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LASZLO SIMON IS 70 YEARS OLD

By
ISTVAN FARAGO and LASZLO LOVASZ

This year we celebrated the 70th birthday of L4szl6 Simon, an out-
standing scientist of the Hungarian an international mathematical life and an
excellent teacher at the Institute of Mathematics, E6tvés Lorand University.

A short biography

Lasz16 Simon was born on 13 April, 1940. He graduated from the E6tvos
Lorand University in 1963 with a Diploma in Mathematics. He defended his
PhD thesis, in which he studied boundary value problems for generalized
functions, in 1966.

From September, 1968 he was correspondent fellow at the Department
of Differential Equations of Moscow State University under the supervision
of B. R. Vainberg. He became Candidate of Sciences in 1973 with his thesis
“Approximation of elliptic boundary value problems on unbounded domains”.
He became a Doctor of the Hungarian Academy of Sciences in March, 1990.
The title of his thesis was “Elliptic equations of order 2m”.

He has been teaching at the Department of Applied Analysis and Compu-
tational Mathematics (formerly Analysis II) of the E6tvos Lorand University
since 1963.

He has participated in several international collaborations, among others
with Moscow State University, the Institute of Applied Mathematics of Hei-
delberg University, the Department of Applied Mathematics of Complutense
University, Madrid, the Institute of Mathematics at the University of Oulu
and the Institute of Mathematics at the University of Strasbourg.
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Research work, public activity

Laszl6 Simon is an acknowledged scientist of the Hungarian an inter-
national mathematical life. His field of research is the theory of partial
differential equations. His earlier research was mainly focussed on elliptic
partial differential equations. At present he primarily studies nonlinear elliptic,
parabolic and functional differential equations, and investigates the existence
and qualitative behaviour of the solutions. To this aim, he applies the tools
of functional analysis, mainly the theory of monotone operators. His results
have been presented in many Journal articles, and also in the Handbook of
Differential Equations published by Elsevier.

In the past 20 years, he was the principal investigator of several ministry
and OTKA (Hungarian Scientific Research Fund) research projects. Since
1980, he has been member of the editorial board of the physics column
of KoMaL (the Mathematical and Physical Journal for Secondary Schools).
He was a member of the Mathematical Committee of the Hungarian Scien-
tific Research Fund, the Mathematical Doctoral Committee of the Hungarian
Academy of Sciences and the Committee of the Farkas Gyula Prize of the
Janos Bolyai Mathematical Society for several years.

Educational activity, awards

Laszl6 Simon has played an important role in the education of partial
differential equations. He worked out the textbook of the partial differential
equation course at the E6tvos Lordnd University and he has been the Professor
of this course for decades. He enriched the Hungarian literature of partial
differential equations very remarkably. The classical theory is discussed in
his book, written jointly with Laszl6 Czach, which appeared in 1970. Another
book he wrote with E. A. Baderko appeared in 1983. This book has become
the fundamental Hungarian reference of the modern theory of partial differ-
ential equations (including the theory of distributions and Sobolev spaces).
Generations of studens have learned partial differential equations from this
book.

He had four students who recieved the degree of Candidate of Sciences,
and three students who obtained a Phd degree: Tamds Pfeil, Ferenc Izsdk and

Addm Besenyei, who are recently members of the Institute of Mathematics.

In 1988 he was awarded the Prize of Natural Sciences of E6tvos Lorand
University, and in 1993 the Pro Universitate Medal.
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What is below the surface. ..

All those who have ever been in contact with Laszl6 Simon, would
certainly admit that he is a remarkably helpful and most reliable colleague.
He does every job with the utmost care and devotion. Should anyone turn to
him with any kind of problem, he always does his best to solve it. Laci’s wide
knowledge, along with his interest and willingness to work for the community,
is fully acknowledged by everybody. It is no surprise that he is so respected
and liked by his students as well as his colleagues.

Besides his work, he has several hobbies, in addition to which he is
mostly engrossed by his 12 grandchildren, daughters and sons of his three
children. According to the unanimous opinion of those who know him, he
does this exactly as well, and with as much devotion, as his other engage-
ments.

For an outsider it is almost incomprehensible how he has so much time
and energy for all this!

The conference and the special issue

On the occasion of the round anniversary, the Institute of Mathematics
organized a one-day conference on 20 May, 2010 in the honour of Laszld
Simon. Due to the limited time, there were relatively few talks. The invited
speakers were not only outstanding specialists of the field of differential
equations, but also well reflected the international reputation of our celebrated
colleague. Speakers came from France, Russia and Germany, but colleagues
from almost all leading Hungarian universities were also present.

This volume contains mainly the material of the talks presented in the
conference. We hope that it offers a good illustration of the successful scien-
tific and educational carrier of Laci.

Acknowledgements

Finally, we thank everybody who contributed to the celebration of L4szl6
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particularly for setting an example with his devotion to his work and with his
lifestyle. We wish that all this will continue unchanged for a very-very long
time!

Istvdan Farago Laszlo Lovdsz

Department of Applied Analysis Department of Computer Science,
and Computational Mathematics, Eo6tvos Lorand University,
E6tvos Lordnd University, H-1117 Budapest, Hungary
H-1117 Budapest, Hungary lovasz@Qcs.elte.hu
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GENERALIZED SOLUTIONS OF THE CAUCHY PROBLEM FOR
NON-DIVERGENCE PARABOLIC EQUATIONS

By
E. A. BADERKO
(Received October 17, 2010)

Dedicated to Professor Ldszlo Simon on the occasion of his 70th birthday

Abstract. A notion of generalized solution is introduced in this paper for
the Cauchy problem for non-divergence parabolic equations in the half-space.
The aim of the work is to prove existence of such a solution and to establish
the character of its regularity in terms of estimates for the solution itself and
its gradient.

1. Notations

Let D= {x € R", ¢t > 0}. We denote by C%(D) the space of all functions
f defined and continuous on D for which

Ifllo := sup |f (x, )] < o0,
D

further, let C1:0(D) be the space of all functions f for which 9 )l( f are contin-
uous in D for all I = (ly,...,l,) such that 0 < |/| < 1, and C%1(D) be the

space of all functions f for which 6tk a,i f are continuous in D for all k =0, 1
and [ such that 0 < 2k +|I| < 2.

We will also use the following notations:
Acfx,t) =f(x +Ax, 1) — f(x,1),
A%f(x,t) =f(x +2Ax,1) — 2f (x + Ax, 1) +f(x,1).
The expressions A;f (x,t) and Atzf (x,1) are defined analogously.

AMS Subject Classification (2000): 35K10
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Let f € CO(D). We say that f is Dini-continuous on D with respect to x
if there exist a constant C > 0 and a function w : [0, +00) — R such that for
all x,x +Ax € R", t > 0,

[Acf (x, )] < Co (JAx]),
where the function @ is a modulus of continuity which satisfies the so-called
Dini condition:

h
(D(h)::/ @) 4 <o, h>0.
0o z

(Cf. Dzjadyk [7, pp. 147—-157] about the properties of the modulus of conti-
nuity). We denote

—— |AXf(x7t)|
Fllo == o+ sup

2. Formulation of the Problem

We consider in the half-space D the linear parabolic operator

n n
Lu=9d;u — Z aijaiju + Zbiaiu +cu,
ij=1 i=1
where its coefficients are defined on D and satisfy the following conditions:
a) There exists 3¢ > 0 such that Z?J:l a;j(x,1)0;0; > 8002 for all (x,1) €
€ Dando € R?;

b) Functions a;; € C%(D) are Dini-continuous with respect to x in D with
the corresponding modulus of continuity w;; (i,j =1,...,n);

¢) bj,ce CUD) (i=1,...,n).
Matichuk and Eidelman [7] have shown that there is a classical fun-

damental solution of operator L if, in addition to a), b), c), the following
condition holds:

h(F)“z
/ ﬁdz<oo,h>0, i,j=1,...,n.
0 Z

The objective of this work is the study of the Cauchy problem
(1) Lu=fin D, ul;zg=0in R",
where f € CO(D).
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II’in [3] has proved that there is, in general, no classical solution of (1)
if f is not Dini-continuous with respect to x. We introduce the notion of a
generalized solution of (1) in the following way.
DEFINITION 1. A function u : D — IR is said to be a generalized solution
of (1) if there is a sequence vy C c>1(D)n c%D), k € N such that:
() ve(x,t) — u(x,t) as k — oo for all (x,t) € D;
(1) Lvg =f; in D (k € N), vi(x,t) — 0 as t — 0 uniformly with respect to
xeR' keN;

(iii) fr — f as k — +oc uniformly on D N {fy < t < T} for all 75 > 0,
T > 1p.

REMARK 2. It follows from the maximum principle (cf., e.g., [6, p. 28])
that such a solution is unique.

THEOREM 2. Let conditions a), b), ¢) be satisfied. If f € C O(D) is uni-
formly continuous in DN {t < T} for all T > 0 then the Cauchy problem (1)

has a (unique) generalized solution u € C0(D) and the following estimates
hold:

) loux,0)| < CeM|If o,

3) AZ0u(x, 1) < CeM|f [lo|Ax],
4) [Adux,0)] < CAHAI|F ] o(an! /2,
5) |AZu(x, )] < CAIFAD|If oAz,

forallx € R", t+At >t > 0; where C and A > 0 depend on n, 0y, ||a;; ||a,l.j,
1billo and [cllo-

REMARK 4. Konenkov [5] has proved estimates (2)—(5) for the classical

solution of (1) in the band DN {¢ < T} (under more restrictive conditions on
aij, bi, Cc andf).

3. Proof of Theorem 3

Let Z(x — &,t;y,7) be the fundamental solution of the equation

n
du(x,t) = Y a;(y,1)d;u(x,1)=0in D,
ij=1
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with the coefficients “frozen” at x =y (cf. [2, p. 24]), i.e.,

. t n
Z(x,t;y,r)=/ ™7 exp —/ > aij(y.moio; | dn ¢ do,
R T \ij=l
and let

X

1 2
* —__ _ Tn+l
Z(Xpe151) = VT exp{ 4 } .

We will denote by C, ¢ any positive constants depending on n, dy,
lla;; le.j, 1bi llo> llcllo, specific value of which is not important for the ar-

gument, further, letw =7 =1 @i

For ¢ € CY%(D) we introduce the integral

t [e’e)
Vo (X, 15 Xp41) = 2/ / Z*(Xpt1 + Ynt1>1 — T)dypy1 X

X Z(.X _EatQEaT)‘P(gaf)dEdTa
R}’l

where (x,1) € D, x,41 > 0.
We will first prove the following two lemmas.

LEMMA 5. Let p € C%(D) be uniformly continuous on DN {t < T} for
all T > 0. Then

a1%+1v<,0(x’t;xn+l) —p(x,1)
as x, 41 — 40 uniformly on DN {ty <t < T} forall0 <ty < T.

PROOF. Using the facts that for all x € R", ¢t >7 > 0,
Z(X - gat;xar)d‘g = 17
Rl’l
and for all > 0, x,,1 > O,

t
1
/ 00112 (1 =TT = =2,
—0o0

we can write

2 . —
an+1v‘P (x’t’xn+l) =
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0
:<p(x,t)+2<p(x,t)/ 012 (Xp41,t —T)dT —
— 00

t
_2/ 12" (Kpg1st —T)X
0
< [ iz -gnen - 26 - srrlpns
R’l

+Z(x — E,6ED)pE,7) - <p(x,t)]}d§dr -
= (p(x,t)+ 2<p(x,t)V1(x,,+1,t) - 2(V2 + V3)(xat;xn+1)-

First we estimate V:

Xn+1

and thus ¢ (x,7) Vi(x,41,1) — 0 as x,,; — +0 uniformly on D N {t > 1y}.
Now by using assumptions a), b) we obtain

t 2
Xn+1 ~ Yntl 1/2
|V2|SC(P/O T3/2 exp( 41 )w(T )dT,

where Cp := Cllo||o.

Consequently, if 0 < 7 < x2 ., we have

n+l’

| Vz(x,t;x,1+1)| < wa(xnﬂ)-

If t > x2_,, then

n+1°

2
i ([F7 ) pten( o

dr
< C(pw(-xn+l) < /2 ?) = C(pw(xn+l)(1 +Int — 2'1n-xn+l)-
X

n+l

Note that for r € (0, 1),
G vF
o(r)|nr|= 2w(r)/ d_z < 2/ @dz < 2w(r1/2),

Consequently, if 1 > x2

1> we have for x,, .1 € (0, 1) that

Vo, 15%051)] < Cp{o ()1 +1In0) 4@ (x /D))
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Therefore, V,(x,1;x,41) — 0 as x,,,; — +0 uniformly on DN {zy <t < T}.

Finally we estimate V3. Let ¢ € (0,1) be arbitrary. There is § =
=0(e, T) > 0 such that

lp(x,t) —p@, 1) <e ifjx —§ <0, 0<t<T,
and
lp@E, D —pE 1) <e ift—1<0% 0<1<t<T.

We can assume O < &. If 0 < £ < 82 then
|V3| S Cw(p,T(S)a

where w,, 7 is the modulus of continuity for ¢ on DN {r < T}.

If 1 > 82 then writing V4 in the form

t t
V3:{/ dr/ +/ dr/ +
0 lx—&|<6 Jo |x—&|>0
t 1—o2
+/ d‘[/ +/ d‘[/ }...dé‘,
1—062 RrR* Jo R"

we deduce the estimate

1
Vil < ¢ (e s lplo 2 T).

Therefore, V3(x,t;x,41) — 0 as x,,.1 — 0 uniformly on DN {¢t < T}. |

LEMMA 6. Iff € CO(D) then the integral equation
t
) <p<x,r>+/ / K(x,1:6,009(E 1) dédT =f(x,1), (x,1) € D,
0 JRn

where K(x,t;&,7) = Ly Z(x — &,t;&,7), has a unique solution ¢ € cO(D)
and the following estimate holds:

lpx,0)] < CeM|fflo, V¥(x,1) € D.

Furthermore, iff is uniformly continuous on DN\{t < T}, then ¢ is uniformly
continuous on D N {t < T}, too.

PROOF. Let 4 > 0 be fixed. Multiplying both sides of (7) by e we
obtain the equivalent equation

t
® oo+ [ [ KGagnpends =ren



GENERALIZED SOLUTIONS 13

with
9) <p* =e_’“<p, f* :e—/lt , K* =e_’1(t_T)K.

Let A: C%D) — C%D) be the operator defined by

t
A(p*(x,t)z// K*(x, 136,100 (E,7) dE.
0 JR"

It follows from assumptions a)—c) that

_\1/2 #2
|K*(x,t;g,r)|SCe—m—n/zMexp{_cu £) }

(t — 7)n+2)/2 t—7
so that
t
/dr/ |K*(x,1:£,7)|d& < Goiv (¢'/?)

for some Co > 0 and all (x,t) € D. Let ¢ > 0 be such that Cyd (¢) <z If
0<t< 2 then for all x € R,

1
4p*@,0] < 10" o

If t > &2 then writing

82 t
swen-{ [ o[
0 JRT Je2 JRn

w(e) e 12 —a—
40,0l < gl lo+ ol lo 2 [ = oy e 2 ar <
1 aE) 1
*
<lplo (3 + 62215,

aE) 1 1

e a2 T8

we obtain

Choosing A > 0 in the way that

we obtain

1
|Ap™[lo < §|\<P*||o-
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Therefore from the contraction mapping principle we conclude that equation
(8) has a unique solution ¢* € C O(D) and the following estimate holds

lp* Il < ClIf*llo-

Returning now to the function ¢ by (9), we obtain the assertion of the
lemma. 1

PROOF OF THEOREM 3 Let ¢ € C9(D) be the solution of the integral
equation (7) and let vy (x,1) := vy (x,1; %), where v, is given by (6). Then by
Lemma 5,

1
LVk(X,t) Ef(xat)+ |:a,%+1v(p(x7ta E) _(p(xat):| _)f(-xat)

as k — oo uniformly on D N {ty <t < T}. Furthermore, for all (x,?) € D,
vk, )| < Ctlle o,

thus it follows that the function

t
u(x,r>zv¢(x,t;0>z/ dr/ Z(x — 616,000 (E,7) dE
0 Rﬂ

is the generalized solution of (1).

The estimates (2)—(5) are proved similarly to the corresponding estimates
for the heat volume potential from the work of Konenkov [4]. ]
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A VECTORIAL INGHAM-BEURLING TYPE THEOREM

By
ALIA BARHOUMI, VILMOS KOMORNIK, MICHEL MEHRENBERGER
(Received July 27, 2010)

Dedicated to Professor Ldszlo Simon on the occasion of his 70th birthday

Abstract. Baiocchi et al. generalized a few years ago a classical theorem
of Ingham and Beurling by means of divided differences. The optimality of
their assumption has been proven by the third author of this note. The purpose
of this note is to extend these results to vector coeflicient sums.

1. Introduction

Let Q := (wg ) ez be a family of real numbers satisfying the gap condi-
tion
1.1 = inf oy —wy| > 0.
(1.1) 14 kol |k nl

Let us denote by DT = D*(Q) its P6lya upper density, defined by the formula
Dt :=lim, oo r " In*(r), where n*(r) = n*(Q, r) denotes the largest number
of terms of the sequence (wy )7z contained in an interval of length r.

Let (U )z be a corresponding family of unit vectors in some complex
Hilbert space H and consider the sums

x(t) = Zxk Uy e'@k!
kezZ

with square summable complex coefficients x;. We are interested in the
validity of the estimates

(1.2) /|x(t)|fH dt <> ||
I kez

AMS Subject Classification (2000): primary 42B99; secondary 42A99
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where I is a bounded interval of length denoted by |I| and where we write
A = B if there exist two positive constants cy, ¢y satisfying cjA < B < ¢ A.

The following result generalizes a theorem of Ingham [4]; for d = 1 it
reduces to a theorem of Beurling [2].

THEOREM 1.1. Let Q := (wy)rez be a family of real numbers satisty-
ing (1.1).

(a) If |I| > 27t D™, then the estimates (1.2) hold.

(b) If the estimates (1.2) hold true and H has a finite dimension d, then
|I| > 2xD*/d.

The optimality of Theorem 1.1 will be deduced from the following result:

THEOREM 1.2. Let Q be a set of real numbers with a finite upper density
D" and let ay,a,,... be a finite or infinite sequence of numbers in [0, 1]
satistying a1 + ay + - -- > 1. Then there exists a partition Q = QU Qy U - --
of Q such that the upper density D* j of Q; is equal to a; D* foreveryj.

REMARK. It follows from the definition of the upper density that if Q =
=Q Uy U---is a finite or infinite partition of €, then

(13)  max{D*(Q,), D*(Qy),...} < D*(Q) < D*(Q))+ D" (Q) +---.

This implies the necessity of the conditions a; < 1 and @y +az+--- > 1in
the theorem.

Now we have the following corollary:

COROLLARY 1.3. Let Q = (wy)r ez be a family of real numbers satisty-
ing (1.1), and H a finite-dimensional Hilbert space. Given any real number
dl <a <1 whered = dim H, there exists a family (Uy)cz of unit vectors

in H such that the estimates (1.2) hold if |I| > 2ma D™, and they fail if
|I| < 2ra D*.

We prove Theorem 1.1 in the next section and we extend it to the case
of a weakened gap condition in Section 3. Theorem 1.2 and Corollary 1.3 are
proved in Sections 4—6.

We refer to [S5] for various control theoretical applications of theorems
of this type.
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2. Proof of Theorem 1.1

Part (a) readily follows from the scalar case. Indeed, fixing an orthonor-
mal basis (Ej),cn of the closed linear hull of (Uy)rc7z in H and developing
the vectors Uy into Fourier series: Uy = Y, c N gn En, for |I| > 2m.D* we
have

2

/ Zkake’wkt dt = Z/Zxkuk e’wkt‘ dt <

keZ neN keZ

=0 btnl* =

neN keZ

= ul*

kez

For the proof of part (b) we adapt the approach developed in [3] and [6].

We set yy = 2m|l |_1k for brevity. Given three real numbers y,r, R with
r, R > 0, we introduce the orthogonal projections

Py, LX(LH) — Vy, and Qg i LI H) — Wy, ig
onto the finite-dimensional linear subspaces

Vyr = Vect{Ukeiwkt o =yl < ’”}

and
W, r4R = Vect{Ueint vk —y|<r+R and U € H}.
Note that
2.1 n*(2r) = supdim Vyr
y
and
2.2) Qr + 2R)d% < dim Wy,ag < (2r + 2R+ Dd |I|

Setting

SyﬂrﬂR := Py’r O Qy5r+R O i

where i denotes the injection i : Vy , A— LZ(I , H), we obtain a linear map
of Vy , into itself. We are going to study its trace.
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LEMMA 2.1. We have
‘tr(sy,r,R)‘ < dim W), ;.

PROOF. We have
[1Sy.rrll < | Py.r

[ Q] < 1.

Hence the eigenvalues of S , g have modulus < 1 and therefore

‘tr(sy,r,R)‘ < rang(Sy , g) < dim(Wj, 1 R). 1

LEMMA 2.2. Writing e (t) := Uy e'®k? for brevity, there exists (g )y cz a
bounded biorthogonal family to (ey )¢z in LZ(I ,H) and we have

tr(SyrR) =dim Vy,r + Y (Qyrer — e, Py rpi)py-

ok —y|<r

PROOF. The existence of a bounded biorthogonal family comes from (1.2)
(see [5] for a proof). We then write Sy, , gex = Z|wj P Sk jej- Since (py)

is biorthogonal, we have (Sr,r,Rek:<Pk)L2(1 o= Sk x and thus
t(Sy,r,R) = Z Sk ke = Z (Sur,Rek"Pk)H(I,H)’
|wj—y|<r |og —y|<r
so that
uSy )= Y (Porews@i) 2 gt

|log —yl<r

+ Z (Py,r(Qy,r+R — Id)eg, o )LZ(I,H)'

oy —y|<r

Since Py rei = e, we have (P,,rek,wk)Lz(I o= 1 and the result follows.

LEMMA 2.3. For R — oo we have
1(Qy,r+r — Id)ex || = OC1/VR)
uniformly for ally € R, r > 0 and k satisfying | —y| <r.

PROOF. Fixing an orthonormal basis Ej, ..., E; of H and setting

fug®) = 1172 et
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we have

d
€k = Z Z(ekaﬁlj)LZ(I,H n,j

nez j=1

and

d
Qy,r+R€k = Z Z(ek7ﬁ1J)L2(I’H)fnJ-

lyn—y|<r+Rj=1

Applying Parseval’s equality it follows that

d 2
H(Qy,r+R - Id)ek”2 = Z Z ‘(ekaﬁlJ)LZ(I,H)‘ .

lyn—y|>r+R j=1

Since
3 _— 2|I|—1/2
@3) [(erofup) o] =11 1/2\/(U,E->He'<‘”k mear| < 2
ehpram| = [0 5 —
and |y — y| < r, then we obtain that
2 _ 1
@y rir =1 |” < et~ D0 s
|wk _Vn|
lyn —y|>r+R

Note that from |y, —y| > r+ R and |, —y| < r, we get |y, —wi| > R, and
thus

1
Ip +R|2'

oo
2 _
H(Qy,r+R - Id)ekH S 8d|1| ! ; |2.7T|I|_

Since the last expression doesn’t depend on r,y and is O(1/R) as R —
— 00, the lemma follows. ]

Now the proof of part (b) of Theorem 1.1 can be completed as follows.
By the above lemmas we have
dim Wy ;g > |tr(S)] =
=|dim Vi, + > (Qyrer — ek, Prrop)m| >
ok —y|<r

> dim Vy,, — O(1/vV/R)dim V.
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Hence
dim Vy, < (1+O0(1/VR)dim W, ,,g, R— o,
and using (2.1)—(2.2) we conclude that
1

nt@2r) <1+ O(l/\/ﬁ))d%(Zr +2R+1), R — .
It follows that
+
Dt = 1im %) <
r—oo 2r

I 2r+2R+1

< +00/ VRl i ZF2RHT
27 r—oo 2r
I

=1+ 0(1/\/E))du
21

for all R > 0. Letting R — oo we conclude that |I| > 27 D" /d.

3. The case of the divided differences

The gap condition (1.1) of the theorem may be weakened. Following [1]
let (wg)x ez be a nondecreasing sequence of real numbers satisfying for some
positive integer M and for some positive real number y’ the weakened gap
condition

3.1) Opspy — 0 > My' forall k € Z.
This implies that DT < oco. We say that Omy- s Opyj—1 18 @ y'-close
exponent chain imm € Z,j =1,...,M) if
Om — Op—1 > V/a
o —wp_1 <y fork=m+1,....m+j—1,
Om+j — Omj—1 2 V/-
Then we define the divided differences f; = [, - .., w¢] by the formula
1
[wm1(2) :=expliwm?), [Wn, w;n+1](t)3=it/exp(i [sm (@41 — Om) +Om])dsp,
0
and for €=m+2,...,m+j — 1,

1 Sm S¢—
[Wms ..., 0](F) = (it)f_m/ / / -
0 JO 0

exp(i[se_1Wyg—wp_1)+...+Sm(@pe1 —Om) +Om)]t) dse_q ... dsy.
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We can now state a generalization of Theorem 1.1:

THEOREM 3.1. Theorem 1.1 holds true if (1.1) is replaced by (1.3) and
ekt jg replaced by f;(1).

PROOF. Most of the proof of Theorem 1.1 may be easily adapted. For

part (b) we have to replace the estimate (2.3) by the following:

3.2 Uy, E —irnlgy| < —imtgy| < €

G2 || WeBufwe™dr| < | [ fue™mar| < ——.
1 I Wk = ¥nl

with a constant C depending only on y’/, M and I. This is shown by arguing
similarly as in [6]. We have

A= /fk(t)e—"V"fdz:/g(z)e"wkfe—"V"fdz
I I
with

gt)=lom —wk,...,0p —wr]®).

Integrating by parts in I = (a,b) we obtain that

b
A=|—— g(t)e"‘”k’e_w"t} B / L glneivnte=imiay,
la)k - l’y” a I la)k - l’y”

Now a direct computation shows that for any real numbers pq,...,u, the
divided differences satisfy the inequality

(r — l)tr—Z tr—l

s our () < Wﬂlm —Mr—i]+o Uy —ﬂ1|+|ﬂ1|)(r O

Thus, in our case, thanks to the y’-close exponent property, we have

tk—m—l k—m

t
k- m)yl(k )l

/
8" @) < (k — m)m

and this yields (3.2). ]
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4. Proof of Theorem 1.2 for o +ap +--- =1

Assume that the theorem holds for sets €2 which are bounded from below.
Then by changing € to —€) we obtain that the theorem also holds if Q is
bounded from above. Finally, if inf Q = —oo and sup Q = oo, then applying
these two special cases of the theorem to

Q7 =QnN(-00,0) and QY :=QN]J0,0)
we obtain two partitions
Q =Q 7, UQ HLU--- and Q*=Q",UQ%U--.
satisfying
D+(Q_J-) = ajD+(Q_) and D+(Q+j) = aJ-D+(Q+)
for all j. Then setting €; :=Q7; U Q+J- we obtain a partition of € with the

required properties. This follows by applying the following lemma for the
partitions Q := Q™ UQ" and Q; :=Q7; UQT;.

LEMMA 4.1. For any set A of real numbers, setting A~ = AN (—o0,0)
and AT := AN [0,00) we have
D*(A) = max{D*(A7), D*(A")}.
PROOF. The easy inequality > follows from (1.3). Setting
M :=max{D*(A7),D"(A")}
for brevity, for the converse inequality it is sufficient to show that

Card(AN[—r,s]) <

lim sup M.

r,$,20,r+s—oco r+s

The case M = oo is obvious. Assume henceforth that M < oo. For any
fixed ¢ > 0 we may fix two positive numbers r¢, se satisfying
Card(A~ N[-r,0])) < (DY(A7)+¢&)r forall r >rg
and
Card(A* N[0,s]) < (D*(A*Y)+¢)s forall s > s,.

Adding the two inequalities and setting K := Card(A N [—rg, se]) it follows
that

CardlAN[—r,sD < (M+e)r+s)+ K
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for all r,s > 0. Dividing by r + s and letting r + s — oo we conclude that

Card(AN [—
lim sup ard(AN1 r’s])§M+e

r,s,>0,r+s—00 r+s

for all ¢ > 0, and the lemma follows. 1

Henceforth we assume that Q is bounded from below. If D* = 0, then
every partition of Q has the required property because all upper densities are
equal to zero. Henceforth we assume also that 0 < D% < oo; then Q is
an unbounded set and we may enumerate the elements of € into a strictly
increasing infinite sequence @ < wp < ---. Finally, by choosing Q; = 0
whenever ¢; = 0 we may assume without loss of generality that 0 < ¢; <1
for all j.

In order to explain the idea of the proof first we consider the special
case of a finite sequence a1, ...,a  consisting of rational numbers. We fix a
positive integer N such that Nay,..., Na, are all integers, and we represent
Q as the union of the disjoint blocks

(4.1) By :={wp €Q : k=nN+1,nN+2,....,n+1)N}, n=0,1,....

Notice that each B, has N elements. Therefore, since Naj+---+ Nag =N,
we may define a partition Q = QU .- U Q; of Q such that

4.2) Card(B, N €2j) = Na; foralln and .

We claim that D¥; < a; D* for each j. This is obvious if D¥; = 0. If D*; > 0
for some j, then we choose a sequence of bounded intervals (I,{,) satisfying
|| — o0 and
Card(Qj N I,)
_—
| I

+
D7;.
Since D+j > 0, hence Card(Qj N I,{,) — oo and therefore k;;; — oo where k;,

denotes the number of (consecutive) blocks B, contained in I,{,. Since I,{, nQ
is contained in the union of at most k;;, + 2 blocks By, using (4.2) it follows
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that
Card(Q; N E,) 2N +knNa;
ard( J n) < mINGj
|| ||
< 2N+kmNaj . Card(QﬂI,j,',) <
|Irjn| km N o

< 2 +kma; _ n*(Q, |I;J1'1|)
o kim |[,Jn|

for every m. Letting m — oo we conclude that D¥; < «; D™.

In fact D¥; = ;D" for all j. Indeed, if the inequalities D*; < a; D"
were not all equalities, then using (1.3) we would obtain a contradiction:

D*<D* '+ ---+D*j<a1D*+---+ay,D" = D".

Now we turn to the general case. We write J = {1,...,d} in the finite
case aj +---+ag=1and J ={1,2,...} in the infinite case.

Let

k,j):{1,2,...} —{1,2,...} xJ
be the lexicographically strictly increasing enumeration of the pairs
(k,j) € {1,2,...} x J satisfying [ka;] > [(k — Da;],

where [x] denotes the integer part of x. This enumeration is possible because

for each fixed k only finitely many indices j € J may satisfy this inequality.
Indeed, by the convergence of the series Zje j@j we have ka; < 1 and thus

[kaj] = [(k — Da;] =0 for all sufficiently large indices j.
Observe that

. _ 4 _ J 1 if (k,j) belongs to the sequence;
lkej] = [k = Dajl = { 0 otherwise.

For each j € J we set
Q; ={ws : jls)=j}.
We claim that D¥; = a; D" for all j € J.
First we prove that D*; < «; D" for each fixed j € J. The case of

D+J- = 0 is obvious. Let D+J- > 0 and choose a sequence (I,{,) of bounded
intervals such that

Card(@; N B,

: — Dt
A

|Izjn| — 00 and i
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Writing Q N I,J,; ={wgy,---, 0, } We have
Cm = k(tm) — k(sm) > Card(gj n IrJn) — 005

the first inequality follows from the definition of €2;, while the second follows

from our assumptions D*; > 0 and || — oc.

Now we have

) k(tm)
Card(Q NEy) < > (Tkey] — [k — Daj]) =
k=k(sm)

= [k(tm)aj] — [(k(sm) — 1)aj] <
< (maj +1

by the definition of Qj. Furthermore, we have

) k(tm)—1
Card @M E) > > Y (kanl — [k — Da)) =
ngmkzk(_?m )+1

= Z ([k(tm) — Dan] — [k(sm)an]) =

n</tm
> Z (bmon —2) >
n</tm
> fm( Z an) -2V .
n</tm

Since €, — oo and >_a, =1, it follows from the above two estimates that
Card(©; N B) < € (@ +0(1))

and

Card(QN ) > € (1 - o(1))
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as m — 0o. Hence

Card(Q; N I,) - On (aj +0(1)) -
I - || N

_ fn (@ +o() Card@n B _
- |I;jn| n (1 —o(1))
aj +o(l) Card(Qn E,)
I=o(D) |14

Letting m — oo we conclude that

Card(Q N )
p— <
| I |

a; D7,

+ .
Dj gajhmsu §

It remains to show that none of the inequalities D+J- < qj D7 is strict.

However, in this case using (1.3) we would obtain the contradiction

D*< DY/ +D"+---<a D" +ay,D* +---=D".

5. Proof of Corollary 1.3

Fix 1/d < a < 1 arbitrarily and then choose ay,...,a,; > 0 such that
ar+---+ag=1 and max{ay,...,aq} =a.

Applying the already proved part of Theorem 1.2 we obtain a partition Q =
=QU---UQy of Q such that D*(Q;) = @; D" for all j. Fix an orthonormal
basis Ey, ..., Ey of H and set Uy = E; if w; € Q;. Then using the identity

2

d
. . 2
/ E xy Upe' k! dt=§ /‘ E xke’wkt‘ dt
I Y =

keZ Wy GQj

and applying the scalar case of the theorem we conclude that the estimates
(1.2) hold if |I| > 2wra D™, and they do not hold if |I| < 2wa D*.
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6. Proof of Theorem 1.2 for o +ap +--- > 1

By the same reasoning as at the beginning of Section 6, we may assume
that 0 < D™ < 00, 0 < aj < 1 for all j, and that the elements of € form a
strictly increasing infinite sequence w; < wy < - - -.

First we choose a positive integer N such that

6.1) Y ([(n+1DNajl - [nNa;]) > N forall n=0,1,....

J

For this first we choose a positive integer k satisfying oy +---+a; > 1, and
then a positive integer N such that

k<a+ +a 1
N 1 k .

Then using the inequality [x +y] > [x]+ [y] we obtain the following estimate
foralln =0,1,...:

k
1 1
~ > (In + HNa;j]1 - [nNej) > ~ > [Ng;1 >
J j=1

k
1
> N;(Naj — 1=
J:

k
=ap+ o — — >
al ak N
> 1.
Note that
(6.2) 0<[(n+1Naj]—[nNaj] <N
for all n and j because using the condition ¢; < 1 we have
[(n +1)Na;] =[nNa; + Naj] < [nNa; + N]=[nNa;j] + N.
Next we represent €2 again as the union of the disjoint blocks B, of
N elements as in (4.1). Since the upper density of  does not change if

we remove a finite number of initial terms, we may define by recurrence a
sequence of bounded intervals (/,;;) having the following four properties:

sup I, <infl, ; for all m;

no block B, belongs to more than one interval I, ;
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[ | — o0;
Card(Q N 1)

— D7,
| T |

(6.3)

Let us also introduce a sequence of positive integers containing each

index j infinitely many times, for example
bp):=1...d1...d1...d ...
in case of a finite sequence oy, ...,a,, and
(bm) =12 123 1234 12345 12...

in case of an infinite sequence a,ay,....

Now, thanks to (6.1) and (6.2) we may define a partition Q = Q;UQ,U- - -
having the following properties, where we denote by Bj, the union of the ky,

consecutive blocks By, .1...., By, +k, contained in Iy:

(6.4)Card(B, N Qj) <[(n+ l)Naj] — [nNa;] for all n and j;
(6.5)Card(B, N <) =[(n+1)Na;] — [nNa;] if B, C B), and j = by,.

We claim that D*; < a;D* for each j. The proof is similar to that in
part (a). The case D+J- = 0 is obvious. If D+j > 0 for some j, then let us

choose a sequence of bounded intervals (I,j,.,) satisfying |I,j,.,| — oo and

Card(Qj N )
Lard@s N )
||

+
D*;.

Since D+j > 0, hence Card(£2; N I,J,.l) — oo and therefore k;;;, — oo. Since

I,j,', N € is contained in the union of the k;; + 2 blocks By,,,..., By, 1kpn+1s
using (6.4) and the inequality

x+yl—x]I<[]+1<y+1<y+N
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it follows that

Card(@Qj N L)) 1 o
M < —|2N+ ) [(n+DNegjl - [nNaj] | =
| I | | In | n=nm+1
_ 2N +[(nm +km + DNa;j] — [(nm + DNaj] <
| 1] -
3N + ky Na;
< PG
||
_ 3N +knNey  Card@n ) -
|| kN

<3 +kmaj n*(Q, I
- | T

for every m. Letting m — oo we conclude that D¥; < a; D*.

We claim that D+J- > qj D" and thus D+j =aqj D™ for each j. Indeed,
for each fixed j there exist arbitrarily long intervals I, for which b,, =j. For
these intervals, using (6.5) and the inequality

x+yl-[x1ZDhl>y—-1>2y—-N
we obtain
Card(Q; N Iy) > Card(By, N Q) =
N +km

= Y [(n+1)Na;] - [nNgj] =

n=nm+1
= [(m + ki + 1)Naj] — [(nm + 1)Naj] >
and therefore

> >

| Im| | Im|
> kmNaj - N ‘ Card( QN L) _
- | Im | (km +2)N

_ kmaj -1 Card(Q N Im)
km +2 |Im|
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It follows that

n+j (Q;, [In]) N kmaj -1 . Card(Q N 1)
|Im| Tk +2 |Im|
Since D* > 0 and |L,| — oo, by (6.3) we have Card(Q N I,) — oo

and therefore k,, — oc. Therefore, letting |I,| — oc we conclude that
D+j > CCJ' D+.
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Abstract. We show some examples for uniformly monotone operators
arising in weak formulation of nonlinear elliptic and parabolic problems.
Besides the classical p-Laplacian some less known examples are given which
are of interest because of applications.

1. Introduction

The aim of the present paper is to show several examples for uni-
formly monotone oprators arising in weak formulation of nonlinear elliptic
and parabolic problems. Let X be a normed space and denote by X™* its
dual, further, by (-,-) the pairing between X™* and X. Then, an operator
A: X — X is called uniformly monotone (following the terminology of [7])
if there exist p > 2, ¥ > 0 such that

(1.1) (A(uy) — A(up),uy — up) >y - |luy — up |l

for all uy,uy € X. In what follows, we study operators which are obtained
by considering the weak formulation of an elliptic or parabolic equation or
system with some boundary conditions, see, e.g., [6]. Namely, in the elliptic

case let X be a linear subspace of WLP(Q), where Q C R" is bounded (with
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AMS Subject Classification (2000): 47H05, 35J60, 35K55
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sufficiently smooth boundary), p > 2, and consider operator A: X — X*
defined by
(1.2)

n
(Aw),v) = / (Za,-<x,u(x>,Du(x))Dw(x)+ao<x,u(x>,Du(x>>v(x>) dx,
QN
i=l
where D; denotes the distributional derivative with respect to the i-th variable
and D = (Dy,...,Dy) is the gradient. The space X depends on the boundary
conditions, for instance, X = wlp () in case of homogeneous Neumann
type and X = WO1 P(Q) (i.e. the closure of Cyo(Q) in wLP(Q)) in case of
homogeneous Dirichlet type condition (one can also have mixed boundary
conditions, see [2]).
A weak form of an elliptic problem may be written as A(u) = F where
F € X*. In the simplest case

(Fv) = /f(x)v(x)dx
Q

with some f € L9(€2) where 1% + é =1.

The parabolic case is a minor modification of the elliptic, X may be
chosen as I7(0, T; V) (i.e., the set of measurable functions u:(0,T) — V,
see, e.g., [7]), where V is a linear subspace of WlP(©Q) and 0 < T < oo,
further, functions a; may depend on variable 7, and in (1.2) one integrates on
(0, T) x Q. The weak formulation of a parabolic problem may be written in
the form D;u + Au = F, where D; denotes the distributional derivative with
respect to the variable ¢.

Supposing the uniform monotonicity (and some other properties) of an
operator of the form (1.2), one can prove uniqueness of solutions to the above
abstract equations, continuous dependence of the solutions on data and for
parabolic equations one can obtain results on asymptotic behavior as t — oo,
see, e.g., [3, 6].

The well-known example for an operator having the form (1.2) is the
following:

a;i(x,E) =E|EL, .. EDPT2 (i=1,...,n),
ag(x,€) = E|EolP 2

where & = (§9,&1,...,&,) refers to (u, Dju,...,Dyu). In this case, assum-
ing homogeneous Dirichlet boundary condition, Gauss’s theorem yields that
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operator (1.2) may be considered as the weak form of the classical operator
u — Apu + ululP~2 where

Apu = div(grad u| grad ulP~2)

is the p-Laplacian. Note that in case X = WOl P(Q) operator Ap is also
uniformly monotone since, due to Poincaré’s inequality, an equivalent norm

can be introduced in WOl P(Q), see [1].

In [2, 3] we considered a nonlinear system consisting of three different
types of differential equations: a first order ODE, a parabolic and an elliptic
PDE. Such a system may occur, e.g., as a generalization of a model describing
fluid flow in porous media. In that case operator (1.2) has a special form:
functions a; do not depend on (§g,...,&;) if i > k. The present paper was
motivated by such operators. Because of the application it is of interest to
have some efficient criterion for uniform monotonicity and show some con-
crete uniform monotone operators of that type. In what follows, we shall give
a variety of examples for uniformly monotone operators, including functions
a; of the above mentioned special type. In the next section we shall formulate
and prove a result of [4] which is a sufficient condition on functions a; for the
uniform monotonicity of operator (1.2) and this will be applied to examples
in Section 3. For further details on operators of monotone type, see [5, 7], for
applications to parabolic and elliptic partial differential equations, see, [6].

2. A sufficient condition

Let Q C R" be a bounded open subset and X be a linear subspace of
wlp (Q) (p > 2) and let us use the notations introduced in the previous
section. We define operator A: X — X* by the formula (1.2). Consider
the abstract equation A(u) = F where F € X™ (which may be obtained
as a weak formulation of an elliptic boundary-value problem). Problems
of this type have an extended classical theory (see, e.g., [5, 7]). Existence
and uniqueness of solutions can be guaranteed by supposing the following
well-known conditions:

(A1) The functions a;: QX Rt S R (i =0,...,n)are of Carathéodory type,
i.e., a;(x,&) is measurable in x € Q for all § € R"*1 and continuous
in € € R"! foraa. x € Q.
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(A2) There exist a constant ¢ > 0 and a function k € L7(Q) such that for a.a.
x € Qandall £ € R*!,

lai(x,8) < c-EP7V4k(x) (i=0,...,n).

(A3) There exists a constant C > 0 such that for a.a. x € Q and all £,& € ",

D @i(x,8) —ai(x,ENE — &) > C-|E - EP.

i=0

Clearly, after integration on €2 condition (A3) yields (1.1) for all uj,u, €
€ X with y = C thus (A3) ensures the uniform monotonicity of operator A.
This implies uniqueness and continuous dependence on data of the solutions
to A(u) = F. We note that existence of solutions may be shown also if con-
dition (A3) is weakened as follows: the monotonicity is restricted to the main
part of the operator and the so-called coercivity (in other words ellipticity)
condition is assumed. In this case one obtains the pseudomonotonicity of
operator A and then existence of solutions to A(u) = F also follows, see [7].

Now we recall a result of [4] which is a sufficient condition on functions
a; guaranteeing condition (A3).

PROPOSITION 2.1. Suppose that p > 2 and a; is continuously differen-
tiable in variable € for alli = 0,...,n. Further, assume that there exists a
constant & > 0 such that for a.a. x € Q, allE € R and all (20s---52n) €
c IR’H'I

n n n
2.1 YN Diai,E)ziz 26 & P22,
i=0

j=0 i=0

Then condition (A3) holds.

To prove this assertion we shall apply the following elementary inequality
(2.2) from [4]. For convenience we present a proof of it below.

LEMMA 2.2. Leta,b be arbitrary and s > 0 real numbers. Then

22) /1| AT
' 0 ¢ = +1)
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PROOF. The case b = 0 is obvious otherwise by homogenity we may
assume b =1 and a < —%. Then by elementary transformations

1 1 S l—a Ky _l_a
1 2 1 2 1
a+t|*dr = T——| di+ T—=| di — T —=| df.
2 2 2
0 0 1 0
Clearly,
1 1
274 1) 1 27 1)
/ T— 3 di > > > / 7T — 3 dat,
1 0
thus
1 1 s
1 1
+7¥dr > - = =—.
/0|“ i T—/o 73 X+ 1)

We see that the inequality (2.2) is sharp, equality holds if and only if a=— %. |
Now we prove Proposition 2.1. We follow the proof of [4].

PROOF OF PROPOSITION 2.1. For fixed x € Q, £, € R"*! we define the
functions f;: [0, 1] — R by
i =aix,E+1E~5), i=0,....n.
Then by applying assumption (2.1) and inequality (2.2) we may deduce
n n
Z(ai(x £ - ENE —E) =Y () - fiO)E — &) =
=0 i=0
1 n

—Z/ ZDa,@H(& ENE —EE; —Endr

n 1 B B B
> -Z/ E v —BP2E —E)dr >
i=0 /0
5 3
2 m|§ - &P

Whence after integration we conclude

b)
(Auy) — A(ug), uy — ug) > P2 - 1)
b)

»2p 1)

Jur — s .

Thus condition (A3) holds with C =



38 A. BESENYEI

3. Examples

Now we show some examples of uniformly monotone operators which
fulfil also conditions (A1), (A2). For simplicity, we consider examples not
depending on variable x. In the sequel we always suppose p > 2.

EXAMPLE 1. Let a;(€) = &;|&;[P~2 (i =0,...,n). Then

n
(A(u),v>=/ (ZDiuDiv|D,~u|p_2+uv|u|p_2> dx.
Q

i=l

Note that functions a; obviously fulfil conditions (A1), (A2). Now simple
calculations yield D;a; () = (p — 1)|§; |1’_2 and Dja;(§) =0 (j#i). Hence

n

Z Z Djai(E)ZiZj ={p - I)Z & |p_21i2’
i=0

j=0 i=0
thus by Proposition 2.1 condition (A3) holds as well.
EXAMPLE 2. Now let
ai(&)=§i|(§la---7§ﬂ)|p_2 (l= 17---7”)7
ap(&) = EolEolP 2.
In this case
n
(A(u),v) = / (Z D;uD;v|DulP~2 + uv|u|p_2>,
QN
i=1

i.e., A is the weak form of operator u — Apu + u|u|P~2> mentioned in the
introduction. Obviously, functions a; satisfy conditions (A1), (A2). It is easy
to see that

Dja;(&)=(p — 2&;&i|E1,....EnPH, fori,j >0, i%j;
Dia;(§)=|EL,....E0P 2+ (p—2E|E ..., EIP™Y, fori > 0;
Djao(E)zDoa,-(E) =0, fOI‘j >0,i>0;

Dyag(E)=(p — D|EeIP~2.
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Hence

n n

> Diajziz = Z|(<§1, EDPT2R (o - DI 23+

Jj=0 i=0

(P =DIE L EPTH YD Eigaiy =

j=1i=1

= Z |(‘§1> cee ,511)|P—2Zi2 +(@{— 1)|§0|p_22g+

n 2
+(p = D|E,....E P (ZE,‘Z,') >
i=1
> Z [ |p_22i2,
i=0

thus from Proposition 2.1 it follows that operator A is uniformly monotone.

EXAMPLE 3. Let a;(&) = &/|EP™2 + g;() (i = 0,...,n), where the
functions g;: R**! — R are continuous, further, there exist positive constants
¢, € such that

3.1) g <c-EP7" and |Djgi€) < ———— - P72

n+l+e

for all £ = (£q,...,Ex) € R™! (i,j =0,...,n). It is clear that conditions
(A1), (A2) hold. By using Example 2 and the inequality [af| < $(a? +p?)
one obtains

ZZDa ©zizj > ZI-’EI” 22— ZZZIDJ&(E)I(Z; +gh) 2

j=0 i=0 j=0 i=0

n
1
-2.2 -2.2
> ey —<n+1>Z—n+1+g|§|f’ 2t =
i:o l=0

n
€
. n+1+e|‘SI %o

1=
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which implies condition (A3). As an example for functions g; with the
properties (3.1), consider, e.g.,

1 o
gi(§)=(n+1+8) max{a;,j =0,. .n}g|§j|j

where a; > 0 for all j = ,n and Zaj

EXAMPLE 4. Now we show example for the system considered in [2]
(which was mentioned in the Introduction). Suppose 2 < p < 4,1 <k <n
and let

a;i(E)=&|EP2 (0<i<k<n),
a; (€)= &i|Eps1s-- - EDPT2 (k <i <n).

We show that these functions fulfil condition (A3) ((Al) and (A2) obviously
hold). Now for brevity let ¢ = (§;41,-.-,&n). Clearly,

Dja;(§) = (p — 2)&:& [P, for0<i<k,0<j<n,j#i;
l)jai(é):(p—2)§i§j|§|p_4, fork <i<n,k<j<n,j#i,
Djai(§)=0, fork<i<n,0<j<k

Dia;(§)=EP72+(p — DEHEP, for0<i<k;
Dia;)=EP72+(p - 2)-’3,-2|C|p_4, fork <i <n.

Then
Y Diai®zz =
j=0 i=0
‘Zlfl” 222 +(p - 2EP 422g§,z,zj+
Jj=0 i=0
+ 3 6P+ - 2lgP Z 3 Eikizy =
i=k+1 Jj=k+1i=k+1

2

k n k
=D P+ > P+ o - 2EP Y (Z Em)

i:O i=k+1 l=0
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n 2 n k
+(p -2l ( Z Eizi) +(p - 2P Z Zfiszizj-

i=k+1 j=k+1 i=0

By using the estimate

n k n k
S Segan- 3 & (Zs) >
i=0

j=k+1 i=0 j=k+1

1 n 2 1 k
23 (Z Ei&') ~5 <§‘§izi>

i=k+1

2

and the fact that |¢[P~% > |E[P~* (since p < 4) we conclude

YD Diai®uz =

j=0 i=0

k n n 2
_ _ 1 _
=D a2+ Y P + S - DEP 4(2 m) +
i=0 i=k+1 i=k+1
2

1 k n
+5( - 2)EP—4 (Z -’;"izi> > ; &P~ 222

i=0
Now Proposition 2.1 yields condition (A3).

In case p > 4 one may consider, e.g., the following functions:

a; ) =E/Epy- - EDIPTEHE T (0<i <k <n),
a; (€)= Ei|Epstr- - EDP T2 HE | Epsts - E T2 (k <i <n),

where 2 < r < 4,1 < k < n. By using the previous examples it is not
difficult to show that these functions satisfy condition (A3).

EXAMPLE 5. Now let

a;&) = ENE P2 + T] El&lP ™2 mi@) (i=0,...,m)

k=0
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where functions h,-:IR{’“'l — R (i = 0,...,n) are differentiable and have
n

compact support S;. Denote S = U S; and let
i=0

a = pmax { sup |E]**DE=D 18 max {sup |h|, sup |Dh|} :
ges S N

We show that if ¢ is sufficiently small then functions a; fulfil condition (A3)
((A1) is obvious and due to the compact supports (A2) is also satisfied).
Observe that

D;a;(§) =

= (- DEP2+@ = DIEP? T &l&clP ™ hi@+] [ &kl P2 Dk (),
k#i k=0
thus
Dia;(§) > (p — DIEIP™2 — &P~
In addition, for j #1,

Dja; @) = — D& P> [T &l b +H§k|§k|" 2. Diy(@)

k#j
so that |Dja; (8)] < @ - &P~ and |Dja;(®)] < a - |&|P~2 hence
IDja; €)zizj| < a - (|g,- =222 4 |E; |P—2zj2) .

Therefore,

ZZDG(E)ZIZJ >(p—1—a)2|§lp 2 2

Jj=0 i=0

n n
2.2 -2.2
—a Y Y (&P 5P

j=0 i=0

n n
>(p-1-a)) [P 2 —2ma Y |§P 2 =
i:o l=0

=(p—1-Qn+Da)d g2

i=0
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Hence (2.1) holds provided ¢ is sufficiently small which implies condition
(A3).
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BIFURCATIONS IN THE DIFFERENTIAL EQUATION MODEL OF
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Abstract. In this paper a two-dimensional system of non-linear ordinary
differential equations describing the oxygen reduction reaction on platinum
surface is studied. The investigation is motivated by the fact that this reaction
plays an important role in fuel cells. The mechanism of this reaction has been
known for years, however, the detailed study of the mathematical model has
not been carried out. The purpose of this paper is to reveal the dynamical
behaviour of the ODE system, with emphasis on the number and type of
the stationary points, the existence of periodic orbits and bifurcations. We
point out that bistability occurs in the system, i.e. for certain values of the
parameters two stable equilibria coexist that was not known before and is
significant also from the chemical point of view. We also prove that the sys-
tem has no periodic orbit. The saddle-node bifurcation curve is determined by
using the Parametric Representation Method, and this enables us to determine
numerically the parameter domain where bistability occurs.

1. Introduction

We will consider the following system of non-linear ordinary differential
equations.

(1) 01 = 3K20,02 — 31,0; — K30, + L0,
(2) 0 = K105 — L0, — K20,07 + L,67,
where 65 =1 — 0| — 0, and K, L; are positive parameters for i = 1,2, 3.

AMS Subject Classification (2000): 34C60, 34C23
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This system describes the oxygen reduction reaction on platinum, which
is a reaction of fundamental importance in the modelling of fuel cells. The
variables 01,0, denote the relative coverage of the surface with OH and O, H
molecules, and 6, denotes the number of free surface spaces per surface unit.
The values of these variables are between zero and one.

Oxygen reduction reaction has been studied in many electrolytes, because
of its high importance. The understanding of oxygen reduction reaction on
platinum surface is a crucial point for the development of fuel cells, because
this reaction is the rate determining step, and limits mostly the performance of
fuel cells. The precise knowledge of the mechanism could help us to improve
the performance of fuel cells and to decrease the amount of the catalyst
used. A widely accepted mechanism to the oxygen reduction reaction in
acidic media on platinum was created by Damjanovic et al [1, 2]. According
to their theory the following mechanism occurs: after the first step, which
is a fast oxygen adsorption with low surface coverage, an electrochemical
reaction takes place, in which an adsorbed O, H molecule is formed, as it
can be seen below. After this, the molecule, under discussion, goes into a
chemical reaction with a water molecule. The OH species, generated at this
time reacts in the third, electrochemical step. Summarizing, the following
reaction mechanism will be investigated.

O, +H" +e¢~ < O,H(ads)
OyH(ads) + H,O < 30H (ads)
OH(ads)+H " +e~ < H,O

According to this mechanism, one can create the following reaction rates:

— E)F 1- — E)F
_ﬂl(’?RT 1) )—k_lezexp (( ﬂl)lgﬂT 1 )

V1 = kles exXp <

vy = kp0r02 — k_203

— E)F 1 — _BE)F
v3 = k30 exp <_ﬂ2(nR%TEZ)> — k_305 exp <( ﬂZ)IgﬂT Ey) >

where 7 is the electrode potential, F is Faraday’s constant, R is the universal
gas constant, k; are reaction rate constants and f3;, E; are electro-chemical
parameters. The kinetic equations of the above mechanism take the form:

(3) 91 = 3VZ — V3
4) 0y =vi — v,
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Substituting the reaction rates v; into this system we get system (1)—(2) with

_B1m—EDF _Ban—Ep)F
K| =kje RT —, Ky=ky, Kj3=kse RT
(-B)m—EF (1=Br)n—Ey)F
Li=k_qe RT —, Lp=k_p, Lz=k_ze RT

The aim of the paper is to study the dynamical behaviour of system (1)—(2).
The structure of the paper is as follows. In Section 2 the global properties of
the system are studied by means of index theory and the Poincaré-Bendixson
theorem. In Section 3 the number of stationary points is determined, it will
be proved that there is at least one equilibrium and there are at most three
of them. In Section 4 the saddle-node bifurcation curve is investigated by
using the Parametric Representation Method. We will show that for certain
parameter values there are three equilibria and investigate how the parameter
domain belonging to this case can be determined numerically.

2. Global results

In this Section we prove that there exists a bounded positively invariant
set in the phase plane and show that there is no periodic orbit in it. Hence by
the Poincaré-Bendixson theorem all trajectories in this set are converging to
equilibrium points as time goes to infinity.

PROPOSITION 1. The triangle in the phase plane with vertices (0, 0), (1, 0),
(0, 1) is positively invariant in system (1)—(2), and there is no periodic orbit
in this triangle.

PROOF. From equation (1) one can immediately see that ; = 0 and
6, € [0,1] imply 8; > 0. Similarly, if 6, = 0 and 6, € [0, 1], then 6, > 0.
If 0, +60, = 1 (so 65 = 0) and 6,0, € [0, 1], then ; + 6, < 0. Hence the
trajectories cross the boundaries of the triangle in the direction of the interior
of the triangle, therefore the triangle is positively invariant.

The Jacobian matrix of the system takes the form

I (—6K26295 — 91,07 — K3 — Ly 3K202 — 6Ky0,05 — L3 )
—-K + 2K29265 + 3[Q612 —-Ki—-L;— KZGSZ + 2K26295 ‘

It can be easily seen that the trace of this matrix is negative

Tr(J) = —4K20,05 — 91,07 — K3 — L3 — K| — Ly — K»02 < 0,
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hence the divergence of the vector field is negative in the whole triangle.
Therefore according to Bendixson’s criterion there is no periodic orbit in the
triangle. |

An immediate consequence of this Proposition is that the trajectories
converge to equilibrium. Since all trajectories are going into the triangle along
its boundaries the index of the triangle is +1. Hence the sum of indices of the
stationary points inside the triangle is 1. Therefore if the number of stationary
points is three, then there is a saddle and there are two points that are nodes
or focuses. At least one of those two points is stable and the focus is always
stable, since the trace of the Jacobian is negative. If there is one stationary
point, then it cannot be a saddle. We will show, that the number of stationary
points is at most three. Hence one can expect two different types of phase
portraits. In the first case there is one globally attracting stationary point in
the triangle (all trajectories converge to that point). In the other case there are
two stable stationary points and one saddle point. The stable manifold of the
saddle (the two orbits converging into the saddle point) divides the triangle
into two parts, which are the basins of attraction of the stable stationary points.

3. Number of stationary points

From system (3)—(4) the equations of the stationary points are 3v, = v3
and v = v,. Hence at the stationary points we have 3v; = v3 that can be
written in the form 3K,605 —3L;6, = K360 — L36s. This equation contains 0
and in 0 linearly, hence from this equation and from equation 61 +6, = 1—04
we can express 01 and 6, in terms of 05 as

0 = 3L1 +0 3K1+L3+3L1 _K3 93K1+L3+K3
1= D N D s - D S D s
where D = K3 —3L;. In the case D = 0 we cannot express 0 and 6, in terms
of 6, instead we get O = K3/(3K; + L3 + K3). Let us assume first that D=0.
Then substituting these expressions of 8 and 0, into the equation v; = v, we

get the third degree equation

0

K105 — Li(1+a — 05(1+b)) = Kr(1+a — 05(1 +b)02 — Ly(bOs — a)®
for O, where

3K+ L3 +3L,;
5 = b= )
) =D D
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Using these new parameters 01 and 6, can be expressed in terms of 65 as

(6) 0,=b0s —a, Oy=1+a—(1+b.
Introducing
(7) p(0s) =v| —va = K105 — L10y — K20,02 + 1,05,

where 61,6, are given by (6), the above third degree equation can be written
in the form
pOs)=0, p@G;)= a3953 + a2952 +a105 +ag
where
a3 = K (1+b)+ b, ay=—Ky(1+a)—3Lyab?,

ay = Ky + Li(1 +b) +3Lyba®, ay=—-Li(1+a)— Lya .

In the case D = 0 the value of 6 is given, 6, can be expressed as 6, = 1 —
— 65 — 64, hence (7) is a third degree equation for 6. This equation can be
treated similarly to (7), hence in the rest of the paper we will consider the
case D#0.

Our goal is to determine the number of those roots of the polynomial p in
the interval [0, 1], for which 8 = b; —a € [0,1] and 05 = 1+a — (1 + b)Os €
€ [0, 1] also holds.

PROPOSITION 2. The polynomial p has at least one root in the interval
(0, 1).

PROOF. Let us consider first the case D > 0. In this case we have a,b > 0,
az,a; > 0, and ay,ap < 0. Hence p(0) = ag < 0, thus we have to prove that
3Ki+L
p(1)>0.If0, =1, then 0 =b —a = #
therefore using (7) we get p(1) = Ky — L6, — K50, + LQ613 > 0, that we
wanted to prove.

>0,and 6, =a —b <0,

3L
- < —
Ky —3L,
moreover b < a implies b < —1. Therefore p(0) =ag = —Li{(1+a) — lQa3 >
> (0. Now we prove that p(1) < 0 holds. We have

In the case D < 0 we have 0 < K3 < 3L, hence a = 1,

p(1) = Ky — L10; — Ky0, + L07 =

3K + Ls 3K, + 13 (K + L3)3
K-L|-— =2 ) -k |(-— = i it
1 — L ( D ) 2( D +L D3
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Multiplying this equation by D we can easily see that the right hand side is
positive, i.e. Dp(1) > 0, hence p(1) < 0 holds. ]

A root 05 of the polynomial p yields a stationary point (6,6;) via (6)
once 61,6, € (0,1) also holds. In the case D > 0, when we also have a > 0

and b > 0, one can easily see that 6; € (0, 1) holds if and only if
a l+a
— <5<
b~ b

Similarly, using (6) one can easily show that 6, € (0, 1) holds if and only if

a < 0. < l1+a
1+b 7% T 1+b
Thus 61,6, € (0, 1) holds if and only if

a<6 <1+a

b~ T 1+b
a 1+a a 1+a
Becauseofa<bwehavege(0,1), T+p € (0,1), and3< 5"

Now, let us consider the case D < 0 when we havea < —1 and b < —1.
Using (6) one can see that 01 € (0, 1) holds if and only if

a 1+a
Z>63> b

Similarly, using (6) one can easily show that 6, € (0, 1) holds if and only if

a 500> l1+a
1+b = 7 7 1+b
Then it can be easily shown that 8,0, € (0, 1) holds if and only if

1+a<6 <g
1+b % b

Thus we have proved the following Proposition.

PROPOSITION 3. The values of 01 and 0, obtained from (6) are in the
interval [0, 1] if and only if Oy € I, where I is the interval with endpoints

a l+a . a l+a

b and 123" More precisely, I = (E’ﬂ)’ when D > 0 and I =
l1+a a

= (m, E), when D < 0.

Now we can prove the existence of a stationary point.
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PROPOSITION 4. There exist at least one stationary point in the triangle.

PROOF. According to the previous Proposition it is enough to prove that
the polynomial p has a root in the interval I, that is it has different signs at
the end points of the interval.

Using (7) we get

a a—>b a? a
r(5)=5% (bi—2+L1) HRg =

(a—b)Li+Kja a—b_ a* I3L; a—b  a?
+ — =———+
b b b2 bD b

Moreover,

3
l1+a b—a l+a
p<1+b> _lQ<1+b> Ry
In the case D > 0, whena > 0, b > 0 and b > a also hold, we get
a l+a
p(E) <O<p(1+b)'

In the case D < 0, we get the same signs since a < —1,b < —l and b < a
hold. |

Since the polynomial p is of degree three the number of roots can be at
most three, hence we have the following Proposition.

PROPOSITION 5. The number of stationary points in the triangle can be
one, two or three.
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4. Study of the saddle-node bifurcation by using the parametric
representation method

4.1. Parametric representation method

In this section we briefly introduce the parametric representation method
(PRM), which is a systematic approach for constructing bifurcation diagrams
[3, 4].

In the simplest case we have to determine the number of solutions of
the equation f(x,Aq1,4,) = 0 as the parameter A = (4;,4,) is varied. Let
N@A, ) =|{x € R : f(x,A1,43) = 0}| be the number of stationary points.

The parameter pair A° = (/10,/1(2)) is called regular, if there exists 0 > 0, such
that |4 — AO| < 0 implies NA) = N A% < 0. At the parameter pair A9 there
is a bifurcation, if it is not regular. The simplest bifurcation, the so-called
saddle-node, or fold bifurcation may occur at the singularity set

S ={AeR:3x,f(x,A) =0 and a,f(x,A) = 0}.

In chemical dynamical systems the parameter dependence is usually linear,
that is f* takes the form

®) fOe,A1,42) = fo(x) +A1f1(x) + Aafo(x),

where fy,f1,f> are given C? functions. In this case the equations defining
the singularity set are linear in A; and A,, hence these equations can be
solved for 41,4, in terms of x. Hence the singularity set can be expressed
as a curve parametrized by x. (This is why the method is called parametric
representation method.) This curve will be referred to as D-curve.

In order to have a unique solution of the linear system defining the
singularity set, we will assume that W(x) = f; (x)le(x) — fll (x)f>(x)=0 for
all x € R. In this case the D-curve (discriminant curve) is given by the

parametrization D : R — R?

&)
A1 =Dy(x) =

Hfgx) — folx)fy(x) Jof{ (x) — f1(x)fy(x)
W(x) W(x) '
Let m(x) = {(A1,42) : f(x,A1,42) = 0} be the line in the parameter plane
R? along which x is a solution of the equation f(x,4;,45) = 0. A simple
calculation shows that D'(x) = (B(x)/ W(x))(f>(x), —f1(x)), where B(x) =
= 6’(x)+f1”(x)D1 (x)+f2”(x)D2(x). We assume that the roots of B are isolated.

Ay =Dy(x) =
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It can be easily shown that the line m(x) is the tangent of the D-curve at the
point D(x), that proves the following Lemma [3, 4].

LEMMA 1. (Tangential property) Let us assume that f is given by (8)
and the above conditions hold, then the number of solutions of f (x,A1,A2) =0
belonging to a given parameter pair (A1,A>) is equal to number of tangents
drawn to the D-curve from the point (A1,A,), the values of the solutions can
be read as the values x of tangent point on the D-curve.

Moreover, the so-called convexity property helps to count the number of
tangents easily [3, 4].

LEMMA 2. (Convexity property) The D-curve consists of convex arcs,
meaning that every arc lies on one side of its tangents. These arcs join at cusp
points of the D-curve. There is a cusp point at xq, if the function f(;' (x)+

+f1”(x)D1 (x) +f2”(x )D»(x) changes sign at x = x.

The use of the convexity property is based on the fact that to each convex
arc there can be drawn at most two tangents. The exact number of tangents
depends on the position of the point as it is shown in Figure 1.

Fig. 1. The number of tangents that can be drawn from different domains to the given convex
arc (a). The total number of tangents that can be drawn to the D-curve consisting of three
convex arcs (b). (There are one or three tangents at the boundary points of the domains.)
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Thus in order to use the PRM to determine the exact number of steady
states we need the following characteristic properties of the D-curve, that
help to determine the exact number of tangents from different points: the
cusp points, the tangents at the endpoints and the position of the curve. These
characteristic properties will be studied in the next Subsection.

4.2. Application of parametric representation method

We apply the PRM to the polynomial
pOs) = K105 — L1605 — Kz@z@sz + LQ613,

given by (7). We have seen that the number of steady states is equal to
the number of roots of p in the interval I defined in Proposition 3. The
parameters are A; = K, and A, = L,. Hence our equation can be written
as f(x,Aq1,42) =0, where x = 65 and f can be given as in (8) with

fo®s) = Kibs = Li0y  f105) = =207 fo(65) =07,
and 6,0, are given by (6). According to (9) the discriminant curve can be
expressed as

£ifs — fofd fofl — fif
200 =F e, 0=

Calculating the derivatives of the functions fj, f1,f> we get after simple alge-
bra that
K1 (91 — 3[795) + L1 ((1 + b)Gl + 3[792)

95(29291 — (1 +b)9591 — 3[79295) ’

K> 05) =

K105((1+b)0s — 05) +2L,03
02(20260, — (1+b)050; — 3b6,05)

Ll(es) =

Substituting 6 and 6, from (6) into these expressions we obtain

Aq(0s) L= A (65)

(10 2THNG) T W0 - aP NGy

where
A1) =2abLy +3bL; —aL; — aKy — 05(2b*L, +2bL, +2bK),
N(y) =053a — b +2ab) — 2a(a + 1),
Ax(O5) = 2(1+b)(K; +(1+b)L)OZ — (1 +a) (K| +4(1+b)L)0s +2(1 +a)*L;.
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Let us investigate the position of the D-curve. It has to be decided whether
it enters the positive quadrant of the (K5, L,) parameter plane, i.e. saddle-
node bifurcation occurs for positive parameter values. Hence the sign of the
functions Aj, Ay, N has to be studied for 6y € I. The functions A; and N
are linear, hence it is enough to investigate their signs at the end points of the
interval. Elementary calculation shows the following.

PROPOSITION 6.

e The linear function N does not change sign in the interval, since it has
the same sign at the end points of the interval, namely

a\ _3a(a—D) l+a\ (I+a)a—b)
N(2) =3y (10e) .

b b ’ 1+b) 1+b

More precisely, in the case D > 0 we have N(05) < 0, and in the case
D < 0 we have N(0;) > 0.

3L L
e We have A (%) = ll) 3, hence K, (%) < 0. Thus in order to have
.. . a 1+a
positive Ky values, the signs of Ay <z> and A <m> have to be

opposite. This holds if and only if
(11) Li[5(K3+3K; + L3) < 2K K3(3K| +3L; + L3).

Now let us consider the sign of L,. Its denominator does not change sign
according to the previous Proposition. The sign of A, is positive at the end
points of the interval when D > 0. Hence if L, has positive values, then A,
must have a root, i.e. its discriminant is positive, yielding

(12) Ky > 8L{(1 +b).

Hence we obtain the following Theorem.

THEOREM 1. Let us assume D > 0. If there is a domain in the positive
quadrant of the (K,,L,) parameter plane where there are three stationary
points, then (11) and (12) hold.

Our numerical studies show that the D-curve can have two different
shapes. If conditions (11) and (12) hold, then the D-curve enters the positive
quadrant and has a cusp point there as it is shown in Figure 2b. Hence for
those parameter pairs lying inside the cusp domain there are three equilibria,
and for those lying outside there is one. If one of these conditions does not
hold, then the D-curve does not enter the positive quadrant as it is shown in
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Fig. 2. The two possible positions of the D-curve: it lies outside the positive quadrant (a),
and it enters the positive quadrant (b). The parameter values are K; =1, L; = 0.07, K3 =5,
Lz =1(a),and Ky =1, L; =0.01, K3 =5, L3 =1 (b).

0.9 (a); 0.9H (b)1
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61 61

Fig. 3. The two possible phase portraits when the D-curve enters the positive quadrant. The
parameter values are K; =1, L1 =0.01, Ky =5, L, =1, K3 =5,L3 =1 (a),and K| =1,
L;=001,K,=10,Ly =1, K3=5,L3 =1 (b).
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Figure 2a. Hence for all parameter pairs there there is one equilibrium point.
Figure 3 shows the two possible phase portraits when the D-curve enters the
positive quadrant. In this case bistability occurs when the (K3, L,) parameter
pair lies inside the cusp domain. In Figure 3a there is a single stable stationary
point (close to the upper vertex of the triangle). In Figure 3b there are three
stationary points, two of them are stable and one is a saddle point. The stable
manifold of the saddle point separates the basins of attraction of the stable
points.
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THE EULER-POINCARE FORMULA FOR SYSTEMS WITH
HYSTERESIS IN TWO DIMENSION

By
BARNABAS M. GARAY
(Received September 24, 2010)

Dedicated to Professor Ldszlo Simon on the occasion of his 70th birthday

Abstract. The present paper is devoted to constructing two-dimensional
continuous-time systems with hysteresis having a pair of parallel switching
lines and k sources, ¢ saddles, and m sinks inside a given periodic orbit.
Here k, ¢, and m are nonnegative integers arbitrarily given. Still, when
counterbalanced with the discontinuity effects on the switching lines, the
famous Euler-Poincaré formula remains valid.

1. Motivation and a ‘natural’ counterexample

The piecewise affine two-parameter pair of ordinary differential equations

1) (;‘):(_"1 ;)(Jy‘:;) if x>-1 and £>0
@) (’y?):(fl ;)(Jy‘:;) if x<1 and >0

is known to exhibit a great variety of dynamical properties [10], [8], [3],
[5]. System (1)—(2) is sometimes called Saito chaos generator and can be
considered as a simplified model of Chua circuit [11]. Both the emergence
of chaotic attractors/repellors and the transition between single-spiral and
double-spiral chaotic attractors are well understood.

Two-valued Poincaré mappings for (1)—(2) were introduced and analyzed
in our previous papers [4], [6]. The reduction to single-valued interval maps
and thus the applicability of Lasota-Yorke results on absolutely continuous

AMS Subject Classification (2000): 34C55, 54H20, 34C23
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invariant measures were made possible by what we called concatenated ar-
clength transformation. Our main technical task was the search for max-
imal compact intervals positively invariant with respect to the associated
single-valued interval maps. The endpoints of such intervals turned out to
be determined by periodic orbits of system (1)—(2) without self-intersection.

Of course, at least in the chaotic parameter regime, system (1)—(2) has an
abundance of periodic orbits. Periodic orbits without self-intersection are less
numerous but, due to their role in the Lasota-Yorke probabilistic description
of chaos [2], much more important.

For brevity, we say that a periodic orbit I" of system (1)-(2) is large if
I" has no self-intersection points and it is not a subset of the vertical strip
S = {(x,y) € R? | |x| < 1}. Similarly, we say that a periodic orbit y of
system (1)—(2) is small if v has no self-intersection points and it is a subset

of 4.

The main results of our previous paper [5] on periodic orbits can be
summarized as follows.

THEOREM 1. There exist continuous functions k1 : R — R and
Ky 1 (—00,0] — R with the properties that k(o) < ky(0) < 0 foro < 0,
Kk1(0) < —o foro >0, k(0)+0 — 0 aso — oo, and

=2 & 0<0,k0)<p<ky0),

0 <0,p=Ky(0) or p<ky(0)
#Hh=1 <« {0:0,—1:K1(0)§p<1c2(0):0
0 >0,p >k(0),
o <0,p >Ky(0)
#'=0 < {0=O,p</c1(0) or p > k2(0)
o >0,p <k(0).

Similarly, there exists a continuous function k3 : R — R with the properties
that k3(0) > —(e — 1)o foro < 0, k3(0)+ (e — 1)o — 0 aso — —o0,
k3(0)=1, k3(0) > —0 foro >0, k3(0)+0 — 0 aso — oo, and

#y=1 < p2k300),

#y =0 & p<k3(0).
Here #I" and #y stay for the number of large and small periodic orbits, re-
spectively. See Figure 1 portraying the bifurcation curves 6, = {(0,p) €

€ R? |0 =0} and 6; = graph(x;), i = 1,2,3. Together with system (1)=(2),
both large and small periodic orbits are symmetric with respect to the origin.
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Fig. 1. The bifurcation curves in Theorem 1

Large periodic orbits contain the equilibria E* = (1,p) and E~ = (—1,—p)
in their interior.

Fix p = pp < —1. At (aoL,po) € 6,, system (1)—(2) undergoes a
saddle-node bifurcation for periodic orbits. The emerging unstable and stable
large periodic orbits disappear at (o, pg) € 6, Oé‘ < ol < 0 [discontinuity-
based grazing bifurcation at the switching lines with symmetry] and (0, pg)
[coalescence with the point at infinity], respectively. Increasing parameter o a

bit further, the unstable large periodic orbit is reborn at (6£, pg) € 6, 0L > 0.

Small periodic orbits are born at (O(‘)g ,Po) € €3, 069 > O_,l_‘ [discontinuity-based
grazing bifurcation at the switching lines with symmetry]. Small periodic
orbits are always unstable.

Figure 2 displays the phase portrait of system (1)-(2) for parameters
(af, po) € 6 in a schematic way. (In comparison with ', the stable periodic
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Fig. 2. The phase portrait of system (1)—(2) at (Glj,po) € 81.pg < —1

orbit Iy would be truly enormous on the natural scale.) The unstable periodic
orbit T', through the point of tangency G on the switching line x = —1
contains two stable equilibria in its interior. There are no other equilibria
at all. This is somewhat ridiculous and seems to contradict the famous Euler-
Poincaré formula

3) #sources — #saddles + #sinks = 1

valid for equilibria inside periodic orbits of planar dynamical systems. (It is
to assume that the dynamical system is smooth and that all equilibria inside
the periodic orbit are hyperbolic.) Of course there is no contradiction at all.
The pair of ordinary differential equations (1)—(2) with hysteresis does not
induce any dynamical system. Solution dynamics induced by system (1)—(2)
is a so-called switching dynamics — recall the particular role of the switching
lines x = £1 in system (1)—(2) and also the forward branching of the solution
trajectory at the grazing point G in Figure 2. For the general theory of
switched systems and their bifurcations, see the monograph [1].
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2. A family of ‘artificial’ counterexamples

The phenomenon observed in system (1)—-(2) occurs in two-dimensional
systems with hysteresis in the greatest possible generality.

THEOREM 2. For nonnegative integers k, €, m arbitrarily given, there
exists a pair of bounded and smooth functions F = F(k, ¢,m), f =f(k, {,m) :

RZ — R? with the properties as follows. System

) (§)=F<§;) if x>—1 and >0
(5) (’y‘):f(’y‘) if x<1 and t>0

admits a periodic orbit I" without self-intersection, the number of equilibria
inside I" equals N = k + €+ m, all equilibria are hyperbolic and belong to the

half-plane {(x,y) € R* | x > 1} and, last but not least,
(6) #sources = k, #saddles= €, #sinks=m.

PROOF. It is not hard to construct function F in such a way that the
ordinary differential equation <; ) =F <; ) has N = k + ¢ + m equilibria,

all hyperbolic, belong to the half-plane {(x,y) € R? | x > 1}, and also
condition (6) is satisfied. Function f is constructed in such a way that the

ordinary differential equation (;C;) =f (i) has no equilibria at all. With
some additional care, it can be guaranted that all the equilibria above belong
to the interior of a periodic orbit of system (4)—(5).

In order to simplify the technicalities, only the respective phase portraits
are constructed and these only in a not-entirely smooth category.

The idea is to build a planar ‘chest of drawers’. The ‘outer frame’ is an
unbounded rectangle determined by the vertices (—o0, 0), (3,0), (3, —2N —1),
(—oc,—2N — 1). The number of ‘drawers’ is N, and the i-th ‘drawer’ is
determined by the vertices (—oo, —2i + 1), (2, —2i + 1), (2, —2i), (—00, —2i),
i=1,2,...,N. The ‘drawers’ are indistinguishable from the outside and can
be replaced one by the other. Each ‘drawer’ contains a single equilibrium

point, a source, a saddle or a sink. The solution dynamics of equation (; ) =

=F (§ ) within the ‘entire frame’ and within the three types of ‘drawers’ is
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Fig. 3. The ‘entire frame’ for equation (x) =F (x)
y y

indicated in Figures 3 and 4, respectively. In both Figures, boldface segments
on the switching lines consist of entry points to the right. Hooked arrows
show the bouncing of solution trajectories.

Then a second ‘chest of drawers’ is constructed. The ‘entire frame’ and
the reversed dynamics within are obtained by reflection to the x = 0 axis. Now
the ‘outer frame’ is determined by vertices (co, —2N — 1), (=3, —2N — 1),
(—=3,0), (00,0) whereas the ‘drawers’ are the unbounded rectangles with
vertices (oo, —2i), (=2, —2i), (—2,-2i + 1), (o0, —2i +1),i = 1,2,...,N.

Equipped with the solution dynamics of equation <§> =f (;) now all
‘drawers’ are exactly the same: invariant and free of equilibria.

The desired result follows by hysteretic merging. Periodic orbit T°
is represented by the rectangle with vertices (—3,0), (3,0), (3, —2N — 1),
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Fig. 4. The three types of ‘drawers’/blocks for equation (x) =F (x)
y y

(=3,—2N —1). The orientation of the compound dynamics on I" is clock-
wise.

In spite of the loose terminology, no confusion should arise. In a less
informal language, ‘drawers’ can be called blocks (source blocks, saddle
blocks, sink blocks, equilibrium-free blocks) etc. but we could not find any
good terminus technicus for the ‘chest’ of a ‘chest of drawers’ (termed ‘entire
frame’ above). |

REMARK 1. Let I'; and T'y denote the rectangles with vertices (—1,0),
3,0, B3, -2N-1), (-1,-2N —1) and (-3,0), (1,0), (1,—2N — 1),
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(—=3,—2N — 1), respectively. Since F|Frm1“f = f|1“,-ﬂl“g’ F and f together

define a continuous function ¢ : I' — 2, the vector field belonging to the
periodic orbit I" of system (4)—(5). By the construction, the Poincaré index
[9] ind(p,T") equals 1. On the other hand, the alternating sum #sources —
— #saddles + #sinks in formula (3) equals k — ¢+ m which need not be equal
to 1. The way out of the situation is to define

ind(hyster(F, f), ") = ind(F, ;) + ind(f, T'p).
This makes sense because, both for F and f, the infinite strip {(x,y) €
€ R? | |x| < 1} is free of equilibria and

ind(F,I';)=k — €+m, ind(f,['y)=0.

The problem of defining an appropriate index for general systems with hys-
teresis (switching lines intersecting each other in two, switching hypersurfaces
in higher dimension etc.) remains open. It is worth mentioning here that
several questions on hysteresis can be converted to an abstract setting where
classical degree/index theories (both in the single-valued and in the multival-
ued case) apply. Various results of this type are cited in the monograph of
Feckan [7].
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Abstract. Radially symmetric solutions u(x) = v(jx|]) = v(p) to the
Dirichlet problems

Au@)+f(xl,ux),|Vu(x))=0 (x € B), ulr=a €R

are considered, where B is the unit ball in R” centered at the origin (n >
>2), I''=90B;f € C(Gao; (0, 00)), where Ga0 := [0, 1] x (ag, 00) x [0, 0), a
is arbitrary a > ap > —oo. Sufficient conditions are presented that guarantee
the properties u € C*B) or u € C>(B) for all solutions u = u(x) where
a > ag. The results are generalizations of the author’s ones, published in
EJQTDE, 2002, No. 18, pp. 1-28.

1. Introduction

Radially symmetric solutions of homogeneous Dirichlet problems or
problems in the whole space R (with a condition at infinity) for the non-
linearly perturbed Laplace operator or m-Laplacian have been investigated
by many authors (see e.g. [1]-[4], [6] and their references). In [1]-[4]
very general existence and uniqueness results are presented, [6] contains an
analiticity result outside the origin, in [5] a bifurcation result is given for
a semilinear elliptic equation. On the other hand C!, C? or higher order
smoothness of solutions in the neighbourhoods of the origin or in the closure
of the domain has not been investigated.

AMS Subject Classification (2000): 35B30, 35B65, 35J60, 35J65.
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The present paper serves as a continuation of the paper [8]. Here and in
the next we will use the following notations and assumptions: ag > —o0 is
fixed, a > a is arbitrary,

Gao = [07 1] X (a()a OO) X [0) OO)) Ga = [07 1] X [a,oo] X [07 OO),
f =flay,a,a3) is a given function, f € C(Gg;(0,00)); B is the unit ball
in R" (n > 2) centered at the origin, I" := 9 B.

In the paper [8] the following problem (Problem A) was considered: find
a radially symmetric function 4 = u(x) (x € B), i.e. a function for which
there exists

vi[0,11 =R, v(p)=v(x])=ux) (x€B)
and for which
Au@)+f(x],ux),|Vux))=0 (x € B),
u € C*(B)n C(B),
ulr =a.

It is supposed that for any a there exists a constant K; > 0 such, that

(1.1) f € C(Ga: (0, Ka) N CH(G).
Under these assumptions the following results have been proved among oth-

ers: Problem A has a solution « and any of the solutions belongs to C3(B) if
the additional condition

1
(1.2) Jay(0,02,0) = = fu3(0,a2,0)f (0,22,0) (@2 > ap)

is fulfilled.
Now our purpose is to find conditions similar to (1.1) and (1.2) that

guarantee C*, C° smoothness in B for all solutions u of Problem A. It is
reasonable to emphasize Theorem 1.2 of the paper [8] which says:

THEOREM 1.2 ([8]). Let a > aq appearing in Problem A be arbitrarily
fixed, and suppose that for any b > a there exists a constant K, , > 0 such
that

f € C(Gyp;(0,K,pl) where Ggp :=1[0,1] X [a,b] x [0, 00).
If in addition
f € C(Gy;(0,00)) N C™((0,1] x [a, 00) x [0,00))



71

holds, where 1 < m < oo, then any solution u of Problem A has the
smoothness property

u e CX(B)n C™?(B\ {0}).
This is why the main attention in the present paper is devoted to the study

of the smoothness of solutions u of Problem A in the neighbourhoods of the
origin.

THEOREM 1.1. Consider Problem A with arbitrarily fixed a > ag, and
suppose that

(1.3) f € C*(Ga: (0, Kal)
and condition (1.2) is fulfilled. Then for any solution u of Problem A
u € C*B)
holds.
THEOREM 1.2. If function f satisfies the following conditions
(1.4) f € C*(Gus (0, Kal),
where a > aq, and
1
(1.5) Jay 0,02,0) = =~ fa3(0, @2, 0)f (0,22,0) (@2 > ap),

3
falalal (07 a27 O) + ;fa1a1a3 (07 a27 O)f(07 a27 O)+
3 , 1 ;
+ n_zfa1a3a3 (07 an, 0)[f(07 an, 0)] + n_3fa3a3a3 (07 ay, O)[f(07 an, 0)] -

3 3
- ;falaz (0) a9, O)f(oa an, 0) - ’?fazog (0) a, O)U(O) an, 0)]2+
(1.6) 3 5
+ —fa3 (07 an, 0) fO!](Z] (0) a9, 0) + _fa1a3 (07 an, O)f(oa a9, 0)+
n+2 n

1 1
+ n_zfa3a3 (07 sz, O)[f(oa a2) 0)]2 - ;faz(oa a2> O)f(oa sz, O)} = 0

(az > ap)
then for any solution u of Problem A
u € C°(B)
holds.
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The set of admissible functions f in Theorem 1.2 is rich enough. For
example:
PROPOSITION 1. If function f satisfies condition (1.4) and
(1 7) fal(w) :fa3(w) :falaz(W) :fa2a3(W) :falalal(W) :fa1a1a3(W) =
= fayaaas W) = fazazas (W) =0 Yw 1= (0,a2,0) (@2 > ag),
then conditions (1.5), (1.6) are also fulfilled.

2. The Proof of Theorem 1.1

1. The existence of a solution v(p) = v(|x|) := u(x) to Problem A for any
a > aq follows from Theorem 2.1 of the paper [8]. Using the radial symmetry
of u we have (see (3.14) in [8])

t
Q.0 v'(1t) = —a@t)+ [/ p”_la(p)dp] n—Dt™ O<t=lx|<d <),
0

where

(2.2) ap):=fp,vp),—v'(p) O<p<d <.
Now, repeating the ideas of the proof of Theorem 1.2 ([8]) for m = 2 (see

formulae of (1.97) in [8]) we get that both sides of (2.1) allow differentiation
twice by ¢, moreover

(2.3) v e Cc*B\ {0})n C3(B).

Calculating the second order derivatives of (2.1) we get the equality for ¢ €
€ (0,1]
(2.4)

vty = —a"(t) + (n — 1)x
t
x [ a'Of" = (n+ Da@t" +n(n +1) /p”_la(p)dp 1~ (n+2),
0
Now using condition (1.3), relation (2.3) and equalities v/(0) = v/"/(0) = 0 (see

(1.12), (3.22) in [8]) we can to prove the existence of the limit limv®™)(z) as
t — 0+ 0, that implies in virtue of the Lagrange’s theorem the existence of

the derivative v(¥)(0) and equality
(2.5) v ) = lim v®™().
t—0+0
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In order to prove (2.5) we observe that the first term on the right hand side
of (2.4): —a'(t) has a limit as t — 0 + 0. Namely, from (2.2) we have

a” (1) = [faya; W) + fayas WV (1) = faryay WV (1)]+
+ gy W (0 + fnay WV ()~ farers WV V" ()]
+ fo, WV (1) = faza; WV (1) = fazey WV (V' (1)+
+ fayas WO (0 = fas 0" ()
O<t<d <), w:=(v),—v ).

Now using, that
(2.6)

1
vi),v"(t) = 0 as tHO+Qv%D—%7#®m®L® as t—0+0

(for the last relation see (1.17) in [8]) we get

1
3 limoa//(t) =fa1a1(z) - ;f(Z)[faz(Z) - 2fa1a3(Z)_

t—0+

2.7) |
— —f @fuza3 @)1 = a’(0), z:=(0,v(0),0).

Further for the second term on the right hand side of (2.4) the I’Hospital’s
rule gives (using the existence of the limit in (2.7)) the limit a”(0)/(n + 2),
consequently

-1 3
28 ) (4 —a"0 n "oy = — ") = v (0
(2.8) v (%;ﬂ)a()+51?%() ija()v 0,

so the property

(2.9) v € C*([0,1])
is proved.
We emphasize that the equality v¥)(0) = 0 is not required.
2. Now we shall prove that (2.9) combined with (2.6) imply the property
u e C*B).

It is enough to prove that all partial derivatives of the fourth order of u
belong to the class C(B). These derivatives belong to C(B\ {0}) in virtue of
Theorem 1.2 of [8], therefore using the Lagrange’s theorem it is sufficient to
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prove that they have finite limits as p := |x| — 0 + 0. For this reason, using
the equality

u=ux):=v(x))=vp) (@Eec@O1)

and calculating all of the possible derivatives of fourth order of u using the
chain rule we derive the following representations (where i,j, k, € denote four
different indices):

XiXiXpX g
(2.10) thy;x; 10, (x) = A@)% (x € B\{0}, n>4, pe(,1),

2
X; Xi Xk Xi Xk
Ui, (X) = A —’)J—+B S
(2.11) iy () (p)(p p? (p)p2

(x € B\{0}), n >3, (p €01,

(x) = A(p) ("")2<"1)2+B<p> (x">2+("f>2
Uy;xjxix; (X ) = — — — -
2.12) Y P P p p

(x € B\{0}), n=2, (pe(1),

+ C(p)

3
xX: X; XX
M.X,'.X,'X,‘Xj (X) = A(p) (j) pi + 3B(p);—zj

(2.13)
(x € B\{0}), n>2, (pe(,1)),
x\* X\ 2
XXX =A - 6B - 3C
(2.14) i () ) (P) +650) (P) +3Ce)
(x € B\ {0}), n >2, (p €(0,1)),
where

Ap) ={[v'p Yo 1p™Vp3,
(2.15) Bp) ="~ Yp~p,
Cp):=0"pp o™t (pe©1).

We have to prove that all of the right hand sides of (2.10)—(2.14) have finite
limits as x — 0 (p — 0+ 0), but some auxiliary ideas may be derived only
from representations (2.12)—(2.14) appearing in the smallest dimension n = 2.
Namely for the existence of the right hand side-limits in (2.12)—(2.14) the
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following relations are necessary:
3 lim C(p)=Cy= lV(W)(O)
p—0+0 3 ’

(2.16) 3 lim A(p)= Ag=0,
p—0+0

3 lim B = By=0.
p—0+0 ) 0

In order to prove (2.16) let us substitute x; = 0 in (2.14). We get

3 1lim 3C(p) = tty,x;xx,(0) = vV (0 +0);

p—0+0
(2.17) 1
Co = zv™(0).
3
Further, substitution x; = 0, |x;| =p > 0 in (2.12) yields:
(218) Elpgr(ﬂ-o[B(p)-i- C(p)] =)}E})”X,‘X,‘ijj' (X)
which combined with (2.17) gives
3 lim B(p) = By.
p—>0+0 (p) 0
The same substitution in (2.13) yields:
Elxlf}) ux,-x,-x,-xj = 07
therefore substituting in (2.13)
V2
(2.19) X; = X; =p7
we get
(2.20) 3 L 1A(p)+ 3B(p) 0
. im |- — =0.
p—0+0 |4 2

The same substitution (2.19) in (2.12) gives (combined with (2.18))
1
3 lim {—A(p) + B(p) + C(p)} = lim [B(p)+ C(p)l,
p—0+0 | 4 p—0+0
consequently

(2.21) 3 lim A(p) = Ag=0.
p—0+0
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Finally (2.21) and (2.20) imply

3 lim B = By=0.
. (p) = By

Summarising, (2.16) is proved.

On the other hand, relations (2.16) are (also) sufficient for the existence
of the limits (as x — 0) of the left hand sides in (2.10)—(2.14). In fact using

also the boundedness of the factors % (i =1,n) we get
uxl.xjxkx[(x) —0 as x—=0(@p—=0+0), n>4,

ux,-x,-xjxk(x)_’o as x —=0(p—=0+0), n >3,

1
—>§v<”)(0) as x —=0(p —0+0), n>2.

uXiXin.Xj

ux,-x,-x,-xj(x)—>0 as x —=0(p—=0+0), n>2

Uy xxx (1) = vV(0) as x = 0(p —0+0), i=Tn, n>2.

It remains to prove the following:

LEMMA 2.1. C(p) — $v(0), B(p) — 0, A(p) — 0 asp — 0+0.

PROOF. According to the definition of C(p) we have

v// ) _ V/ )

(2.22) Cp) = p(pp—3(p.
Now using (2.6), (2.8) and I’Hospital’s rule we arrive at the fraction
(2.23)

" Meqy _ Meay _ i

Vo) _ 1v"p) =0 _1v"(p) —v"(©0) lv(“’)(O) as p— 0+0.

3p 3 p-0 3 p-0 3
Similarly, calculating the derivatives in the definition of B(p) we get

By = V0P = 3;’3’<p>p +3'p) _ v"/';p) _ 3V”<p>;; Ve,

as p — 0+ 0 in virtue of (2.22), (2.23).
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The proof of the last relation of Lemma 2.1, A(p) — 0 (p — 0+0) is
also simple because after calculations of the derivatives in the definition of
A(p) we get the representation

A(p) = v(lV)(p) _ 6‘)//’/0(:0) + ISV”(P)P 3_ V/(P)
P

using (2.8), (2.22), (2.23). 1

—0asp—0+0

Lemma 2.1 and Theorem 1.1 are proved.

3. The Proof of Theorem 1.2

We shall prove first the property v € Cc3([o, 17), especially the equality
v()(0) = 0; and second, the property u(x) € C>(B) for every solution u of
Problem A for any a > a.

1. Using the results of Theorem 1.1 we can state that the right hand side
terms in (2.4) allow differentiation by ¢ for 0 < r < 1, and we arrive at the
property v € C3 ((0,1]) and at the equality
(3.1)

n—1

) _
viU(t) = —a (1) + i3

{tn+2a//(t) _ (n + Z)a/(t)tl’l+1+

t
+(n+Dn+2Dt"a@) —nn+1Dn +2) (/ p”_la(p)dp) } O<t<1.
0

Recall formula (2.2) which implies @ € C3([0,1]) because (1) depends
only on derivatives of v(t) of the order less than or equal to four. Therefore
it remains to prove for the relation v € C 3([0, 1]) that the second term on the
right hand side of (3.1) has a limit as t — 0 + 0. Indeed using I’Hospital’s
rule we get for ¢ > 0

n—

—(m+2)ad' O+ D"+ + D+ 2" (0) + (n + D(n + 2)nt" Lat)—

{t’1+2a///(t)+(n +2)t”+la”(t) —(n +2)a”(t)t”+1—

la”/(t) ., n- la/”(O),

p— n_
—n(n+D(n+ 2" la )} = n+3 t—0+0 n+3
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therefore

v(V)(I) a///(o) + ///(O) — a///(o)’
t—>0+0

+3 +3

and the property v € cs ([0, 1]) is proved. Also, considering the even func-
tions
M(XI,...,XI) (_1 le S 1)7

that is u| x>0 = v(x1), we get that a necessary condition for the property

“xlxlxlxlxl (X) € C(B)
is the equality

3
vV =0 a”0)=0< j?f(t, (1), —v'(1))];=0 = 0

The last equality is fulfilled because its detailed expression coincides with
condition (1.6).

2. We shall prove, using the properties v € C>([0, 171);v/(0) = v""(0) =
= v(VY(0) = 0, that all partial derivatives of u of the fifth order has (zero)
limits as |x| = p — 0+ 0. For this reason we present some expressions for

them via derivatives of function v(p) (p > 0) in coeflicients A, B, C (see
(2.15)), using also equalities

(3.2) Bp~'=C', [Bp Hp?=4p":

Ui xjxpx pxm = [Ap " Ip ,075’

2
4y aXiXjXpX XXXy
Mx,-xjxkx(x( =[Ap "Ip f05 £ +A pJ3

3

2 2
_ k
I/txl-xl-xjxjxk [AP 4]/ 4 lpJ +[BP 2]/ 2 ;)

2
+[Bp ]/ 2 J + Ok k
x3x2 2 X3 X,
Ui = [Ap~p? i f +3[4p~ ' 1— +[BpHp* L +3C',
p3 p p
3
Xk — i Xj Xk
g = [Ap~ 14 ’p’ +3[Bp~ 2 5
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X2y
“x,-x,-x,-x,- j [Ap_4]/ 4 ;) J +6[Bp_2]/ 2 ;) J +3C//‘)]

/xl

X X3
sy = [Ap~4p¥ L -+ 10[Ap™~! —+1sc
P ps o3 p

It follows similarly as in Theorem 1.1 that for the existence of the limits
(when p — 0) of all these fifth order derivatives the following limit-relations
are sufficient and necessary (for the second one see (3.2)):
(3.3)

C' -0, Ap~ ' =[Bp™?1p?> >0, A= 0, [Ap~Hp* =0 as p—o0.

The relation A — 0 follows from Ap~! — 0 as p — 0. Let us prove the
other three relations in (3.3). First:

C/ 4[V/// 2 3pv”+3vl],
p

where using twice 1’Hospital’s rule we get the expressions

(v) 2 ///] -

[v +pv™ —y

12,02

(V)(p) % 2[pv(lv) ///] —0 as p—0,
because

%[pV(V) @) _ (IV)] - (V)(p) —0 as p—O0.

Summarising, the relation C’ — 0 (p — 0) is proved. Prove the second
relation of (3.3). We have the representation

Ap~l = [v(“’) 32" +15pv" —15v'] (p > 0),
p*

from which using 1’Hospital’s rule we get the expressions

; 3[V(v) 3 352,09 4 35/ = lev(v)(p)+
34 P

"

[ 3p2v™) 1300 -0 as p — 0
4p3
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because v(V)(p) — 0 as p — 0 and, for the last term of (3.4), I'Hospital’s rule
gives the following expressions:

5 2[ 3p2y ™) — 3pv(lv)+3v/”]=—%v(v)+
35 7
+m[—3pv(w)+3v”/]—>— v¥(0) - (V>(0) 0 as p— 0.
/0]

Therefore the relation Ap_1 — 0 (p — 0) is also proved. It remains to prove
the last of the relations in (3.3). From (2.15) we get the representation:

[Ap~H/p* = [v(V) 4 10p3v M) 445020 — 1050v" + 105v'] =
(3.6) p
—V(V)(p)+ —[=1007v ) + 45" — 105pv” +105v']  (p > 0),

where v()(p) — 0 as p — 0 and for the last term of (3.6) by the 1'Hospital’s
rule we get the following expressions:

1
4—3[—10p3v<v) +15p2v ) — 150" = —gv(v)(p)+
G- p15 5 15

+ Ip2[pv<”) —v"M = —EV(W(O) + gv(W(O) =0 as p— 0.

Consequently, the relation

(3.8) [Ap~p* =0 as p—0

and therefore Theorem 1.2 is also proved.
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Abstract. Murray [8] studied a bifurcating artery which supplies two
organs with a required amount of blood. She determined the location of
the bifurcation when the total power dissipation in this system of arteries is
minimal.

The problem is a special Fermat-Torricelli problem. In this paper we
apply calculus to examine the local minima of the minimized function.

1. Introduction

Murray [7] examined the flow of blood in the arterial system of mammals.
She considered the total energy needed to transport blood through a straight
vessel and maintain the blood.

Poisseuille’s law describes the motion of fluid in rigid pipes. If the length
of the pipe is L and its constant radius is r, one end is at pressure p, the other
end is at pressure p; (p; > p) then the flux f of the flow of fluid with constant
viscosity u is

n J—
f= TPL"P2 4
8 Lu
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The power dissipated due to friction is

Suf2L

(P —po)f = =
rem

Murray used the above formula for the power dissipated due to friction in
case of the flow of blood in a straight vessel. The organism consumes energy
to maintain the circulating blood and the vessel, which is proportional to the
volume, Kz r2L for a positive constant K. Let k := 87“, then the power
dissipation is

2L
P:= kf—4 +Knr’L.
r
For a given flux f the minimum of the power dissipation is obtained by
2
differentiating P as a funtion of r. The minimum is attained at r = \6/ %,

then the minimum value is
3
(1) Poin = 5szL.

Murray assumed that every vessel is optimal relative to power dissipation,
then its value is given by (1).

Next Murray [8] considered the bifurcation of an artery. The author
searched the optimal shape of the bifurcation when the total power dissipation
in the system of three straight vessels is minimal. Murray applied the principle
of minimum work to determine the angles of the optimum. Later Rosen ([9],
Chapter 3) discussed this vascular bifurcation problem, he used the idea of
Murray and perturbations to get the optimum. Neither of them concerned
vessels with zero length.

Fig. 1
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Let B denote the bifurcation point, AB the main artery, BC and BD the
branches. Let the lengthes and the radii of the main artery and its branches
be denoted by r; and L;, i =0, 1,2, respectively. Conservation of mass yields
rg = rl3 + r%. Suppose that all three vessels are optimal relative to power

dissipation, then the total power dissipation of this arterial system is

3
Fi(B)= 5K (rgLo +r2L + rzzlfl> :

Finding the optimal branching point B means minimizing the function P;,
which is a weighted Fermat-Torricelli problem.

The weighted Fermat-Torricelli problem for given points A, C, D and
weights a@,f3,7 € R* is to find a point B such that

a|AB|+B|CB|+y|DB|

is minimal. The solution of the problem exists and is unique ([4] Theorem
8.5), it is called the weighted Fermat-Torricelli point. A good summary of
the problem and the different solutions is given by Gueron and Tessler [3],
and that of the geometric aspects of the problem by Kupitz and Martini [4].
The weighted problem is solved in [2], [3], [4], [5], [11] and [14]. Calculus
is used to solve the original problem in [1], [6] and [10].

2. Calculus based proofs for the local minimum

First we recite Murray’result [8], and prove the theorem applying calcu-
lus.

THEOREM 1. [8] Suppose that A, C, D are given non-collinear points and
B is a point in their plane. Let Ly(B), L{(B), Ly(B) denote the lengths of the
segments AB, BC and BD, respectively. If ro,ri,r, € R then there exists
a point B in the triangle ACD such that r§Lo(B) + riLi(B) + r3Ly(B) is
minimal.

Let 6 denote the angle of the lines AB and BC, ¢ denote the angle of the
lines AB and BD for a local minimum point B different from the vertices.
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Then
rg+rg—ry
cos@zT,
2ror1
4, .4 4
ran+ry —r
2) cosqb:iozg2 L
rora
4 4 4
ra —ry —r
cos( +¢) = 2 212 2
2r1r2

PROOF. The function
f(B) := rgLo(B) + r{ L1(B) + r; Lp(B)

defined in the closed circle with center A and radius 3 max{|AC|,|AD|} does
not attain its minimum on the boundary of its domain. During projections to
the line of a side the value of f does not increase, therefore the minimum is
taken only in the triangle ACD. Let B* denote a local minimum point of f
different from the vertices.

First we examine the function f restricted to the line AB. L;(B) and
L,(B) can be rewritten applying the cosine theorem and Taylor’s formula to
derive

f(B)—f(B*) =
=0(rg — rf cos@ — r3 cosg) +02F(8,r1,ry, L1(B¥), Ly(B*),0,0)

for B close to B*, where ¢ denotes the length of BB* with sign and F is

a bounded function of ¢. Then rg — rl2 cosf — r22 cos¢ = 0. Restrictions to

the line BC or BD and arguments similar to the first case give the other two
equations. Together the system

rg = r12 cos6 + r2200s¢
r12 = rg cosf — r22 cos(6 +¢)
r22 = rg cos¢p — r12 cos(0 +¢)
is equivalent to (2). |

REMARK. The first and the second equation of (2) implies the third one.
If r(%, r12, r22 fullfill the weak triangle inequalities r(% < rl2 + r22, rl2 < r22 + r(%

and r22 < rg + r12 then system (2) has a unique solution (6,¢) € [O,n]z.
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Otherwise the minimum point is the vertex with the largest weight (see [2],
[3D.

In the vascular bifurcation problem rg = rl3 + r23 holds, thus the solution
is in (0,%)>.

Theorem 1 determines the angles for a local minimum point, which is
different from the vertices. Now we examine the vertices with respect to
local minimum.

THEOREM 2. Let A, C, D be given non-collinear points and ry,r1,ry €
€ R*. Then the function f attains a local minimum at A if and only if we

have 0 +¢p < CAD< for the solution (0,¢) € (0,712 of (2).

The function f attains a local minimum at C if and only if 1 — ¢ <
< ACD«.

The function f attains a local minimum at D if and only ifm — 6 <
< ADC«.

PROOF. Let B be located in the triangle ACD, different form A. Let
a :=CAD<«, ay:=CAB< and ay := BAD<.

We can rewrite f(B) with the cosine theorem and Taylor’s formula to
get

f(B)—f(A)=
= (3(r§ — r12 cosay — r22 cosay) +62G(6,r1,r2,LI(A),IJZ(A),al,az)

for B close to A, where 0 := |AB| and G is a bounded positive function of
0. Thus an equivalent condition for f to have a local minimum at A is

glayp) = rg — rlzcosal — rzzcos(a —a1) >0, a1 €[0,a].
The derivative g’ vanishes at a; € (0,a) if
sin(@ —ay) r12

sinal B r22.

3)

This equation has a unique solution a € (0,a) which is a global minimum
point of f.
Equation (3) and some trigonometry implies

o r22 sina N rl2 +r22 cosa
sinaj = , |cosag|=
2 4

4 2.2 4 4 2
\/rl+2rl ry cosa +rj \/rl+2r1 ry cosa +rj
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which lead to

g@h)=rg - \/riL +2r2r} cosa +r3.
This result and the last equation of (2) shows that 6 +¢ < « is fulfilled when
g has a non-negative minimum.

The problem is symmetric in the vertices, which proves the rest of the
theorem. 1

REMARK. The characterization (2) of the weighted Fermat-Torricelli
point was also given by Gueron and Tessler [3]. They show that the conditions

in Therorem 2 ensure global minimum at the vertex if all three triangle
2 2

inequalities are valid for rg, ris sy

The same problem occurs when oil or gas is transported through pipelines
from two locations to a common destination [5], here the direction of the flow
is the opposite to the one in Murray’s problem. The problem is similar, when
three factories are supplied from a single warehouse [2]. In the latter case
there are no conditions for the weights.

In the location science algorithms are given to determine the weighted
Fermat-Torricelli point of a finite set of points [13]. The problem is called
the Weber problem.
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Abstract. According to a result due to Perron and Lettenmeyer, the Lia-
punov exponent of a nonvanishing solution of a quasilinear system of ordinary
differential equations is equal to the real part of one of the eigenvalues of
the unperturbed linear equation. In this note, we show that if the solution is
nonnegative, then its Liapunov exponent is an eigenvalue of the unperturbed
equation and there exists a corresponding nonnegative eigenvector.

Let R and N denote the set of real numbers and the set of nonnegative

integers, respectively. Ford € N, d > 1, R? denotes the d-dimensional space
of real column vectors with any given norm | - |. Let My(R) be the space of
d x d matrices with real entries. The norm of a matrix A € My(R) is defined
by

= sp L
0%xerd ]
Consider the system of ordinary differential equations
x"=Bx +f(t,x) (1)
as a perturbation of the linear system
x' = Bx, (2)
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where B € M;(R) and f: [0, o) X R’? — R’ is a continuous function. One of
the key results in the asymptotic theory of perturbed systems is the following
theorem (see [1, Chap. IV, Theorem 5]).

THEOREM 1. Let x:[0,00) — R®Y pe a solution of Eq. (1) such that
x(t)#0 fort > 0. Suppose that

If(t,x@)| <y@®Olx@)|, >0, 3)

where y: [0, c0) — [0, o0) is a continuous function satistying

t+1
/ y(m)du — 0, t — oo. 4)
t
Then the limit
1 t
w@) = lim 02X (5)
t—o00 t

exists and is equal to the real part of one of the eigenvalues of B.

Theorem 1 is essentially due to Perron [3] and Lettenmeyer [2]. The
limit (5) (if it exists) is sometimes called the strict Liapunov exponent of the
solution x.

In this note, we will study those solutions of (1) which are nonnegative. A
solution x = (x1,x2,... ,xd)T: [0, 00) — ¥ of (1) is said to be nonnegative if
xj(t) > Oforallz > 0andj =1,2,...,d. We will show that if the solution x
in Theorem 1 is nonnegative, then the following stronger result holds.

THEOREM 2. Adopt the hypotheses and the notations of Theorem 1. If
the solution x is nonnegative, then the strict Liapunov exponent u(x) is an
eigenvalue of B with an elementwise nonnegative eigenvector.

The proof of Theorem 2 will be based on the following result about non-
negative solutions of linear difference equations with asymptotically constant
coeflicients (see [4, Theorem 1.3]).

PROPOSITION 3. Let Ay, € My(R) forn € N and suppose that
An — A, n — oo, (6)

for some A € My(R). Lety = (yn)neN be a sequence of nonzero, (element-
wise) nonnegative vectors in R% such that

Yn+1 = AnYns n €N (N
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Then
p()= lim {/|y,| (8)
n—oo
is an eigenvalue of A with a nonnegative eigenvector.

Note that the existence of the limit (8) is part of the conclusion of the
proposition.

PROOF OF THEOREM 2. Since all norms on R? are equivalent, the limit
u(x) is independent of the norm used. Therefore, we may restrict ourselves
to the Euclidean norm.

Let t € (0,1) be fixed. By the variation-of-constants formula, we have
forn € N and s > nr,

x(s) = By (nr) + /s eBO=Wrw, x () du, 9)

T

and hence

S
x(s)| < elBIS=nD 1y nr)) +/ IBIGS=1y ) x (u)| du.

nt

From this, we find for n € N and s > nt,

e IBlls |x (s)| < e~ IBINT |x (1)) + /S y e 1Bl x (u)| du.

nt

By Gronwall’s lemma, we have

k()| < elBIS=1D) 5 (n1)| exp (/
n

for n € N and s > nt. From this and (4), we obtain

N

T

y(u)du)

|x(s)| < Klx(nt)| whenever n € N and s € [nt, (n + 1)7], (10)

where

147
K = ellIBllt exp (sup/ y(u)du) < oc.
t

t>0
Writing s = (n + 1)t in (9), we obtain
x((n+ 1) =eBx(nr) +h(nr), neN, (11)

where

t+T
h(t)=/ eBEHT—Wra x(u)du, 1> 0.
t
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We have forn € N,

(n+1)e
|h(nt)| < / eIBI DT =, (4 x (u)| du <
n

T
(n+l)r
< / e”B”Ty(u)K|x(nr)|du,
nt
the last inequality being a consequence of (10). This, together with (4), yields

|h(nt)] <

(n+l)r
< eanrK/ ywydu — 0, n—oo.  (12)
|x(n‘r)| nt

Define
yn =x(nt), n €N,
Eq. (11) can be written in the form (7) with
Be , ho)lx (o)’
|x (n7))?
T denoting the transpose. It is easily shown that
() [x(n)]T|| < |h(no)||x(n7)|, n €N

This, together with (12), implies that hypothesis (6) of Proposition 3 is satis-
fied with

An: nGN,

A= lim A, =eP7.

n—aoo

By the application of Proposition 3 to the nonvanishing, nonnegative solution
Y = (n)nen of (7), we conclude that the limit

p@)= lim {/[x(no)] (13)

Bt

is an eigenvalue of A = ¢B7 and there exists a nonnegative vector v(r) € R?

with |v(7)| = 1 such that
BT =pav). (14)
According to the Spectral Mapping Theorem, we have
p()=e™)  for some eigenvalue A(t) of B. (15)

Take a sequence 7; € (0,1), j € N, such that 7; — 0 as j — oc.
Since both sequences (/l(rj))jeN and (v(j))jen are bounded, there exists a
subsequence (Tj,) of (7;)jen such that the (finite) limits

A= lim A;,) (16)

keN
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and
= lim v(z; 17
v = lim v(Tj,) (17)
exist. The limit vector v in (17) is nonnegative and |v| = 1 as a consequence
of the same properties of v(zj,), k € N. Since the eigenvalues of B form a
finite set, (16) implies thatl(rjk) = A for all large k. This, combined with (14)

and (15), yields

p(;,) = (18)

and
Pliky(y,) = k() (19)
for all large k. From this, we find for all large &,
LB A

Uk — 1
¢ ey = lay)
Tjk Tk

Letting k — oo and taking into account that 7;, — 0 as k — oo, we obtain

By =Av. (20)

Clearly, this implies that A is a real eigenvalue of B. As noted before, if k is
large enough, then (18) holds and we get

1 t log |x(n 1
u(x)= lim M: lim g — lim log {/|x(nt; )|
t—o0 t n—oo nTJk Tj n—oo

k
1 1 .
= —logp(t;,) = —log ehfk =1
T Tk
This, together with (20), completes the proof. |
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Abstract. We obtain some results concerning the investigation of the
solutions of three-point boundary value problems for a certain class of linear
functional differential equations. We show that it is useful to reduce the
given problem to the parametrized two-point boundary value problem for a
suitably perturbed system containing some artificially introduced parameters
both in the constructed inhomogeneous two-point boundary conditions and in
the modified functional differential equations.

To study the transformed parametrized two-point problem, we use a
method which is based on a special type of successive approximations con-
structed in an analytic form. We prove the uniform convergence of these
approximations to the parametrized limit function. Our techniques lead us
to a certain system of algebraic equations with respect to the introduced
parameters whose solutions provide those numerical values of the introduced
parameters that correspond to the solution of the given three-point boundary
value problem. We also establish some properties of the limit function and
so-called determining functions.
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1. Introduction

Analysis of the literature devoted to the theory of regular boundary
value problems for ordinary differential equations shows that various analytic,
functional-analytic, numerical and numerical-analytic methods based on some
types of successive approximations are now extensively used and studied. It is
natural that each group of methods has certain advantages and disadvantages.

The analytic and functional-analytic methods in the theory of boundary
value problems are generally used for the investigation of qualitative prop-
erties such as the existence, uniqueness, stability, dichotomy, branching of
solutions (see, e.g., [12, 5, 30, 31, 23, 24, 13, 1, 32, 16, 49] and the references
in [47]). For obtaining existence results, this group of methods widely uses
techniques of functional analysis, topological degree theory, and the theory of
approximate methods for solving operator equations [25, 9, 29, 17, 15, 7, 8§,
26, 2, 35, 36, 34, 56, 6, 38, 55]. The group of numerical methods, under the
assumption on the existence of solutions, gives practical numerical algorithms
for their approximate construction [3, 22]. The numerical construction of
approximate solutions is usually based on the idea of the shooting method
and may face certain difficulties because the regularity conditions for the
right-hand side function of the boundary value problem (e.g., the Lipschitz
condition), as a rule, should be assumed globally, i.e., fulfilled for all the
values of space variables, which is quite often not the case.

In studies of solutions of various types of boundary value problems for
ordinary differential equations, side by side with the methods mentioned
above, one often uses appropriate techniques belonging to the group of the
so-called numerical-analytic methods which are based upon some types of
successive approximations constructed in an analytic form. Such an approach
belongs to the few of them that offer constructive possibilities both for the in-
vestigation of the existence of a solution and for its approximate construction.
In the theory of nonlinear oscillations, such types of numerical-analytic meth-
ods based upon successive approximations for the investigation of periodic
boundary value problems were apparently first developed in [10, 17, 50, 51].
Appropriate versions were later developed for handling more general types
of nonlinear boundary value problems for ordinary and functional-differential
equations. We refer, e.g., to the books [52, 53, 54, 47], the handbook [41],
the papers [4, 27, 28, 40, 45, 44, 42, 18, 19, 20, 21, 37, 11, 33, 43], and the
series of survey papers [48] for the related references.
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According to the basic idea, the boundary value problem posed in D C
C R is formally replaced by the Cauchy problem for a suitably modified sys-
tem of integro-differential equations containing some artificially introduced
vector parameter z € D C R, whose numerical value is to determined
later. This parameter z usually has the meaning of the initial value that the
solution of the given boundary value problem under consideration takes at
a certain given point. The solution of Cauchy problem for the constructed
“perturbed” equation is sought for in an analytic form by successive iterations.
The “perturbation term,” which depends on the introduced parameter z and on
the boundary conditions and whose form is determined by the right-hand side
of the differential equation, yields a system of algebraic or transcendental “de-
termining equations.” The numerical solutions of this “determining system”
give the values of the parameter z that correspond to the solution of the given
boundary value problem. By studying the solvability of some “approximate
determining systems,” one can obtain conditions free of unknown functions
and, in this way, establish existence results for the original boundary value
problem. It is clear that both the form and complexity of the given equations
and boundary conditions have an essential influence both on the possibility of
efficient construction of approximate solutions and the solvability analysis of
the given boundary value problem.

The aim of this paper is to extend, in a certain way, the techniques used
in [42] for the system of n linear functional differential equations of the form
(1.1) x'(t) = Py()x (1) + P(t)x (B(0)) +f (1), 1 €[0, T,
subjected to the inhomogeneous three-point Cauchy—Nicoletti boundary con-
ditions

x1(0)=x10, ..., xp(0)=xp0,
xp+1(§) :dp+17 cees xp+q(‘§) =dp+q,
xp+q+1(T) = dp+q+17 ooy Xp(T) =dp,

where & € (0, T), to the case where the three-point boundary conditions have
the nonseparated matrix-vector form

(1.2) Ax(0)+ Bx (&) + Cx(T) =d,

where A, B, and C are singular matrices, d = col(dy,...,dy). The difficulties
related to this type of boundary conditions are due to the singularity of the
matrices that determine them.

The following notation is used in the sequel: C([0, T],R") is the Ba-
nach space of the continuous functions [0, T] — R" with the standard uni-
form norm; L;([0, T], R") is the usual Banach space of the vector functions
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[0, T] — R" with Lebesgue integrable components; £(R") is the algebra
of all the square matrices of dimension n with real elements; r(Q) is the
maximal in module eigenvalue of the matrix Q € £(R"); I, is the unit matrix
of dimension n; B; ; is the matrix of dimension i X j; 0;; is the zero matrix
of dimension i X j; O = O .

2. Problem setting and reduction to two-point parametrized conditions

We consider the system of n linear functional differential equations
with argument deviations (1.1) subjected to the nonseparated inhomogeneous
three-point boundary conditions (1.2). In the problem (1.1), (1.2), we suppose
that T € [0, +00), the elements of the matrix-valued functions P;: [0, T] —
— L(R"), j = 0,1, are Lebesgue integrable, f € L;([0, T],R"), :[0, T] —

[0, T] is a Lebesgue measurable function, d € R", the matrices {A, B,C } C

C £(R") are singular and, furthermore, C has the form:

@.1) C=(oSen  Mar-a),
n—q.,q n—q

where Cq,q is non-singular square matrix of dimension g < n and Wy ;4 is
some arbitrary matrix of dimension g X (n —q). The singularity of the matrices
determining the boundary conditions (1.2) causes certain difficulties. To avoid
dealing with singular matrices and simplify the construction of a solution in
an analytic form, we use a certain parametrization technique on two levels.
The first level allows one to replace the three-point boundary conditions by
a suitable parametrized family of two-point inhomogeneous conditions. The
second level of parametrization is then used for the construction and subse-
quent investigation of an auxiliary perturbed differential system. Finally, the
study of certain algebraic determining equations gives one those numerical
values of the unknown parameters that correspond to the solutions of the given
three-point boundary value problem.

We construct the auxiliary family of two-point problems by “freezing”
the values of certain components of x at & and T as follows:

(2.2) col (x1 (§),...,xx(8)) =4,
(2.3) col (x441(D), ..., xx(T)) =1,
where

(2.4) A=col(A1,....4),  m=col (ny,...,0n—q)
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are vector parameters of the appropriate dimensions. Instead of problem (1.1),
(1.2), we consider the parametrized two-point problem (1.1), (2.5)

(2.5) Ax (0)+ Cx(T) =d (A, ;) ,

where

(2.6) d (A,m) :=d — BA+col(0,...,0,71,...,0n—¢)
q

forallA € R*, n € R*74, and the matrix C is given by the equality

2.7) C= ( Coq Wq,n—q) .
On—g,q In—q

Note that, in contrast to the three-point condition (1.2), the matrix C appear-
ing in (2.5) is non-singular.

REMARK 1. It is clear, that the solutions of the original three-point bound-
ary value problem (1.1), (1.2) coincide with that solutions of two-point bound-
ary value problem (1.1), (2.5), which fulfil the additional conditions (2.2),
(2.3).

REMARK 2. The matrices A and B in the boundary conditions (1.2) may
be either singular or not. If the number of boundary conditions in (1.2) is
l < n, i.e., the matrices A, B, C and the vector d have n — [ last zero rows
and the rank of the (n x 3n)-dimensional matrix [A B C] is [, then the
boundary value problem (1.1), (1.2) may have an (n — [)-parametric family
of solutions.

3. Subsidiary statements

Let us formulate two lemmas that are used in what follows. Define the

sequence of functions {a, },?fzo C C([0, T1,R) by the recurrence relation

t\ (! t (T
(3.1) (1) = (1 _ —) /0 am(s)ds+T/ am(s)ds, m=0,1,2,...,
t

T
where a¢(t) :=1,t € [0, T]. It is obvious that, in particular,
(3.2) ay(t) =2t (1 - LT) . telo,Tl,
and
3.3) max a(t) = Z

t€[0,T] 2
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LEMMA 1. For an arbitrary essentially bounded function u: [0, T] — R,
the estimate

t T

1 t

3.4) / u(r) — —/u(s)ds dr| < al—() esssupu (s) — essinf u(s) |,
; TO 2 s€[0,T] s€[0,T]

for allt € [0, T] is true, where «| is the function defined by equality (3.2).

Inequality (3.4) is established similarly to the [46, Lemma 3] or [47,
Lemma 2.3].

LEMMA 2. The following inequalities are true:

3T
Up41(1) < —ap(1), m > 2,

10
10 "™
(3.5) Ap41(t) < ) <E) ap(t), m >0,

where a| is given by (3.2).
For the proof, see [46, Lemma 4] or [47, Lemma 2.4].

4. Successive approximations and convergence analysis for general type
of argument deviation

To study the solution of the auxiliary two-point parametrited boundary
value problem (1.1), (2.5) let us introduce the sequence of functions

Xm+1 (t,Z,/U?) =

t
=z +/0 [PO(S)xm (S,Z,}«,n) +P1(S)xm (ﬂ(s)azalan) +f(S)] dS

T
B iT/o [Po)m (5,2:4:0) + Pr(s)m (B(s)2,4,m) +1 ()] ds
t - —
4.1) +?[C 1d(l,’7)—<C 1A+In>z}, m=0,1,2,...,

where x (t,z,/l,n) = z, the vectors z € R", 1 € R"', n € R" 4 are

considered as parameters, and d (/1,77) is given by (2.6). Let us establish
the convergence of the sequence (4.1) for an arbitrary deviation function
B:10, T] — [0, T].
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THEOREM 1. Let us suppose that in (1.1) the elements of matrix-

valued functions P;:[0,T] — £(R"), i = 0,1, are Lebesgue integrable,
feL ([O, T], ]R{”) andf:[0, T] — [0, T] is a Lebesgue measurable function.
Moreover, if

2
4.2) r(Kp+ Kjp) < T
where
4.3) K; :=esssup|P;(s)|, i =0,1,
s€[0,T]

then, for arbitrary fixedz € R",A € R",n ¢ R"74:

1.

All the members of the sequence (4.1), starting from the first one, are abso-
lutely continuous functions satistying the two-point paramtrized boundary
conditions (2.5)

(44) Axm(O,z,},,n)+ CXm(T,Z,},,n):d(},,n)

and the initial condition x,;,(0,z,A,m) =2z, m=1,2,....

The sequence of functions (4.1) converges uniformly int € [0,T] to a
limit function x*(t,z,A,1)

4.5) x* (t,z,l,n) = mli_)mooxm (t,z,l,n) ,

as m — Q.

The limit function x*(t,z,A,n) satisfies the initial condition x*(0,z,A,n) =
= z and the boundary condition (2.5): Ax*(0,z,A,n) + Cx*(T,z,A,n) =
=d@,m).

The limit function (4.5) is a unique absolutely continuous solution of the
integro- functional equation

t
x(t) =z +/0 [Po(s)x(s) + Pi(s)x (ﬂ(s)) +f(s)] ds

T
(4.6) - LT/O [Po(s)x(s) + Py(s)x (B(s)) +£(s)] ds

+=[c7la @) - (ca+n)z], eI

5. The error estimate

(47) ‘X* (t,Z,},) — Xm (t,Z,l)‘ S Gm (In - G)_IV (Zalan)
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holds, where G := %(Ko + Kj),

@9 yeim =50 +|d () ~(CT AT R

2

0(z) = 1 esssup (Py(s)z + Pi(s)z +f(s)) —
2 |sep0,1]

(4.9) — essoir%f] (Po(s)z + Pi(s)z +f (s))} .

sel0,

In (4.3), (4.7), (4.8) and similar relations below, the signs |-|, <, >,
ess sup, ess inf are understood componentwise.

PROOF. The validity of assertion 1 is an immediate consequence of the
formula (4.1). To obtain the other required properties, we shall show that,
under the conditions assumed, sequence (4.1) is a Cauchy sequence in the
Banach space C ([O, T], IR”) equipped with the standard uniform norm. Due
to estimate (3.4) of Lemma 1, it follows from (4.1) that for m = 0 and for
arbitrary fixed z e R*, A e R",n € R"79:

lxy (t,2,4,m) —z| =
t T
= / (Po(s)z + Pi(s)z +f (s)) — %/(PO @z+P(T)z+f(@))dr | ds+
0 0

+iT [d(/l,n) - (C—IA + 1,,) z] ‘ <

(4.10) <aj () + ‘d(/l,n)—(C_lA+In)z

2

where «; is the function (3.2) and 0 (z) is defined by (4.9).

According to formulae (4.1), for all ¢t € [0,T], z € R*, 1 € R",
n € R4, and m = 1,2,..., for the difference of functions

(4.11) T+l (t,z,/l,n) = X (t,z,l,n) — Xm (t,z,/l,n) ,

we have

t
t
et (t2.m) = (1= ) [ PO (o (5:2200) = 51 (s:220)) +
0

+P1(S) (xm (ﬂ(s)azal)n) —xm_](ﬂ(S), Zalan))] dS
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T
= 2 1B G (5:22m) = (s52200)) +
t

(4.12) + Pi(s) (xm (B(5),2,4,m) = Xm—1(B(5),2,4,m))] ds.
Equality (4.12) implies that for all m = 1,2,..., arbitrary z € R*, 1 € R"?,
n € R*”2 and t € [0, T1,

(4.13) ‘rm+1 (taz’/l’n)‘ =

t T
t t
< Ky [(1 — ?>/‘rm (s,z,l,n)‘ds+?/‘rm (s,z,/l,n)ds] +
0 t

1 T
+K1 |:<1 - %) / ‘rm (ﬂ(S),Z,l,ﬂ)‘dS + %/rm (ﬂ(S),Z,l,ﬂ)dS] B
0 t

where K; and Kj are the non-negative matrices given by formula (4.3).
Relation (4.10) yields

@14 |1 (1,2,20)] € @108 @)+ |d (hn) = (€ A+ L)

, 1 €10, 7],

where 0 is given by (4.9). In view of property (3.3) of the function ¢,
estimate (4.14) gives
(4.15)

T
|r1 (t,2,4,7m)| < 56(z)+\d (A,m) — (C‘1A+In)z\ =y (z,4.1), t €10, TI.

Let us now estimate ‘rz (t,z,/l)‘ using (4.13) and (4.15):
ra (t,2,4,m)] <

P T
t 1
(1- %) [InG.zdn)ds+ 5 [ 1n <s,z,m>ds] !
0 t

< Ky

+K1

! T
(1 - LT) / 11 (B(s),z,4,m)| ds + LT/ |r1 (ﬂ(s),z,/l,n)dsl <

0 t

(1 — LT) /ty (z,A,)ds + %/Ty (z,/l,n)ds] +

t

4.16) <Ky
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t T

t t
+Kj (1—?>/ (z,A,m) ds + /y z,A,m)ds|, t €0, T
0 t

Taking relations (3.1), (3.2) into account and using equality (3.3), from (4.16)
we get

(4.17) Ira (1,2,4,m)| <
T
< [Ko+ K]y (z,A4,m) a1 (1) < 7 Ko+ Ki]v (z,4,m), t €10, TI.

Arguing by induction, we then obtain that, for all ¢ € [0, T]and m =1,2,...,
the estimates

(4'18) ‘rm (tazalan)‘ S

T m—1 _
are true, where
T
(419) G=§(K0+K1).

Estimate (4.18), in view of (4.11), yields

‘x111+j (t 2,4, n)_xm (t 2,4, 77 = rm+z t 2,4, 77) <

i M\-

~

‘rm+z t,2,4 77)‘
i=1
j—1
4.20 <G"Y Gy (z.4.7)
i=0
for all r € [0,T], m = 1,2,..., whence, by virtue of assumption (4.2) and
notation (4.19), it follows that

‘xm+j (I,Z,},,ﬂ) _xm (t,Z,l,"])‘ S

oo
(4.21) <G"Y Gy (240)=G" (- Gy (z,A7)

i=0
forall t € [0,T], m = 1,2,... Since, due to (4.2), limy,—oc G™ — 0,
it is clear from (4.21) that (4.1) is a Cauchy sequence in the Banach space
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C([0, T], R*) and, consequently, it is uniformly converges for all ¢ € [0, T]
and any z € R", 1 € R*, n € R"4, i.e., assertion 2 holds. Since all the
functions x, (-,z,/l,n) of the sequence (4.1) satisfy the boundary conditions
(2.5), it follows that so does the limit function x* (-,z,/l,n).

Passing to the limit as m — oo in (4.1) and (4.4), we show that the limit
function is a solution of the integro-functional equation (4.6). Passing to the
limit as j — oo in (4.21), we arrive at estimate (4.7). This completes the
proof of Theorem 1. |

REMARK 3. The iterative formula (4.1) can be replaced (cf. [37]) by the
following one:

Xm+1 (taza/laﬂ) =

1
=2 +/ [PO(S)xm (S,Z,iaﬂ) + Pr(s)xm (ﬂ(S),ZJ»,’?) +f(S)] ds—
0

T
_@/ [Po(s)oxim (s,254,m) + Pr(s)xm (B(s),2,2,m) +f(5)] ds+
0
o) [ -1 -1
(5.27) o [eTta @ - (etarn)z].

where w: [0, T] — [0, T] is a continuous function with the properties w (0) =
=0andw(T)=T.

We have the following simple statement.

PROPOSITION 1. [If, under the assumptions of Theorem 1, the limit func-
tion x* (-, 7,4, 77) satisfies the condition

c7ld (in) - (C7'a+1,) 2 =

T
- / [Ro(s)x™ (5,2,4,7) + Ps)x™ (B(s),2oAsry) +£(5)] ds
0

for certain values of the vectors z,A andn, then for these z, A andn, it is also
a solution of the boundary value problem (1.1), (2.5).

The proof is a straightforward application of the above theorem.
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5. Some properties of the limit function

Let us establish at first the connection of the limit function x* (t, 7,4, 77)
of the form (4.5) with the solution of the auxiliary two-point parametrized
boundary value problem (1.1), (2.5). We show that it can be chosen such
values of the parameters z = z*, A = A%, 5 = nx for which the function
x* (¢,z*,A*) will be the solution of the original three-point boundary value
problem (1.1), (1.2).

Along with system (1.1), we also consider the system with the additive
perturbation of the right-hand side

(5.1) x'(6) = Py)x(0) + Py()x (B@) +f (1) +p,
with the initial condition

(5.2) x(0) =z,

where u =col(uy,...,u,) is a control parameter.

We shall show that, for any z € R*, 1 € R", n € R"74, the parameter
u can always be chosen so that the solution x (-,z,/l,n,u) of the initial
value problem (5.1), (5.2) is, at the same time, a solution of the two point
parametrized boundary value problem (5.1), (2.5).

PROPOSITION 2. Assume that the system of differential equations (1.1)
satisfies the conditions of Theorem 1. Then, for arbitrary z € R*, 1 € R",
andn € R'"™4,

n=

; [c7la ) - (cta+n) <] -

T
1
(53) _7—1/ [PO(S)X* (sazalan) +PI(S)X*(ﬂ(S),Z,A,n)'i‘f(S)] dS,
0

is the unique value of the control parameter u for which the solution
X (-,z,/l,n,y) of the initial value problem (5.1), (5.2) with u given by (5.3)
is also a solution of the boundary value problem (5.1), (2.5). Moreover, with
this values of u

(5.4) X (t,z,}.,n,y) =x* (t,z,/l,n) =mlgnooxm (t,z,l,n) ,

oo
m=1

where {xm (-, Z,A,m )} is the sequence of functions defined according (4.1).

PROOF. The assertion of Proposition 2 is obtained by analogy to the
proof of Theorem 4.2 from [44]. Since for (1.1) the conditions of Theorem 1
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hold, the sequence of functions (4.1) satisfying the boundary conditions (2.5)
converges uniformly in 7 € [0, T] for arbitrary fixed z € R*, 1 € R",
n € R"74 to the function x = x* (t,z,/l,n) that also satisfies the boundary
conditions (2.5) and the initial conditions (5.2). Therefore, it follows from
Theorem 1 that if (5.3) holds then we found the value of the parameter u of
the form (5.3) for which (5.4) holds.

This parameter value is unique because, for any other value & different
from that given by (5.3), the solution x = x (t,z,/l,n, /2) of the initial value
problem (5.1), (5.2) does not satisfy the two-point boundary conditions (2.5).
Indeed, assume the contrary. Then there exist at least two values 4 and g #u
such that the solutions x = x (t,z,/l,n,,u) =xy and x =Xx (t,z,/l,n,ﬂ) =Xz
of the Cauchy problems (5.1), (5.2) and (5.5), (5.2)

(5.5 x'(1) = Po()x (1) + Pr(1)x (B(1)) +f (1) + 4,

also satisfy the two point boundary conditions (2.5). It is clear from Theorem
1 that every solution x;, and x; of the integro-functional equation (4.6) with
the initial value x(0) = z satisfies the two-point boundary conditions (2.5).

Obviously, that the functions x;, and x; satisfy the integral equations
t
(5.6) xu(t)=z+ / [Po(s)xﬂ () + Py (s)xu (B(s)) +f(s)] ds +ut, t € [0, T],
0

and
t

(5.7) xz(t) =z +/ [Po(s)xa (s) + Py(s)xg (B(s) +f ()| ds +at, t € [0, T,

0
From (5.6) and (5.7) for t = T we obtain
T
(5.8) Tu =xu(T) =z — / [Po(s)xu () + Py (s)xu (B()) +f (5)] ds,
0
T
(5.9  Tia=xz(T)—z— / [Po(s)xa(s) + Py () xz (B(s)) +f(s)] ds.
0

According to our conditions, the function x; () satisfy the boundary condition

Axu(0) + Cxu(T)) =d (A1)
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and the initial condition x, (0) = z. Therefore,

(5.10) x(Ty=C'd (A,n) — C7'Az.
By analogy, we conclude that
(5.11) xa(Ty=C'd (M) — C7'Az.

Consequenly from (5.8), (5.9), using (5.10), (5.11), we obtain

Lleta(y) - (c'asn)z-

=7
T
(5.12) —/ [Po(s)x (5) + Py (5)xu (B (5)) +£(5)] ds],
0
i = % cld (An) - (C_1A+In> z—
T
(5.13) —/ [Po(s)xz (s) + Py (s)xz (B()) + £ (5)] ds].

0

Put (5.12) and (5.13) into (5.6) and (5.7), we obtain
t

(5.14) xu(t)=z+ / [Po(s)xﬂ () + Py (s)xu (B(s)) +f(s)] ds—
0

T
_%/ [PO(S)X,u (S)"‘Pl(s)x,u(ﬂ(s)) +f(S)] ds+
0

+1T [c™la )~ (A1) <]

and
t

(5.15) x/;(t)=z+/ [Po(s)xa (s) + Py(s)xz (B()) +f(s)] ds—
0

t

T
_T/ [Po(s)xa(s) + Py (5)xz (B(s)) +(5)] ds+
0
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+LT [C_ld (A,m) — (C_1A+In> Z} ;

forallt € [0,T]and z € R", 1 € R", n € R""4. From (5.14), (5.15) we
have
!

xu(t)—x/z(t)=/[PO(S)(Xu(S)—X/z(S)‘FPl () (e (B(s)) — xa (B (5)))] ds
0

T
5 [ [Ro6)(5) = 3 5) + PLs Y03 B5)) — 3 B ] s,
0

and therefore, due (4.3), the function
(5.16) r(t) = | (t) — xz (1))

satisfies the inequality

t

t T
@n)mhqm+m)0—%»/mﬁ?/msgqm+&mmﬁ
0 t

where

F= col( max_ ry(t),..., max r,,(t))
t€[0,T] t€[0,T]

and the function ¢ is given by (3.2). Using (5.17) by iteration, we have
(5.18) r(t) < (K0+K1)m am(H)F,

where @, is the function (3.1). Using (3.5), from (5.18) for all ¢ € [0, T] and
zeR", AeR", n € R" 4, we obtain

10 /3T m—1
(5.19) r(t) < 5 (E(K0+K1)) (Ko + Ky ay(t)F.
In view of the fact that, componentwise,
3T T
Gi1=15 Ko+ K)<G=5(K+K)

and all eigenvalues of the matrix (4.19) lie inside the unit disk, passing
to the limit as m — oo in (5.19), we conclude that the inequality (5.19)
on the interval [0, T] is possible only for r() = 0, i.e., for x, = xz or,
alternatively, for u = i. The contradiction obtained proves the uniqueness of
the parameter u. |
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The following statement shows the relation of the limit function (4.5) to
the solution of the original three-point boundary value problem (1.1), (1.2).

DEFINITION 1. For any k = 1,2,...,n, we define the n-dimensional row-
vector e, by putting

er =(0,0,...,0,1,0,...,0).
—
k—1

Let us consider the function A: R3~4 — R" given by the formula

A(z,A7) = % [c—‘d (A,m) — (C—1A+I,,) z]

T
1
6200 =5 [ [ROX (s.20.0) + A" (B6)z.hn) +£(0)] ds
0

forallz e R",A € R",n € R""4, where x* is the limit function (4.5).

THEOREM 2. Assume the conditions of Theorem 1. Then the function
x* (-,z,/l,n) is a solution of the three-point boundary value problem (1.1),
(1.2) if and only if the triplet 7,A,n satisfies the system of 3n — q algebraic
equations

(5.21) A(z,A,m) =0,
(5.22)
€1X* (E,Z,}«,n) =}~l> €2X* (Eazal)n) =}~27 cees eHX* (E,Z,}«,n) =ll’l’

(5.23) egr1x™ (T,2,4,m) =n1,...,enx™ (T,2,4,) =Nn—g.

PROOF. It is sufficient to apply Proposition 2 and notice that the differ-
ential equation in (5.1) coincides with (1.1) if and only if the triplet z,4,n
satisfies (5.21). On the other hand, equations (5.22) and (5.23) bring us
from the auxiliary two-point parametrized conditions to the three-point con-
ditions (1.2). ]

Let us define the matrix R by putting

R:= sup
te[0,T]

t _
@—T(CIA+@)

3

and set
h(n,A) = c! col(0,...,0,ny,....0n—g) — c~'B col(Ay,...,An)
forally e R""9 and A € R".
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PROPOSITION 3. Under the assumptions of Theorem 1, the limit function
(4.5) of sequence (4.1) satisfies, in the variables z,A,n, the Lipschitz condition

* (t,zo,lo’no) oyt (t’zl,/ll,nlﬂ <

(5.24) <y -G [R‘zo —z“ ; ‘h(no 1 }
(B, Am) —x (Bunzlam)| <
(5.25) < - G)! [R‘zo—z1‘+‘h(q0—n1,10_ H).

where {zo,lo,no} , {zl,/ll,n 1} andt € [0, T are arbitrary and the matrix
G is given by formula (4.19).

PROOF. It follows immediately from (4.1) that
X1 (ta Zoaloa 770) — X1 (ta Z 1,11,’7 1) =

t

=0 zl4 (1 - iT) / [Po(s)(zo—z1> + P (s5) (zo—zl)} ds—

0
T

—iT/ [Pos) (22— 21) + Py (o) (20— 2!)] ds—

1
_LT (C_IA +In> (zo — zl> + LTh(nO —y!,20 —ah.

Using identity (3.1) and taking relations (4.3), (3.2), and (3.3) into account,
we obtain

‘x1 (I’Zo’lo’no> _x (t’zl’/ll’nl)‘ <

gR‘zO ‘ ‘h(ﬂ 771,/10 /l)‘
t T

+ 1—— /ds+t/ds K0+K1‘ —zl‘:
0 t

= [R+a1(0) (Ko + K] [ = 2|+ [ner® =9 1,2° =41 <

(5.26)

INA

T
R+§(K0+K1)] ‘zo—zl‘ + ‘h(no—nl,/lo—/ll)‘.
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for all for t € [0, T]. It follows from (5.26) that, in particular,
‘xl (ﬂ(t)azoaloano) — X1 (ﬂ(t)azlallanl> ‘ <

(5.27) < [R+§(K0+K1) ‘zo—zl‘+‘h(no—nl,/lo—/ll)‘

for a.e. t € [0, T]. Similarly, using (4.1), (3.1), (3.3), (5.26), and (5.27),
we get

‘xz (t,zo,lo,n) — X (t,zl,/ll,nl)‘ <R ‘zo — zl‘ + ‘h(no —171,10 —/11)‘ +

(1—%)]{[R+§(KO+K1)
0

+ ‘h(ﬂo —n',20 —ll)‘}ds +

+ [Ko + K] ‘zo—z1‘+

T
R+5(K0+K1)

4/ oot
| < RJ2® = 2|+ [hop® —5"20 =21
+(K0+K1){[R+§(KO+K1)] ay () ‘zo - z1‘+

+ ‘h(no —n',2° —/11)‘ al(t)} <

T T 2
< R+5(KO+K1)R+ [§(K0+K1)] ‘zo—zl‘+

T
+= (Ko + Ky) ‘h(ﬂo —n',2° —/11)‘ + ‘h(no —n',2° —/1‘)‘ :
From these relations we conclude by induction that
‘xm (tazoaloano) — Xm (tazlallanl>‘ S

m—1

T
R+> {5(K0+K1)

i=1

i T m
< R+[§(K0+K1)] ]‘zo—zl‘+

m—1

T
+ Z {5 (Ko + Ky)
i=0

i ‘h(no —n',2° —/11)‘ <
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m—1
T
[Z {5 (Ko + K1)

i=0

i

INA

T m
R+ [§(K0+K1)] ] ‘zo—zl‘+

m—1

i
(5.28) +ZE<K0+K1> hn® =", =11
i=0

for any ¢t € [0, T]. Passing to the limit as m — oo in (5.28) and using the
estimate (4.2) we obtain the inequalities

x* (t,zo,/lo,n()) —x* (t,zl,/ll,ﬂl)‘ <

— [T
< [Z {5 (Ko + K1)

i=0

i T 00
R+ [E(K0+K1)] ] ‘zo—zl‘+

oo

T
+y b (Ko + K7)

i=0

<y - O R =2+ U= 7 |ney® ' 20 =2

i ‘h(no —n',A° —/11)‘ <

3

whence the inequalities (5.24) and (5.25) follow. ]

Now we establish some properties of the so called determining function
A:R3~4 — R" given by (5.20).

PROPOSITION 4. Under the conditions of Theorem 1, formula (5.20) de-
termines a well-defined function A: R34 — ", which satisfies the estimate

‘A (Zo,lo,no> _A(Zl’/ll,nlﬂ <

1,
< HT <C 1A+In>

+(Ko+ K) [l - G)‘lRH 202!+
1 —
o [1n® =40 = 21+ (Ko + K (= &)™ [hn® =40 = 21
PROOF. According (5.20) and (4.3)
%A% — A (Al =

= %h(ﬂo —ph,A% -l - % (C_1A+In) <zo —zl) +
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T
+ %/[Po(s) (x* (s,zl,/ll,n1> —x* (s,zo,/lo,no)> +
0
+ P(s) (x* (ﬂ(s),zl,/ll,nl) —x* <ﬂ(s),zo,/10,no)>]ds,
and, therefore,
‘A <zo,/10,170> _A<Zl’/11’n1>‘ <
7
T

+%/[KO

0
(529) +Kp|x* (ﬂ(s),zl,/ll,n1> _x* (ﬁ(s),zo,/lo,n())‘]ds,

where K and K are given by (4.3). Substituting (5.24), (5.25) into (5.29),
we get

‘A(zo,/l,n) —A (zl,l,n> ‘ <

<

1
< (C_1A+In> ‘ZO _ zl‘ + = ‘h(no _ 1,20 —/1‘)‘ +

* <S’Zl’/11’n1> i (S’Zo’/lo’no>‘+

1
‘zo—zl‘ T ‘h(no—nl,/lo—/ll)‘+

IA

1
‘T<C A+ ,)

T
+ %/(KO+K1)(I,1 —o)™! [R ‘zo —zl‘ + ‘h(no —n120 —/II)H ds =
0

+ (Ko + Ky) (I — G)_IR] ‘zo—zl‘+

- H% (C_1A+In>

1 —
+ = [h® =0 202D+ (Ko + KD (1 = &) 7" [ney® —n',2° =41

3

which completes the proof. |

Theorems 1 and 2 suggest the following numerical-analytic algorithm
for the construction of the solution of the three-point boundary value problem
(1.1, (1.2):

1. We analytically construct the sequence of functions x, (-,z,/l,n) de-
pending on the parameters z, 4,  and satysfying the auxiliary two-point

boundary condition (2.5).
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2. We find the limit x* (-,z,l,n) of the sequence x, (-,z,/l,n), m > 1,
satisfying (2.5).

3. We construct the algebraic determining system of the form (5.21), (5.22),
(5.23) with respect to the 3n — g scalar parameters zj,...,2n, A1, --,An,
nl,...,ﬂn_q.

4. Using a suitable method for the numerical solution of system (5.21),
(5.22), (5.23), we (approximately) find a solution

¥ =(zf,...,27) €R", A* =colA},...,A4}) € R",
(5.30) n*=col (], ..., Ny_q) € R*Y

of the determining system (5.21), (5.22), (5.23).

5. Substituting values (5.30) into x*(-,z,4,7), we get the solution ot the
original three-point boundary value problem (1.1), (1.2) in the form

(5.31) x =x"(,2%A%n%).

This solution (5.31) can also be obtained by solving the Cauchy problem

x(0) = z* for equation (1.1).

The fundamental difficulty in the realization of this approach is related
to the analytic construction of the limit function x* (-,z,/l,n). However, in
a number of cases, this problem can be overcome because, as can be shown,
it is possible to prove the existence of a solution of the three-point boundary
value problem (1.1), (1.2) based on the properties of a certain approximation

m (-, z,/l,n) known in its analytic form.

For m > 1, define the function A,: R4 — " according to the
formula

Ay Z/’L’? 1 [C ld ( 1A+In)z]_
! T
?/ Py($)xm (s Z,A, 17) + Py (s)xm (ﬂ(s),z A, 17) +f (s)]
0

for arbitrary z, A4, and 5. To investigate the solvability of the three-point
boundary value problem (1.1), (1.2), in addition to determining system (5.21),
(5.22), (5.23), we introduce the mth approximate determining system

(5.32) Am (17/1777) =0,

(5.33)
€1 Xm (E,Z,l,n) =}~la €2 Xm (E,Z,}«,n) =A’2> ey €nXm (Eaz A’ 77) }*n)
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(5.34) eq+1Xm (T,z,/l,n) =1y snXm (T,z,/l,n) =Nn—gq-

where e;, i = 1,2,...,n, are the vectors given by (5.20) and the vector
function x;, (-,z,/l,n) is defined by formula (4.1).

It is natural to expect that, under suitable conditions, the systems (5.21),
(5.22), (5.23) and (5.32), (5.33), (5.34) are “close enough” to one another for
m sufficiently large. The existence result the three-point boundary value prob-
lem (1.1), (1.2) can be obtained by styding the solutions of the approximate
determining system (5.32)—(5.34), in the case of periodic boundary conditions
(see, e.g., [41]).
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Abstract. We give an overview of [7]. Two systems of differential equations containing
nonlocal terms are considered. By using the theory of monotone operators, existence of weak
solutions is proved in (0, T) for 0 < T < oo, further, the qualitative properties of solutions are
investigated.

1. Introduction

The aim of the present paper is to give an overview of the author’s
dissertation [7]. In the following we shall present mostly the motivation and
the main points of our investigations. For rigorous explanation of the results
we always refer to the dissertation and the references therein.

We study systems of nonlinear parabolic differential equations containing
nonlocal terms, in other words, functional differential equations. By “nonlo-
cal term” we mean terms which may depend not only on the value of the
unknown at a certain point but also on values at other points, for example,
it may contain a delay or an integral of the unknown on a domain etc. Such
problems may occur in some physical models. For instance, in some diffusion
processes the diffusion coefficient may depend on a nonlocal quantity, e.g.,
in population dynamics the growing rate of a population may depend on the
size of the population, mathematically, on the integral of the density, see
[12, 13]. We mention two other important applications. First, climatology,
see, e.g., [15]. Second, modelling of fluid flow, especially in porous media,
see [14, 18]. For other nonlocal models such as transmission problems, or
nonlocal boundary conditions, see the references of the dissertation. We note
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that instead of equations one may consider nonlocal variational inequalities.
That type of problems occur in elasticity theory, see [4, 16].

In the following, we consider two systems of differential equations con-
taining nonlocal terms. The first one consists of parabolic functional equations
of general divergence form. The second one is a generalization of a system
describing fluid flow in porous media and consists of three different types of
differential equations.

The main tool of our further investigations will be the theory of operators
of monotone type. For a detailed introduction to this theory and its applica-
tions, see [10, 17, 24]. In particular, we shall apply some results of [9, 11]
related to pseudomonotone operators. For details on applications of mono-
tone type operators to parabolic and functional parabolic partial differential
equations we refer to [21].

Existence of weak solutions in time interval (0,7) (0 < T < 00) is
shown for both systems, further, asymptotic properties are studied such as the
boundedness and stabilization (i.e., convergence to equilibrium) of solutions.
For examples illustrating our results we refer to our dissertation. It is worth
mentioning the monographs [19, 23] which consider functional differential
equations by means of semigroups.

2. Notation

Throughout this paper, Q C R" will be a bounded domain with smooth
boundary (e.g., C! is sufficient) and 0 < T < oo. We briefly write Qr =
= (0, T)x Q and Qu = (0, 00) X Q. In the sequel, W1P(Q), WO1 P (Q) denotes
the usual Sobolev spaces, further, I”(0, T; V) will be the set of measurable

1
functions u:(0,T) — V such that |[ullzp, 1,v) = <fOTHuHI§,>p < o0
(1 < p < o0). It is well-known that (LP(0, T; V))* = L4(0, T; V*) where

%+é =1 and V* is the dual space of V. In addition, LfOC(O, oo; V) is the set

of measurable functions u:(0,00) — V such that u|q ) € LP(0,T; V) for
every 0 < T < oo. The pairing between (W 1-P(Q))* and wLr(Q), further,
between L9(0, T; V*) and LP(0, T; V) is denoted by (-, ), [-, -], respectively.
Finally, D;, D; stand for the distributional differentiation with respect to x;
and ¢, respectively, and D = (Dy,..., Dy).
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3. A system of parabolic equations

Consider the following parabolic differential equation containing nonlo-
cal term:

G.1) Diu(t,x) — div <g(/ u(t,x)dx)Du(t,x)) = f(1,x)
Q

for t > 0, x € R" where functions f:(0,00) x R* — R, g: R — R are given
and u: (0,00) x R" — R is the unknown with initial condition u(0,x) = ¢ (x)
for x € R". Such equation is motivated, e.g., by diffusion processes for heat
or population. In [12, 13] quasilinear equations similar to (3.1) were con-
sidered and existence of solutions, further, asymptotic properties of solutions
were shown. In [20] quasilinear parabolic functional equations of general di-
vergence form were investigated by means of monotone operators. Existence
of weak solutions and some qualitative properties of weak solutions were
proved. These results are extended to systems of nonlocal parabolic equations
in the first part of the dissertation which will be now briefly summarized
(see [1]).

Now consider the following system of N nonlocal parabolic differential
equations:

(3.2) DD ()—

n
=3 DifaP a0, ™, DuDE, o DNz, a4
i=1
+a’CuD0), . u™N O, DuDe), ., DuN i uD, ™) = D
where (-) refers to the variable (t,x) € Qr and the terms after the symbol *;”
represent the nonlocal variables (I = 1,..., N). We may pose, for simplicity,

homogeneous initial condition, further, boundary conditions of homogeneous
Dirichlet or Neumann type.

Fix p > 2 and denote by V a closed linear subspace of (Wl’p (Q))N
(determined by the boundary condition, e.g., in case of homogeneous Neu-

mann type V = (WhP(Q)N, in case of homogeneous Dirichlet type V =
= (WOl P (Q))N ). Let X = I”(0, T; V) which will be the space of weak solu-

tions. A function v € X has its coordinate-functions (v(1, ..., vV, vectors
£ € R*DN have the form & = (£(,) where &g = (C(()l), el ,C(()N)) e RN and
= (C(l),...,C§N),..., ,§”,...,§,§N)) € R"N (the sub-indeces indicate the

variable of differentiation, the super-indeces the actual coordinate-function).
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O]
i
existence of weak solutions in (0, T) to system (3.2). Fori =0,...,n; [ =
=1,...,N, suppose:

We pose some natural assumptions on the above functions a; ’ to obtain

(A1) Function ai(l): Qr x R+DN » X . R has the Carathéodory property
for every fixed v € X, i.e., it is measurable in (¢, x) for every (o,8) €
€ R"+DN and continuous in &o,¢) for ae. (t,x) € Qr.

(A2) There exist bounded operators g;: X — R* and k1: X — L1(Qr)
such that la(t,x,80,&:v)] < 1) ([0~ + 6P~ ) # [la )] (1)
holds for a.e. (¢,x) € Qr, every (§o,&) € R**DN and v € X,

(A3) For ae. (t,x) € Qp, every {=C e R*™N ¢y e RN and v € X,

N n
ZZ <al‘(l)(taxag()7§;v) - al‘(l)(taxag()aé;v)) (gl(l) - El(l)) > 0.

=1 i=1

(A4) There exist operators go: X — R* and ky: X — Ll(QT) such that for
ae. (t,x) € Qr, every (£p,&) € RDN and vy € X,

N n
SN aP,x,80,5:v)E" > g2 (1E0P +[EIP) — ka2, x),
=1 i=0

. —1 v
further,  lim (g2 5"~ ka1 g IV I%) = 0.
[Ivllx—oe

(A5) If up — u weakly in X and strongly in I”(0, T; (IP (Q))N) then
. 1 l
dim(laf (), Du () = a ¢ ug (), D ()| zacop = 0.

Conditions (A1)-(A4) are similar to the classical case when there is
no nonlocality, see [11, 17, 24], (A2)-(A4) represent growth, monotonicity,
coercivity. Besides these, (A5) means a kind of “continuity” in the nonlocal
variable.

Now let us introduce operator A: X — X* as follows. For u,v € X
define

N n

[AG),v] =Y / (Z au, Du;w)Dv® + a{(u, Du; u)v<’)).
1 /Qr \,_
=1 i=1
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Further, let D(L) = {u € X: Dju € X*, u(0) =0} and define L: D(L) — X*
as Lu = D;u. Finally, let F € X™. By the operators above, the weak form of
system (3.2) in (0, T) is

(3.3) Lu+ AQu) = F.

By applying the theory of pseudomonotone operators (see [9]) we may
prove

THEOREM 3.1. Assume that conditions (A1)—-(AS) hold. Then operator
A: X — X* is bounded, demicontinuous, coercive and pseudomonotone with
respect to D(L). Consequently, for every F € X™ there exists a solution
u € X of problem (3.3).

It is not so difficult to show existence of weak solutions to (3.2) in (0, c0).
Let X°° = LfOC(O, oo; V) which will be the space of weak solutions in (0, c0)
and assume

(Vol) The restrictions al.(l)(t,x, 0,83 v)|0,T) of functions ai(l) : Qoo X R %
x X —= R (@ =0,...,n;1l =1,...,N) depend only on v|q, ) for
every 0 < T < oc.

The above condition is called Volterra property which means, roughly speak-
ing, that the nonlocality does not depend on the future. Now by using a
“diagonal method” one obtains

THEOREM 3.2. Assume (Vol) and suppose that conditions (A1)—(AS) hold
in (0,00) in the sense that they are satisfied by the restrictions of functions

al.(l) to (0, T) for all 0 < T < oo. Then there exists u € X°° which is a weak
solution of (3.2) in (0,c) in the sense that u|(0, T) Is a solution of problem
(3.3) forevery 0 < T < .

Boundedness of solutions in (0, c0) follows by posing extra coercivity
conditions:

(A4*) There exist a constant g5 > 0 and a Volterra operator ky: X°° —

— lqloc(Qoo) such that for a.e. (t,x) € Qu, every (§p,5) € RO+DN
and v € X°°,

N n
SN aP,x,80,5:vEP > g2 (1507 + L) — )12, ),
=1 i=0
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where k, satisfies the following conditions: there exist constants c4>0,
0 < p; < p and a function ¢ € C(R*) such that Tlim o) =0,
— 00

further, if v € X°° and Dyv € L?OC(O, oo; V*) then for a.e. t > 0,

/ ko)1, x)| dx <
Q

< e[ sup PO #0050 O 1)
T€[0,¢] @) T€[0,¢] L@

THEOREM 3.3. Assume (Vol), further, conditions (A1)—(AS5) are satisfied
in (0, 00) (in the same sense as in Theorem 3.2) with extra assumptions (A4™)

and F € L0, 00; V*). Then u € L>°(0, 00; (L2(Q))N) for the solutions u
formulated in Theorem 3.2.

With some further assumptions stabilization of solutions as t — oo
follows.

(A2%) For every fixed v € X N L0, c0; (L2(Q))N) there exists ¢, > 0
and k, € L1(Q) such that

a2, 80,8l < o (1GoP ™ +1EP7) + ko)

for a.e. x € Q and every (§g,8) € RO+DN G =0,....n; 1 =1,...
...,N).

(A6) There exist Carathéodory functions al.(lgo: Q x R#*+DN _, R guch that
for every fixed v € X°° N L*>(0, oc; (L2(Q)N), for ae. x € Q and

. l l

every (59,6) € R™DN, Tim af(1,x,80,85v) = 4]’} (v, 0,6).

(A7) There exists c5 > 0 such that for a.e. x € Q, every (§y,0), (50,5) €
c R(n+l)N’ v e X®,

N n
ZZ (ai(l)(taxag(hg;v) - ai(l)(taxag()aé;v)) (Cl(l) - El(l))
=1 i=0
> cs <|Co —EolP +1¢ - §|p> — ka(t,x,80,E03v)
where

lim ky(t,x,u(t,x),u(t,x);v)dx =0

t—oo Jo

if u,ii,v € L°°(0, 00; (L2(Q)N).
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Note that (A6) is a natural assumption that means the stabilization of the
0
1
which provides existence of a unique equilibrium state. Now define operator
Ase: V — V* forv, w € V let

N n
(Acc(V), W) 1= g / ( g ai(lo)o(x,v,Dv)D,-w(l) +a(()l())o(x,v,Dv)w(l)) dx.
Q N ’ bl
=1 i=1

functions a;"’ as t — oo, further, (A7) is a uniform monotonicity condition

THEOREM 3.4. Assume (Vol), further, that (A1)-(A7) are satisfied in
(0,00) (in the same sense as in Theorem 3.2) and there exists Foo € V*
such thattlim ||F(t) — Fxol| v+ = 0. Then there exists a unique uo, € V such

—00

that Aoc(U~c) = F~. In addition, if u is a solution formulated in Theorem 3.2
then tl_l)lélo |l (t) — “oo”(Lz(Q))N =0.

By posing polynomial estimates on the “speed” of the convergences
in condition (A6), one may obtain polynomial estimates for the “speed” of
the convergences stated in Theorem 3.4. For some examples satisfying the
conditions of the above theorems, see [1, 5].

For system (3.2) it is not quite clear how to define the notion of periodic
solutions, however, for a modified system it is possible and one may show
existence of them.

4. A system containing three types of equations

The second part of the dissertation is devoted to the investigation of a
system which consists of there different types of differential equations: a
first order ordinary, a parabolic and an elliptic one. This kind of problem
is motivated by a fluid flow model in porous medium. A porous medium is
a solid medium with lots of tiny holes (e.g., limestone). The flow of a fluid
through the medium is determined by the large surface of the solid matrix
and the closeness of the holes. If the fluid carries chemical species, chemical
reactions can occur which can change the porosity (i.e. the proportion of the
holes). In [18] this process was modelled by the following system in one
dimension:

4.1 ® Dyu = Dy (a|v|Dyu) + K(w)Dyp - Dyu — kug(w)
4.2) Diw =bug(w)
(4.3) Dy (K(w)Dyp) = bug(w),

4.4) v = —K(w)Dyp
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in (0,00) x (0,1) with initial and boundary conditions u(0,x) = ug(x),
o (0,x) = wo(x) for x € (0,1), u(z,0) = uy(t), Dyu(t,1) =0 for t > 0 and
p(t,0)=1,p(t,1) =0 fort > 0 where w is the porosity, u is the concentration
of the dissolved chemical solute carried by the fluid, p is the pressure, v is
the velocity, further, o, k, b are given constants, K and g are given real
functions. Observe that v is explicitly given by w and p in equation (4.4)
thus we may eliminate equation (4.4) by substituting it into (4.1). Further, for
fixed u equation (4.2) is an ordinary differential equation with respect to the
function w ; for fixed w and p equation (4.1) is of parabolic type with respect
to the function u; and for fixed @ and u equation (4.3) is of elliptic type with
respect to the function p. This argument shows that the above system is a
hybrid evolutionary/elliptic problem. In [14] a similar model was considered
by using the method of Rothe. We note that in [22] a system consisting of a
parabolic and a first order ordinary differential equations was studied where
the parabolic equation is not uniformly parabolic (in the sense that condition
(A4) in Section 1 is satisfied with an operator g, depending also on time 7).

The following generalization of the above system was considered in the
second part of the dissertation (see [2, 3, 6]):
(4.5  Do@,x)=ftx,o@,x),ulx);u), o0,x)=0yx),
Dyu(t,x)—

4.6) — Y D [a(t,x,0(t,x),u(t,x), Du(t,x),p(t,x), Dp(t,x); 0, u,p)]
i=1

+ag(t, x, o (1,x),u(t,x), Du(t, x), p(z,x), Dp(t, x); 0, u, p) = g(t,x),

> Dilbi(t,x,0 (t,x),u(t,x), p(t, x), Dp(t, x); 0, u, p)]
@7 i3

+b0(t,X,G)(t,X),M(t,X), p(tax)a Dp(ta-x);waua p) = l’l(t,X)

with initial conditions w (0,x) = wg(x), u(0,x) = 0 and boundary conditions
of homogeneous Dirichlet or Neumann type (p is written by boldface letter
in order to distinguish it from exponents). Existence and some qualitative
properties of weak solutions is proved by using the theory of operators of
monotone type (see [2, 3, 6]).

Let 2 < pp,p» < oo, V; be a closed linear subspace of W1Pi(Q)
(depending on the boundary conditions), X; = I[?i(0, T; V;) (i = 1,2) which
will be the space of weak solutions # and p, respectively. According to its
original physical meaning, the space of w will be L°°(Qr). Note that the
choice of the space of weak solutions for equation (4.7) is I”2(0, T; V;) which
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is not the conventional space for an elliptic problem since now we also have
time dependence.

We sketch the assumptions made on functions a;, b; analogously to Sec-
tion 1, further, we add the assumptions made on f.

(A) Functions g;: Carathéodory, growth, “monotonicity”, coercivity, “con-
tinuity” in the nonlocal variables; conditions determined by exponent

D1
(B) Functions b;: Carathéodory, growth, “monotonicity”, coercivity, “con-
tinuity” in the nonlocal variables; conditions determined by exponent

D2-
(F) Function f: Carathéodory, Lipschitz, “continuity” in the nonlocal
variable, “sign” condition (attractive steady-state).

Now define operators

A:LOO(QT)XXI XX2—>X1*, BZLOO(QT)XXl XX2—>X2* :

[A((X), u, p)a V]] =

n
= /<Zai(a),u,Du,p,Dp;w,u,p)D,-vl+a0(w,u,Du,p,Dp;w,u,p)vl),
Qor =
[B(@,u,p),v2] =

n
= / (bew,u,p,Dp;w,u,p)D,-vz +bo<w,u,p,Dp;w,u,p>vz>,
or =
for v; € X; (i =1,2). In addition, let L : D(L) — X" be the operator of dif-
ferentiation Lu = D;u with its domain D(L)={u € X;: Dju € X, u(0) = 0}.
By the operators above, the weak form of (4.5)—(4.7) in (0, T) is defined as

t
(4.8) w(t,x)zwo(x)+/ fG,x,0(s,x),u(s,x);u)ds a.e.in Qr
0

49 Lu+Aw,u,p)=G
(4.10) B(w,u,p) = H.
where G € X, H € XZ*. Our result on existence of solutions is (see [2, 6])

THEOREM 4.1. Suppose that conditions (A), (B), (F) hold. Then for every
woy € L), G € X and H € X; there exists a solution o € L>(Qr),

u € D(L), p € X, of (4.8)~(4.10).

For a proof based on the Schauder fixed point theorem we refer to [8].
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As in Section 1, it is not difficult to show existence of weak solutions
in (0,00) by supposing the Volterra property (see [3, 6]). Let X;>* :=

= Lip (0,003 V) (i = 1,2).

THEOREM 4.2. Assume that functions a;, b;,f have the Volterra property,
further, the conditions of Theorem 4.1 are satisfied for all 0 < T < oo.

Then for every G € qolc(O, oo, Vi), H € qOZC(O, oo, V) there exist w €
€ L(Qx),u € X7°,p € X5° such that their restriction to (0, T) satisties
(4.8)«4.10) for every 0 < T < oc.

One may obtain results also on the long-time behaviour of solutions (see
[3, 6]). First, by posing extra coercivity assumptions on functions a;, b;
(analogously to condition (A4™) in Section 1) boundedness of weak solutions
follows.

THEOREM 4.3. Assume that the conditions of Theorem 4.2 are satis-

fied with some additional assumptions on coercivity (see [3, 6]) and let
G € L*°(0,00; V), H € L>(0,00; V). Then for the solutions  ,u,p for-
mulated in Theorem 4.2,

® € L(Qux), u € L(0,00; LX(Q)), p € L(0,00; V3)
hold.

In case p; = pp = p and X7° = X;° = X°° we have results on

stabilization of solutions as t — co. By assuming the stabilization of functions
a;, b;, f (analogously to (A6), (B6) in Section 1) we may introduce operators
Aco, Boo: L°(Q) x V x V — V* as follows

<A00(w> Ll, p)7v> =

n
:=/ <Zai,oo(x’w’u’Du’p’ Dp)D;v +ag oo (x,w,u, Du,p, Dp)v)dx,
Q

i=l

<B00(w7M> p))v> =

n
= / (Z bi,OO(x,a) ,Uu,p, Dp)D,v + bX,O,oo(a) ,u,p, Dp)v) dx.
Q\"
i=1
By adding some extra conditions on uniformy monotonicity (similary to (A7))

and on the exponential stability of the steady-state of equation (4.8), one may
verify
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THEOREM 4.4. Assume that the conditions of Theorem 4.3 are satisfied
with some additional assumptions (see [3]). Further, suppose that

lim |G(t) — Goo|l y* =0, lim |[H(t) — Hoolly+ =0
—00 —00

hold for some G~o, Hyo € V*. Then there exist unique uso, Poo € V such that
Acc(@™, Uoo, Poc) = Goo, Boo(W™, o, Poo) = Hoo where o™ is the steady-
state of (4.8). Further, if w ,u, p are solutions formulated in Theorem 4.2 then

o(1,) = o* in L2(Q), u(t) — uso in LXQ), [/ [|u(s) — uoollf, ds — 0,

t+1
—1 IpGs) — pooH’%, ds —0ast — oo.

Similarly to Section 1 one may obtain estimates on the convergences
stated in the above theorem. For some examples, see [2, 3, 5, 6].
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