete dynamical system xj+1 = Agxg + fi (k). The well-
known result by Perron states that this system is asymptotically stable if Ax = A = const
is stable and fx(x) = f (x) = o(llxl). Perron’s result gives no information about the size of
the region of asymptotic stability and norms of solutions. In this paper, accurate estimates
for the norms of solutions are derived. They give us stability conditions for (1.1) and
bounds for the region of attraction of the stationary solution. Our approach is based on
the “freezing” method for difference equations and on recent estimates for the powers
of a constant matrix. We also discuss applications of our main result to partial reaction-
diffusion difference equations.

1. Introduction and notation

Let C" be the set of n-complex vectors endowed with the Euclidean norm || - [|. Consider
in C" the equation

X1 = Ak + fi (k) (K=0,1,2,...), (1.1)

where Ai (k =0,1,2,...) are n X n-complex matrices and f; : C" — C" are given functions.
A well-known result of Perron which dates back to 1929 (see [11, page 270], [8, Theorem
9.14], and [6]) states that (1.1) is asymptotically stable if Ay = A = const is stable (i.e., the
spectral radius r,(A) of A is less than 1) and fi(x) = f (x) = o(llx|). Clearly, this result is
purely local. It gives no information about the size of the region of asymptotic stability
and norms of solutions.

In this paper, we derive accurate estimates for the norms of solutions. Our approach is
based on the “freezing” method for difference equations and on recent estimates for the
powers of a constant matrix. Note that the “freezing” method for difference equations was
developed in [5]. It is based on the relevant ideas for differential equations (cf. [2, 3, 7]).

Firstly, we consider the linear difference equation

Xes1 = Arxe (K=0,1,2,...). (1.2)
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As it is well known, the fundamental matrix X (k) of (1.2) can be expressed as
X(m) =AmAm,1 . 'Ao. (13)

But such a representation does not yield much information about the asymptotic value
of solutions, except in the case of constant coefficients Ay = A (k = 0,1,2,...), when
X (k) = A¥ and the Jordan canonical form of A determines the asymptotic behavior of the
solutions. To prove the stability of (1.2) is equivalent to proving the boundedness of the
sequence {[|X(m)||}7. This problem is easy to solve under the condition sup; [|Axll < 1.
But it is rather restrictive. The “freezing” method allows us to avoid this condition in the
case

l[Ak—Ajll <qk-j (qk = g-« = const = 0, go = 0; j,k=0,1,2,...). (1.4)

For example, if Ay = sin(ck)B (¢ = const > 0), where B is a constant matrix, then condi-
tion (1.4) holds with g = 2||Bl|| sin(ck/2)], since

sinoc—sinﬁz23in<a;ﬂ)cos<a+ﬁ> (1.5)

for real a, 8.
For an n X n-matrix A, denote

n 1/2
g(A) = [NZ(A) - |Aj(A)|2:| , (1.6)
j=1

where N(A) is the Frobenius (Hilbert-Schmidt) norm of a matrix A : N?(A) =
Trace(AA™*), and A, (A),A2(A),...,A,(A) are the eigenvalues of A including their multi-
plicities. The relations

g(A) < [N*(A) — | Trace (A%) |17,

(1.7)
g(A) < \EN(A* —A)

are true [3, Section 2.1]. Here A* is the adjoint matrix. If A is a normal matrix: A*A =
AA*, then g(A) = 0. If A = (a;;) is a triangular matrix such that g;; =0for 1 < j <i<n,
then

g2(A): Z |aij|2- (1.8)

1<i<j<n

For a natural number #n > 1, introduce the numbers

p
(Cnfl

yn»P: (n_l)p (19)
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for p=1,2,...,n—1and y, = 1. Here and below,

m m (k=0,1,2,...,m;m=l,2,...) (110)

are the binomial coefficients. Evidently, for n > 2,

, _(=2)(n=3)(n-p) 1

2, = PENTEF <o (1.11)
Due to [4, Theorem 1.2.1], for any n X n-matrix A, the inequality
mi < S mirH(A)gH(A)yn
lam = > = =
= (m —k)'k!
(1.12)

= z CErm k(A g (A)ynx  (my = min{n—1,m})
k=0

holds for every integer m, where r;(A) is the spectral radius of A.

2. Preliminary facts

Firstly, we recall a boundedness result for (1.2) which is proven in [5, Lemma 1.1], namely,
we recall the following lemma.

LemMmA 2.1. Under condition (1.4), let
o= qk sup [|Af][<1. @2.1)
k=1 1=1,2,...

Then, every solution {xx} of (1.2) satisfies the inequality

sup ||l < ol lxoll (1 - &), (2.2)
k=12,..
where
Bo=sup [[Af]l (2.3)
k,1=0,1,2,...

As a consequence, it is possible to establish the next corollaries.

COROLLARY 2.2. Let the conditions

l|[Ak — Akl =g (k=1,2,...; § = const >0), (2.4)
6o=> sup ||AK |k < g~ (2.5)
k=1 1=1,2,...

hold. Then, every solution {xi} of (1.2) satisfies the inequality

el < Bollxol| (1 - G60) ™" (k=1,2,...). (2.6)
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Indeed, under condition (2.4), we have
Ak —Ajll <@k —jI (jk=0,1,2,...).

So {y < 46y. Now, the required result follows from Lemma 2.1.

CoROLLARY 2.3. Let condition (2.4) hold. In addition, for a constant v > 0, let

oo

Then, every solution {xx} of (1.2) satisfies the inequality
[lxill = vim)l[xoll (1 -G60) " (k= 1,2,...),
where

m(v)= sup v ¥[Af]].
Lk=0,1,2,...

Indeed, due to condition (2.8), m(v) < 0. Putting xx = v*zx in (1.2) , we get
Zks1 = v Arzk.
Corollary 2.2 and condition (2.8) imply
sup llzk]| < m)||20]| (1 = FO) " (k=1,2,...).
Hence, the required estimate follows. Recall also the following result from [5].
TuaEOREM 2.4. Under condition (1.4), let

po= sup rs(A)) <1, vo= sup g(A;) < oo,
I=12,.. 1=0,1,2,...

o n—1
E= D > Chpy K v ynkqm < 1.
m=1 k=0

Then, every solution {xx} of (1.2) is bounded. Moreover,

sup [[xe|| = Mo|lxol[(1 =),

k=1.2,..
where
n—1 k
Mo = Y vEynk (v +k)"pd*
k=0

with v, = max{0, —k(1 +logpo)/logpo}.

(2.7)

(2.8)

(2.9)

(2.10)

(2.11)

(2.12)

(2.13)

(2.14)

(2.15)

(2.16)
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3. The main result

The previous estimates give us a possibility to investigate (1.1) as a nonlinear perturbation
of (1.2). For a positive r < co, denote the ball

B, ={xeC":|x| <r} (3.1)
and assume that there are constants y,v > 0, such that
[ )| <vlixll+y (x€B,; k=0,1,2,...). (3.2)

Recall that the quantities py, vy, and M are defined by (2.13) and (2.16). Let

o n—1
Z ZCpr voy,,] (3.3)

k=0 j=0

Now we are in a position to formulate the main result of the paper.

THEOREM 3.1. Under the conditions (1.4), (2.13), and (3.2), let

S(f3A) = Z i kPo Vo)’nj (g +7) <L (3.4)
k=0 j=0

Then, any solution {xx}Z, of (1.1) satisfies the inequality

Mo||xol| +py(A)

su Xkl < N 3.5
k=1,§,...|| il 1= S5 A) (3.5)
provided that
Mol|xol| +uy (A)
—_— <. 3.6
—S(f;A) (36)
The proof of this theorem is given afterwards.
Recall that
o= sup [IAf]] (3.7)
K I=0,1,..
and let
61= . sup [|Af]l. (3.8)
k=0 1=0,1,...
LemMA 3.2. Under conditions (1.4) and (3.2), let
EZ qe+v) sup [[Af|[<1. (3.9)

1=0,1,2,...
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Then, every solution {xx} of (1.1) satisfies the inequality
]l < [Bollxol [+ 016] (1=80) ™ (k=1,2,..), (3.10)
provided that
[Bollxol| + 0161 (1 = So) ' <. (3.11)
Proof. Rewrite (1.1) as
Xer1 — A = (Ak — A xxc + fie(xx) (3.12)
with a fixed integer . The variation of parameters formula yields
xip1 = Ay + iA;fj[(Aj —Axj+ fi(x)]. (3.13)
j=0

There are two cases to consider: ¥ = o and r < oo. First, assume that (3.2) is valid with
r = oo, then, by (1.4),

! .
a1 = Bolloll + 1143 Tque x| + sl + 1]
j=0

l .
< Bollall+ 1141l (a5 +9) bl + 61
j=0

(3.14)
1
< Pollxoll+ max ||xk||Z||Ak|| qk+v) +ub
< Pollxoll + max [|x]] (2 (qk+v) _sup [|A ||) +ub,
Consequently,
(max lxk]| < Bol|xol] +So _max_ ||xk|| +ub). (3.15)
But /30 >1.So
kZOTSfMkaH < Bol|xol| +SO _max ||xk|| +u6). (3.16)
Hence,
+uf
sup ||xi|| = W. (3.17)
k=0,1,2,... =0
Let now r < o0. Define the function
~ fex), lxll <,
X) = 3.18
Jilx) {0, lx|| > 7. ( )
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Since
[ fc)|| < vlixll +, &k =0,1,...; x € B, (3.19)
then the sequence {X;}%, defined by
Ro=x0,  fm = At R(K), k=01,.., (3.20)
satisfies the inequality

~ +ub
sup |57 < Pollwll+u01 (321)
k=0,1,.. 1-3S

according to the above arguments and condition (3.11). But f and fk(x) coincide on B;.
So xx = xx for k = 0,1,2,.... Therefore, (3.10) is satisfied, thus concluding the proof. [J

proof of Theorem 3.1. As it was proved in [5, Lemma 2.2], 3y < My. Moreover, due to
(1.12), we have 0) < y(A) and Sp < S(f : A). Now the result is due to Lemma 3.2. a

Remarks 3.3. (a) Under (3.2) with u = 0, f¢(0) = 0 so that {0} is a solution of (1.1). Under
condition S(f,A) < 1, Theorem 3.1 asserts that the trivial solution is stable, and that any
initial vector xy € B,, satisfying the condition

(1 —S(f,A))T’

||| < M , (3.22)
belongs to the region of attraction.
(b) If v = 0, then every solution of (1.1) with the initial vector xq satisfying
[lxol[Mo +py(A) < (1= Or (3.23)

is bounded.

4. Applications

In this section, we will illustrate our main results by considering a partial difference equa-
tion. We consider a simple three-level discrete reaction-diffusion equation of the form

(j+1) () (j) (j) (j) ()

u;’ =ajuifl+bju,»1 +cjuily g +fj(u,»1 ), (4.1)
defined on Q = {(,j) :i=0,1,...,n+1; j =0,1,...}, where {a;}, {b;}, and {c;} are real
sequences, g = {g,-(])} is a complex function defined on Q,and f; : C - C (j = 0,1,...) are
given functions. Assume that the side conditions

u’ =8,€C, j=0,1,.., (4.2)
wl =y eC, j=01,.., (4.3)

W =1eC, i=12,..,n, (4.4)
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are imposed, where 7 = (11, 72,...,7,) € C". A solution of problem (4.1), (4.2), (4.3), and
(4.4) is a discrete function u = {ufj)}(i,j)eg which satisfies relations (4.1), (4.2), (4.3), and
(4.4). The existence and uniqueness of solutions to that problem is obvious, provided that
fj is one-one valued. With the notation

uld) = (u(lj),u(zj),...,u(j)), (4.5)
the sequence {u'/) } 7o satisfies the vector equation

Wt = A+ G+ Fi (), j=0,1,..., (4.6)

and the initial condition

u® = 7, (4.7)
where
b] C]' 0 0
aj b]‘ Cj 0 0
Ai=|0 g bj ¢ 0, j=0,1,2,...,
: : : : : : (4.8)
0 . - O a] b]

'\AQ
I

(g;j))u.)g’gj))+(aj6j’0)“.)0)cjyj))
Fi(x) = (fj(x1),..s fi(xn)),  x = (x1,X25...,Xn).

Thus, we can write problem (4.1), (4.2), (4.3), and (4.4) as (1.1) with
fi(x) = Fj(x) + G;. (4.9)

Assume that there are nonnegative constants y; and v such that

[[Fj()|| < vllxll+u1  (x €Bys j=1,2,...). (4.10)
In addition,
= D |IGj| < oo (4.11)
=0

So condition (3.2) holds with py = p1 + yz. As a direct consequence of Theorem 3.1, we
get the following theorem.

THEOREM 4.1. Let conditions (1.4), (4.2), (4.10), and (4.11) hold with y = yu, + y, and

xo = 7. Then, the unique solution x; = {u,(j)}(i,]-)eg of problem (4.1), (4.2), (4.3), and (4.4)
satisfies inequality (3.5).
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Remarks 4.2. Comparing Theorem 4.1 with [10, Theorems 1 and 2], we point out that
the hypotheses of Theorem 4.1 can be checked more easily. In this paper, we have used
a different approach. Our results do not overlap with those from [9, 10]. Other related
works can be found in [1, pages 237-245].
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GENERALIZATIONS OF THE BERNOULLI
AND APPELL POLYNOMIALS

GABRIELLA BRETTI, PIERPAOLO NATALINI, AND PAOLO E. RICCI

Received 19 July 2002

We first introduce a generalization of the Bernoulli polynomials, and consequently of
the Bernoulli numbers, starting from suitable generating functions related to a class of
Mittag-Leffler functions. Furthermore, multidimensional extensions of the Bernoulli and
Appell polynomials are derived generalizing the relevant generating functions, and us-
ing the Hermite-Kampé de Fériet (or Gould-Hopper) polynomials. The main properties
of these polynomial sets are shown. In particular, the differential equations can be con-
structed by means of the factorization method.

1. Introduction

A recent paper [7] deals with generalized forms of Bernoulli polynomials, used in order
to derive explicit summation formulas, generalizing well-known classical results. Fur-
thermore, the Appell polynomials were applied for the construction of quadrature rules
involving Appell instead of Bernoulli polynomials [4, 6]. In our opinion, the technique
introduced in [7] using the Hermite-Kampé de Fériet (or Gould-Hopper) polynomials in
order to extend to several variables many classical univariable formulas could be exploited
in order to find further generalizations of the above results, permitting the construction
of new summation formulas and multidimensional quadrature rules.

A preliminary analysis of the main properties of generalized Bernoulli or Appell poly-
nomials is included in this paper.

2. Recalling Bernoulli and Appell polynomials

The Bernoulli polynomials B, (x) can be defined by means of the generating function

tn

txt *©
Y B.x), ltl<2m 2.1)
n=0

e‘—lz

G(x,t) := o

By putting x = 0, we obtain the Bernoulli numbers B, := B,,(0) and the relevant generat-
ing function
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t_vp! (22)
ee—1  =7'nl ’

It is well known that

B,(0)=B,(1)=B,, n #1,

Bu(x)= > (Z) Bex" ¥, (2.3)

k=0
B, (x) = nB,_1(x).

The Bernoulli numbers enter into many mathematical formulas, such as

(i) the Taylor expansion in a neighborhood of the origin of the circular and hyper-
bolic tangent and cotangent functions,
(i) the sums of powers of natural numbers,
(iii) the remainder term of the Euler-MacLaurin quadrature rule.

The Bernoulli polynomials, first studied by Euler, are employed in the integral repre-
sentation of differentiable periodic functions, since they are employed for approximating
such functions in terms of polynomials. They are also used for representing the remainder
term of the composite Euler-MacLaurin quadrature rule (see [22]).

The Appell polynomials [2] are defined by the generating function

Galx,t) = A(t)e* = i R';('x) ", (2.4)
n=0 :
where
A(t) = go %tk, A(0) £ 0, (2.5)

is an analytic function at t = 0, and R := R¢(0).
It is easy to see that for any A(¢), the derivatives of R, (x) satisfy

R} (x) = nR,_1(x), (2.6)

and furthermore,

(i) if A(t) = t/(e' — 1), then R, (x) = B,(x),
(ii) if A(t) = 2/(e' + 1), then R, (x) = E,(x), the Euler polynomials,
(iii) if A(t) = a1 - - - a4t [ (et — 1) - - - (e** — 1)]7!, then the R,(x) are the Bernoulli
polynomials of order m (see [11]),
(iv) if A() =2™[(e®?*+1)- - - (e** +1)]7}, then the R,(x) are the Euler polynomials
of order m (see [11]),
(v) if A(t) = ebotitt+ant™ &, 20 then the R,(x) are the generalized Gould-
Hopper polynomials (see [10]), including the Hermite polynomials when d = 1
and classical 2-orthogonal polynomials when d = 2.
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3. Generalizations of the Bernoulli polynomials

Some generalized forms of the Bernoulli polynomials and numbers already appeared in
literature:

(i) the generalized Bernoulli polynomials B%(x) defined by the generating function
toet - t
— = zB;f(x)m, |t| < 2m, (3.1)

by means of which Tricomi and Erdélyi [23] gave an asymptotic expansion of the
ratio of gamma functions;
(ii) the polynomials of Nath [19], defined by the generating function

)

(ht)* (1 +wt)¥" 1
[(1+Wt)h/w—l = anhw _,’ [t < '; 5 (3.2)
(iii) the polynomials of Frappier [12], defined by the generating function
i7)%ex-1/2)z o z" .
e Z X lzl<2l], (3.3)

220T(a+1)]4(iz/2)

where ], is the Bessel function of the first kind of order « and j; = ji(«) is the
first zero of J,.

4. A new class of generalized Bernoulli polynomials: B N (x), m=1

In this section, we introduce a countable set of polynomials B" Y(x) generalizing the
Bernoulli ones (which can be recovered assuming that m = 1), introduced by Natalini
and Bernardini [18].

To this end, we consider a class of Appell polynomials, defined by using a generating
function linked to the so-called Mittag-Leffler function,

Eym1 (1) := ﬁ (4.1)

considered in the general form by Agarwal [1].
The generalized Bernoulli polynomials B U (x), m = 1, are defined by the generating
function

[eY)

—— m-1] n. 4.2
s -

tm ext

Gl (x, 1) :=
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For m = 1, we obtain, from the above equation, the generating function GO (x,t) =
te*/(e! — 1) of the classical Bernoulli polynomials Bﬁlo)(x).

Since G (x,t) = A(t)e*, the generalized Bernoulli polynomial belong to the class
of Appell polynomials.

It is possible to define the generalized Bernoulli numbers assuming that

Blm=11 = BIm=1)(0). (4.3)

The following properties are proved in the above-mentioned paper [18].
(i) Explicit forms:

=3 () i o (44

Inverting this equation, it is possible to find explicit expressions for the polynomials
[m—1] ;
By ' (x). The first ones are given by

By V(x) = m,
B%mfl](x) m'(x— L)
+1 (4.5)
(m-1] 22 2
B =m! - + ,
2 &) =m <x m+1" " (m+ 1)2(m+2)>
and, consequently, the first generalized Bernoulli numbers are
!
B([)M71] — m!’ B£M71] — _L’
m+1
| (4.6)
B[m 1] 2m!
(m+ 1)2(m+2)
(ii) Recurrence relation for the By m=1] polynomials:

n—-2
Blm1)(x) = <x_ L)B,E_;”(x)— ;1)' Z < )B[m T ). (47)

m+1 n(m

This relation, starting from n = 1, and taking into account the initial value B[m 1](x) =
m, allows a recursive computation for this class of generalized Bernoulli polynomials.
(iii) Differential equation for the B polynomials:

[m—1] [m—1] B[m—ll

n (n) 4 2n=l (n=1) ... 422 1
a7 - FTI

(4.8)

+(m_1)!<m11 >y’+n(m—1)!y=0.
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This is an equation of order # so that all the considered families of polynomials can be
viewed as solutions of differential operators of infinite order.

Remark 4.1. Note that the generating function could be written in the form

G[m—l](x £) = L =m!' D B m’l](_x)ﬂ (4.9)
ef — Xty (t/h)) b n!
so that, putting
Blm(x) = m!Blm"(x), (4.10)

we obtain the explicit form of the generalized Bernoulli polynomial B from the pre-
ceding one simply by dividing by m!, and so decreasing the relevant numerical values.

5. 2D extensions of the Bernoulli and Appell polynomials

The Hermite-Kampé de Fériet [3] (or Gould-Hopper) polynomials [13, 21] have been
used recently in order to construct addition formulas for different classes of generalized
Gegenbauer polynomials [9].

They are defined by the generating function

et an (x, y (5.1)
n=0
or by the explicit form
(/] n—js 1)
Xy
n =n! 5.2
(oy) =n! Z (n—js)ls!’ (52)

where j > 2 is an integer. The case when j = 1 is not considered since the corresponding
2D polynomials are simply expressed by the Newton binomial formula.

It is worth recalling that the polynomials HY )(x, y) are a natural solution of the gen-
eralized heat equation

0

aF(x,y) = F(x,y), F(x,0) = x". (5.3)

j
oxJ
The case when j = 2 is then particularly important (see Widder [24]); it was recently
used in order to define 2D extensions of the Bernoulli and Euler polynomials [7].

Further generalizations including the HY )(x, y) polynomials as a particular case are
given by

2y f t"
ex1t+x2t+ +x,t zH X1,X2,.. ’xr) '_

n=0

(5.4)
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Note that the generating function of the last equation can be written in the form

(1t + x>+ - - - +x,t’)k
k!

X1 X 2 X

[Me

[4

=~
I
(=]

1 k! &k
§ 1,k Ky 4k +2ko+- -4k
— 73( XA~ e e XM 2 T
k]'kz 'k' 142 r

[
Me

(5.5)

k=0

k! ki+ky+- -k, =k
xl X2 " tn

o \n, k1 lky! - k U] n
where k:=k;+ky+---+k,, n:=k; +2k, + - - - + rk,, and the sum runs over all the re-
stricted partitions 7 (n|r) (containing at most r sizes) of the integer n, with k denoting
the number of parts of the partition and k; the number of parts of size i. Note that, using
the ordinary notation for the partitions of n, that is, n = k; + 2k, + - - - + nk,, we have to
assume k41 =kjpo=---=k,=0.

Consequently, the explicit form of the multidimensional Hermite-Kampé de Fériet
polynomials

M8

n

k> k,
xix - Xr
Hy(x1,%25..,%;) = z ﬂ'm (5.6)

i (nlr)

follows.
Furthermore, they satisfy for every n the isobaric property (of weight n)

H, (txy,t2%2,...,t7x,) = "Hy (x1,%2,..., %), (5.7)
and consequently, they are solutions of the first-order partial differential equation

X1 oH, X oH, +- X, oH, = nH,. (5.8)
ox1 0x; 0xy

The multivariate Hermite-Kampé de Fériet polynomials appear as an interesting tool
for introducing and studying multidimensional generalizations of the Appell polynomials
too, including the Bernoulli and Euler ones, starting from the corresponding generating
functions. A first approach in this direction was given in [8].

In the following, we recall some results of Bretti and Ricci [5], presenting some prop-
erties of the generalized 2D Appell polynomials, but considering first the case of the 2D
Bernoulli polynomials, in order to introduce the subject in a more friendly way. The rele-
vant extensions to the multidimensional Bernoulli and Appell case can be derived almost
straightforwardly, but the relevant equations are rather involved.

We will show that for every integer j > 2, it is possible to define a class of 2D Bernoulli

polynomials denoted by BY (x, y) generalizing the classical Bernoulli polynomials.
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Furthermore, the bivariate Appell polynomials R (x, y) are introduced by means of
the generating function

Aty = Z Ry : (5.9)

Exploiting the factorization method (see [14, 16]), we show how to derive the differen-
tial equations satisfied by these 2D polynomials. The differential equation for the classical
Appell polynomials was first obtained by Sheffer [20], and was recently recovered in [15].

Remark 5.1. It is worth noting that recently Professor Ismail [17], avoiding the use of
the factorization method, was able to prove that the differential equation of infinite order
satisfied by the Appell polynomials is nothing special since it can be stated for a general
polynomial family.

Further generalizations are given by the multiindex polynomials defined by means of
the generating functions

Lj
A(t,7)e D7 = z R (6, y) = (5.10)
n,m=0 l/l m.
or, more generally,
. i 00 I tnl tnr
Altyy.. o ty)entl et = ST R ) (5.11)

m! n,!

which belong to the set of multidimensional special functions recently introduced by
Dattoli and his group.

6. The 2D Bernoulli polynomials BY (x, y)

Starting from the Hermite-Kampé de Fériet (or Gould-Hopper) polynomials HY )(x, ¥),

we define the 2D Bernoulli polynomials BY )(x, y) by means of the generating function

t

G (x, y5t) 1= ——

. ® . tVl
. le’“*w - zBi,])(x,y)ﬁ. (6.1)
n=0 °

It is worth noting that the polynomial HY )(x, y), being isobaric of weight n, cannot
contain the variable y, for every n =0,1,...,j— L

The following results for the BY; )(x y) polynomlals can be derived.
(i) Explicit forms of the polynomials BY in terms of the Hermite- Kampé de Fériet
polynomials HY and vice versa:

WI1 e

B,
<J>(x,y) z (h) th (xy —”'Z e h)' Z (Ij—jr))/!r!’ (6.2)

h=0
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where By denote the Bernoulli numbers;

0) _ n 1 ()
W6 y) =D (h>7n_h+13h (x,).

h=0

(ii) Recurrence relation:

Béj)(x,y) =1,
(i 1n72 n
B (x,y)=—;Z <k>Bn kB (x, )
k=0
1 (n—1)!
+(x_2) nl(xy)+]y(n J)|Bn]xy

(n—k+1)!

%= 1pYVp,,
n

1 e e B, (1)

= (n—k+1)!

(iv) Differential or integrodifferential equations:
B, Bji i (Bj ) j
—Dl!+---+ Dy " +|\— —jy|D
[n! % G+ T\ )

Bji1 1 (1 ) ] () _
+(j—1)! e+ + > X |Dx+n|Bi (x,y) =

1 T N2
[(x—E)Dy-f—ij(] V'pi T+ jypY Y D)

- z Pk p U Rkt — g DY |5 () = 0,

(n—k+1)!

1 i—(n— V(1)
[(x_E)DJ(cJ D)(n I)Dy+(j—1)(n—1)D,(cJ D(n-1) lDy

n—1
.~ (G=D(n=j) i1 Bi—k+1 j 1)(k-1) k+1
+ jDx (Dy +yDy ;;1 o k+1)' D~

—(n+1)DJ 1)] ﬁ,j)(x,y)zo, n=j.

_ 1 - k I
L :=;Dx, L= x—7> g Bnei L _prk 4 jyDi,

(6.3)

(6.4)

(6.5)

(6.6)

(6.7)

(6.8)

Note that the last equation can easily be derived by differentiating (j — 1)(n — 1) times
with respect to x both sides of the preceding one, and does not contain antiderivatives for

nxj.
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7. The 2D Appell polynomials R (x, ¥)

For any j > 2, the 2D Appell polynomials R (x, y) are defined by means of the generating
function

GP (x, y3t) = A()e " = ZRff)(x)y)%- (7.1)

Even in this general case, the polynomial RY (x, y) is isobaric of weight n so that it does
not contain the variable y, for every n = 0, 1 .j—1L

(i) Explicit forms of the polynomials RY in terms of the Hermite- Kampé de Fériet

polynomials Hy and vice versa:

X,y z ( ) n— hHr(lj)(x)y)

Wi gy (7.2)
= Z (n— ) 20 (h—jr)r’
where the R are the Appell numbers appearing in the definition (2.5);
Hi (x,7) = 3. (Z) Qu-iR (5, ), (7.3)
k=0

where the Qy are the coefficients of the Taylor expansion in a neighborhood of the origin
of the reciprocal function 1/A(¢).
(ii) Recurrence relation: it is useful to introduce the coefficients of the Taylor expansion

(7.4)

The following linear homogeneous recurrence relation for the generalized Appell poly-
nomials RE,] ) (x,y) holds:

Rf)j)(x,y) =1,

. 1 . .
P 0y) = (x+ao)RY (x, )+ (j I)JyRi’)j<x,y>

n-2 n—1 (i)
+> < )“nkle] (x,9).
k=0 k

(7.5)
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(iii) Shift operators:

- 1 j i1, < Xn—k -
L. :=~-D,, Li:= (x+ap) + ———yDi + -k
" () + kgo(n—k)!
¥, = lD;(“)Dy, (7.6)
n
Fti=(x+ag) + G- J )'ny j "y Z Gn k ‘ )(n_k)D;*k.
(iv) Differential or integrodifferential equations:
|t Sl (S )
i o (7.7)
Kj-2 j=1, .
+ G- x4+ (x+ag) Dy ]Rn (x,y) =
J (-v?
[(x+oc0)Dy+ G- 1)!Dx (yDy +D D)
(7.8)

. . T
+Z nii). VDt (a4 1)) ‘]Rﬁ,”<x,y):

[(x-i—oc )DY """ VD, 4 (j-1)(n-1)DY V"D,

J (J 1)(n—j)
+ D +D

J D(k— an k+1 (79)
—(n+ 1)D;'(j1)}R$f)(x,y) =0, nx>j.
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