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Preface

The Conference on Differential Equations and Their Applications (EQUA-
DIFF 9) was held in Brno, August 25-29, 1997. It was organized by the Masaryk
University, Brno in cooperation with Mathematical Institute of the Czech Academy
of Sciences, Technical University Brno, Union of Czech Mathematicians and Physi-
cists, Union of Slovak Mathematicians and Physicists and other Czech scientific
institutions with support of the International Mathematical Union. EQUADIFF 9
was attended by 269 participants from 32 countries and more than 50 accompa-
nying persons and other guests.

This volume contains 20 papers by invited speakers in the conference. Together
with this issue the following EQUADIFF 9 publications have been prepared:

e Proceedings of EQUADIFF 9 containing 12 survey papers mainly by the ple-
nary speakers published by the Electronic Publishing House in both electronic
and hard copy forms.

e CD ROM containing, in electronic form, a special EQUADIFF 9 issue of
Archivum mathematicum, the Proceedings and 31 other papers submitted by
the participants of the conference as well as other conference material (e.g.
Abstracts, List of participants, and Program) — available to any participant
of EQUADIFF 9.

This EQUADIFF 9 special issue of Archivum mathematicum is dedicated to
Professor Frantisek Neuman, Chairman of the Conference, on the occasion of
his sixtieth birthday. Professor Neuman obtained the Bolzano medal, an honor
awarded to distinguished scientists by the Presidium of the Czech Academy of
Sciences. Detailed information concerning the achievements of Professor Neuman
as well as a list of his scientific publications can be found in the paper by O. Dosly
“Sixty years of Professor FrantiSek Neuman”, published in Mathematica Bohemica
123 (1998), No. 1, 101-107 and in Czechoslovak Mathematical Journal 48 (1998),
No. 1, 177-183.

The printed version is identical to the electronic one on CD ROM in spite of
slight changes in the usual Archivum mathematicum style. Our aim was to harness
the possibilities of new computer technologies, and for this reason all EQUADIFF 9
publications on CD ROM were prepared in hypertext PDF form.

We would like to thank Professor Jaromir Kuben, who made this CD ROM a
reality. We would also like to thank Professor Zuzana Dosla for her help during
the preparation of this publication.

Brno, April 1998 Editors


http://www.muni.cz
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On Existence of Oscillatory Solutions of nth
Order Differential Equations with
Quasiderivatives

Miroslav Bartusek
Department of Mathematics, Faculty of Science, Masaryk University,

Janédckovo nam 2a, 662 95 Brno, Czech Republic,
Email: bartusek@math.muni.cz

Abstract. Sufficient conditions are given under which the nonlinear n-th
order differential equation with quasiderivatives has oscillatory solutions.

AMS Subject Classification. 34C10

Keywords. Differential equations with quasiderivatives, oscillatory solu-
tions.

1 Introduction
Consider a nonlinear differential equation
yM = f(t,y[o],...,y["_l]) in D, (1)

wheren >3, R, = [0,00), R = (—00,00), D = Ry x R", yll is the ith quasideriva-
tive of y defined by

. 1 . / ’
(o] — [i] — ( [1—1]) =1.2.. .. -1 [n] _ ( [n—l]) 9
Yy Y, Yy ) Y ,i=12,...,n—-1,y Yy ;o (2)

the functions a; : Ry — (0,00) are continuous, f : D — R fulfills the local
Carathéodory conditions and

flt,ze, . xn)zr <0, f(4,0,29,...,2,)=0 in D. (3)
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Let y : [0,b) — R, b < oo be continuous, have the quasi-derivatives up to the
order n — 1 and let y[»~1 be absolutely continuous. Then y is called a solution
of (1) if (1) is valid for almost all ¢ € [0,b) and either b = 0o or b < oo and
n—1 .
limsup > |yl (t)] = oo. It is called proper if b = oo and sup, -, |y(t)] > 0

t—b_ =0 -
holds for an arbitrary number 7 € R,. A proper solution is called oscillatory if
there exists a sequence of its zeros tending to co.

Notation 1. Let tg € Ry, a,,b € C°(R,). Put

anti(t) = a;(t),i € {1,...,n — 1}, Io(t, to;as,b) =1,

t Ts Ts+k—3
Te(t, to: 0y, b) = / as(r) / Gyit(Tost) - - / Gospa(Tarn_s) X

to to to

Tst+k—2
x / b(Toih-1) ooy oo dr,

to

t o]
J(t7 tO; as) - / ag (Ts) / as+1(Ts+1)In—2(Ts+1; Ts; As42, an+s—1)de+1de-

to Ts

We will assume the following hypotheses (not all simultaneously):

(H1): Let 2+ € CY(Ry) for n = 3; let as € CY(Ry), aj € C*(Ry), j = 1,3 for
n = 4; let an index | € {1,2,...,n — 4} exist such that aj, ; € Lioc(R+),
j = 1,2 are locally bounded from bellow a.e. on Ry for n > 4.

(H2): Let b € Lioe(Ry+) and g € Co(R4+) exist such that g(z) > 0 for x > 0,

o dt
<L — o0 and
1 g(t)

2l <09 (3 el) on D

i=1

H3): Let constants t € R, K > 0,0 < A <1 and functions a,, € Li,.(Ry) and
( + +
g € C°(Ry) exist such that a,, > 0, g(z) > 0 for > 0, g(x) = 2> for
x> K,

an()g(| a1 |) <| f(t, 21, ,20) | on Ry x R, (4)

/OO a1 (t)dt = oo, (5)
0
and

In,S(OO,E;aS+1,dS):OO, 821,2,...,71—1, (6)
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where  dy(t) = an(t) [L(t, & a1, a5)].
Further, let in case A =1 for s =1,2,...,n — 1 either

— t _
lim inf e_J(“;aS)/ aS(T)e_In(Tvtms-%—has)dT:O (7)
t

t—o0o

or
Infl(oovﬂ aerlaanJrsfl) = (8)

hold.

(H4): Let the hypothesis (H3) holds with K = 0, A € [0,1) and with the exception
of (5) and let, moreover,

I,(00,0;a1,a,) = co. (9)
A great effort has been devoted to the study of oscillatory solutions of Eq. (1)

in the canonical form, i.e if

/ a;(t)dt =00, i=1,2,....,n—1. (10)
0

Definition 2. Eq. (1) is said to have Property A if every proper solution y is
oscillatory for n even, and it is either oscillatory, or

lim y(t) =0, i=0,...,n—1

t—o0
holds eventually on R if n is odd.
Chanturia [5] proved the following theorem.

Theorem A ([5]). Let f(t,t1,...,z,) = f(t, 1), f € C(Ry x R), (1) have Prop-
erty A. Let (10) and

[f(t,z)] < b()|za]  on Ry xR
be valid where b € C°(R.). Then (1) has an oscillatory solution.

Sufficient conditions, under the validity of which, (1) has Property A were
studied e.g. in [5], [7]. Generalizations of Th. A are stated in [3] and in [6] (for
n = 3). Apart from other things

/OOO a1 (£)dt = /Ooo as(t)dt = oo (11)

is supposed instead of (10).

In some applications of Eq. (1) the conditions (10) and (11) are not fulfilled.
Although every Eq. (1) can be transformed into the canonical form by sequence of
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transformations preserving oscillations (see [3]) it is difficult to realize them. E.g.
consider the third order differential equation

y" +qt)y +r(t)g(y) =0, (12)

where ¢ € C° (R+), 7€ Lipe (Ry), g€ C°(R), <0 on Ry,
g(x)x >0 for z#£0.

Let h be a positive solution on [T, 00),T € R of the equation
" +q(t)h =0 (13)

Then (12) is equivalent with (see [1])
1 i !
<h2 (E y') ) +rhg(y) =0 (14)

y !
Yyl = z, yl2 = p2 (ym) .

If we define h(t) = h(T) on [0,T], then (14) is defined on R, x R? and it has the
form (1) with

on [T, 00), where

ar=h,  az= f@t, 1, w9, 3) = —r(t)h(t)g(x1) (15)

and (3) holds.
If e.g. q(t) < const. < 0, then it is clear that (10) and (11) for n = 3 are not valid.

Our main goal is to prove the existence of oscillatory solutions of (1) without the
validity of either (10) or (11) and to apply the results to Eq. (12).

2 Main results

In this section, a special set of oscillatory solutions will be investigated. Consider
the Cauchy initial conditions:
1€{0,1,....n—1}, oce{-1,1},
oy0)> 0 fori=0,1,...,01—1,
< 0 fori=I, (16)
>0 fori=I0+1,...,n—1.

We will show that a solution y of (1), fulfilling (16) is oscillatory under some
assumptions posed on f and a;.

Theorem 3. Let (H1) and (H2) be valid. Then every solution y of (1) satisfying
(16) is proper.
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Proof. See [2, Lemmas 4 and 9]. O

Theorem 4. Let (H3) be valid. Then every proper solution y of (1) satisfying
(16) is oscillatory.

Proof. Tt follows from [2, Lemma 2] that every proper solution y satisfying (16)

is either oscillatory or nonoscillatory, s € {0,1,...,n — 1} and T exists such that
T > max(t,1) ,
Y @6yl(t) > 0 forj=0,1,...,s,
<0 forj=s+1,...,n,
Y™ty £ 0, m=0,1,....,n—2, te[T,o0). (17)

Let y fulfills (17). First, we prove that s # 0 and

lim |y (¢)] = 0. (18)

t—oo
Let, on the contrary, s = 0. Then (17) and (2) yield
yl I <0, |y is nondecreasing on [T, o0]

and

00 > [y(c0) — y(T)| = /T an(t) @) dt > (D) / T ait) dt = oo.

o0

Thus s € {1,...,n — 1}.

Let s = 1. Suppose, without loss of generality, that y > 0. Then (17) yields

y >0, y increasing,
yl >0, y! decreasing, (19)
yll <o, |y[i]| increasing for i =2,...,n — 1.

We prove that (18) holds. Thus, suppose, indirectly, that

lim y(t) = C < 0. (20)

t—oo
If y[(c0) > 0, then
cm>mmywav=/ m@mm@ﬁZym@ﬂ/ a1 (t)dt = co.
T T

The contradiction proves that

lim y!(¢) = 0. (21)

t—o0
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It follows from (19), (2) and (4) that

t
@) = |Z/M(T)|+/Tai+1(7)|y[l+1](7)|dT
> / i1 (D (P)dr, =2, n—2,
t
gy > / ) (7)dr > / an(7)g(y(7))dr
> = .
> Ol/T an(T)dr, C) = e g(r) >0 (22)

From this and from (19), (20) and (21)

00 > y(o0) — y(T) = /T " a () ()

~ [T [ astmlyPrlaredn

T 1

201/ CL1(T1)/ as(12)l—2(12, T as, an)dmadr
T T1
T2

201/ CLQ(TQ)In—Q(TQ;T;a37an)/ a1 (m1)dmidms
T T

> C11, (00, T az,a1) = 00
as according to (6), ¢ =1
In-1(00,t;az,d1) = 00 = Ij—1(00, T az,d1) = o0

and thus
I(00,T5a0,a1) > In_1(00,T;a2,d1) =

The contradiction proves that (18) is valid for s = 1.
Let s > 1. Then (17) and (2) yield

y(®)yM () >0, |y is nondecreasing on [T, c),

y(t) - <>|—/ (DN (ldr > [y (r) |/a1 A

Thus (18) is valid for all s € {1,...,n —1}.

Let 0 < A < 1. The statement of the theorem was proved in [3, Ths 1-3] if
the more restrictive assumption (H4) is supposed instead of (H3). In this case the
inequality (4) was used only for x1 = y(t), ¢ € [T, 00] where y fulfills (17). From
this, using (18), the statement is valid under the validity of (H3), too (note, that
(9) follows from (5)).

Finally, suppose A = 1.
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Let s € {1,...,n — 1}. We prove that the solution y, fulfilling (17) does not

exist.

First, we estimate y[*l. Let, for the simplicity, y > 0 for large t. According to

(18) there exists Ty > T such that
y(t) > K, t € [T1,00)

and (17) yields

y[j] (t) >0, ym is increasing, j=0,1,...,s—1,

yll(t) > 0, yl*l is decreasing,

ym(t) <o, ly™l| is nondecreasing, m=s+1,...,n—1,
t € [Ty, 00).

From this, from (24), (2) and (4) we have

t
01> [ am @@l P20, -2 s,

1
+ t

01z [ ol > [ e it s 2o -
T1 Tl

and thus, using (24),
@) 2 Inoa(t, T a2, asy™)
> y[s} ()1 (t, Th; G542, 0s), s€{1,...,n—2},
ly()| >y () L _1 (t, Th; a1, an_1) for s=n—1.
Further, using (2) and (24), it follows from this that
/
W) = asa Oy TI(H) = —asn (O (2)]

é _aerl(t)Infl (tv Tl; 542, as)y[s] (t)
for s e {1,...,n—2},

W) =~y ()] < —an()y(t) < —an() o1 (t, Tr; a1, an—1)

<y U(@t) for s=n—1,t>T).
Thus
ylel(t) < ylol(1y)eTn (B Tii0011,00)
Especially, using (6),

lim yl*l(¢) = 0.

t—o0

(23)

(25)
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Let the assumption (7) be valid. Using (24), (25) and (27)
¢

Y1) = () + / as (7)) (),
Ty

t [e’e]
=y[s_1)(Tl)+/ aS(Ts)/ 51 (o) YT (g1 [T drs
T T

1

yls— +/ as(T / 541 (To1) In—2(Tor1, T15 asr2, as—1 Yy ) dr1drs

T

t

as / aerl(Terl)In 2(7—s+177—57as+2aas 1 y[ ])deJrlde
1

t 0
1] 1
[g Tl "“/yg ] Ts as TS)/as+1(7—s+1)In72(Ts+1aTs;aerQaasfl)deJrldea
T,

s

>T.
Thus Gronwall’s inequality yields
yls— 1 (t) > yls=1 (Ty)e” t.Tyas) ¢ >y, (28)

On the other side, using (26), we have
¢
Y0 < @) + T [ aufre T o
T

From this and from (28)

[ ](T ) t
1< —J(t Ty, (l;) + 1 e_J(t7T1;aS)/ as(T
[S (1) T ™)

x e In(mTuasad) gro ¢ >y
that contradicts to (7).
Let the assumption (8) be valid. Then (24) and (25) yield
00 > [yl (00) — yPI(T1)| =
= /T°° 51 (7)Y (7)|dr > Ty (00, Tis sy, 51yt~ 1) >
1
>yl (T L, 1 (00, T g1, as-1) = 00.

Thus, the solution y, fulfilling (17), does not exist. O

Remark 5. (1) Theorem 4 generalizes results of [3], [6] and Theorem A.
(ii) The statements of Theorems 3 and 4 are valid for a solution y on [«, c0) if the
Cauchy conditions (16) are taken in ¢t = o and ¢ > « (see (H3)).
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3 Applications
We apply the previous results to Eq. (12)
v +a)y +rt)gly) =0 (12)
under the validity of the assumption
xel0,1], e < lg(@)| for large ol (20)

Let
¢" (t) = max(q(t),0), q(t) = min(q(t),0), t € Ry.

Cecchi and Marini [6] studied Eq. (12) under the following hypothesis:

(H5): Let fooo tq~ (t)dt = —K > —o0, and let the equation
B+ e gt (t)h =0
be disconjugate on R4 (i.e. every its solution has at most one zero on R.y).

They proved the following theorem.
Theorem B ([6]). Let (H5) and g be nondecreasing for large |y|. Let

/000 lg(kt)|r(t)dt = 0o for every k € (0,1). (30)

Then every proper solution of Eq. (12) with a zero is oscillatory.

Note, that if the estimation (29) holds, then (30) has the form

/ trr(t)dt = . (31)
0
In case
/ tqgt (t)dt < oo, (32)
0

using our previous results, the statement of Th. B can be proved under weaker
assumption than (31).

Theorem 6. Let (H5), (32) and (29) be valid. Further, let

/ t2r(t)dt =00 if Ae0,1) (33)
0
and let

r(t) > ;3 for large t if A=1, (34)

where 0 > 1 is a constant. Then every proper solution with a zero is oscillatory.
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Proof. Let y be a proper solution of (12) with a zero T € Ry,y(T) = 0. If
Z?:o |y[(T)| = 0, then according to [1] there exists tg > T such that the Cauchy
initial conditions at to fulfill (16). In the opposite case it is evident that (16) holds
in some right neighbourhood of ¢ = T'. Thus, in all cases, there exists tyg > T such
that (16) is valid in ¢t = tg.

In [6, Proposition 1] it is proved that (H5) and (32) yield the existence of a solution
h: Ry — R of Eq. (13) which is positive on (0, 00), increasing and

lim h(t) = ho € (0, 00). (35)

Thus, (12) is equivalent to (14) on (0,00) and (15) yields

ay=h, ay= 720 3= rh on (0,00) (36)
and
/ a1(s)ds :/ as(s)ds = oc. (37)
to to
Let ¢ > /o and let 7 > ¢ be such that
h
?O<h()<sho, t> T (38)

We will verify hypothesis (H3) with ¢ = 7 (see Remark 5 (ii) ). According to (37),
(5), (6) for t =1 and (8) for ¢ = 1 (in case A = 1) are valid. Thus it is necessary
to verify (6) for ¢ = 2 and, in case A = 1, the condition (7) for i = 2.

Condition (6), ¢ = 2 : Using (38) we have

A

Il(oo,T;ag):/Toor(t)h(t) Mh(a) /Ta% da} dt

oo

> 7173 plA 2**/ r(t) (t = 1) dt = 0o

T

Condition (7), 1 =2, A=1:

J (t,7;a2) / 2(s) / h(s1)r(s1) / h(s2)dsadsids

_ o _ 1
>e 4/T /S (s1 — s)r(s1)dsids > o1 In ;, 01255 4>§,

Ig(t,T;ag,ag):/ r(s)h(s)/sh(sl) N ( ———ds1ds

2)

> 01

T

(s —7)° t
3 ds > o1 [1n;—2] .
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From this, according to (36), (37) and (38)

t
0 < liminf e_‘](t’””)/ ag(s)e_ls(s’“%’@)ds

t—o0
R N - P
< lim inf (—) /—2601(—) ds=0.
t ;- hi

t—o0 S

O

Remark 7. Let the assumptions of Th. 6 and hypotheses (H1) and (H2) hold.
Then, using Th. 3, it is evident that (12) has an oscillatory solution.

The following example shows that (33) is not sufficient condition for the exis-
tence of oscillatory solutions in case A = 1 and it shows how far is condition (34)
from necessary one.

Example 8. Consider the equation
"+ < y=0 c>0 (39)
Y 3 Y ) = U.

Lemma 9. Eq. (39) has an oscillatory solution if, and only if

2
o> $~0,385.

Proof. (sketch) Eq. (39) can be transformed into the equation with constant coef-
ficients ¥ —3Y +2Y +0Y =0by t=¢", y(t)=Y(2). O
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Abstract. We describe the nonlinear limit-point/limit-circle problem for
the n-th order differential equation

y ™ ) fyy, ..y ) = 0.

The results are then applied to higher order linear and nonlinear equations.
A discussion of fourth order equations is included, and some directions for
further research are indicated.
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1 Background

In 1910, H. Weyl [21] studied eigenvalue problems for second order linear differen-
tial equations of the form

(pt)y) +r(t)y =Xy, ImA#O0,
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and he classified this linear equation to be of the limit-circle type if every solu-
tion y belongs to the class L?, and to be of the limit-point type if at least one
solution does not belong to L?. This notion has been generalized to include even
order self-adjoint linear differential equations and operators (see, for example,
[5,6,7,8,9,14,15,16,17,18]), and more recently to nonlinear second order equations

of the form

(a(t)y") +q(t)f(y) =0

(see the papers of Graef and Spikes [10,11,12,13,19,20]).
Here, we consider the n-th order nonlinear differential equation
v )y, YY) =0, (E)

where 7 € Lo [0, 00),
r does not change sign on [tg, 00), to > 0, (1)
f:R™— R is continuous, and
z1f(x1,...,2n) > 00on R™ (2)

We consider only those solutions of (E) that are continuable to all of R4 = [0, 00)
and are not eventually identically zero. Such a solution is said to be oscillatory if
it is has arbitrarily large zeros, and it is said to be nonoscillatory otherwise.

Definition 1. Equation (E) is of the nonlinear limit-circle type if every continu-
able solution y satisfies

/0 T YO LWy (O y™ D) dE < oo

if there is at least one continuable solution y of (E) such that

/0 T YO0 O,y @) dE = 00

then equation (E) is said to be of the nonlinear limit-point type.

In this paper, we describe what is known for the higher order nonlinear limit-
point/limit-circle problem and indicate a number of open questions for future
research.

2 Motivation

Kauffman, Read, and Zettl [14, p. 95] noted that there are no known examples of
functions r such that

y W+ r(t)y = 0. (La)

is limit-circle, i.e., all solutions of (L) are in L?. This leads to the following
conjecture.
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Conjecture 2. The equation
v 4ty =0 (Lax)
always has a solution y ¢ L*[0,00), i.e., (L) is never of the limit-circle type.

As a consequence of our results, we will show that as long as r does not change
sign, or r is an oscillatory function that is either bounded from above or bounded
from below, then (Ljx) can never be a limit-circle equation. In addition, we will
apply our results to the sublinear Emden-Fowler equation

y4R) 4 r(t)|y|)‘ seny =0, Xe€(0,1]

and show that this equation always has a solution y ¢ L'**[0,00) provided r
satisfies (1).

3 Main Results

We begin by presenting some sufficient conditions for equation (E) to be of the
nonlinear limit-point type (see [4]).

3.1 The Caser <0

Theorem 3. Suppose r(t) < 0 on [ty,00), (2) holds, and there exist constants
M > 0 and M; > 0 such that
1
— < Sz, z0) S M1+ 2) (C1)
1
forx1 > M, z; e R, i=2,...,n. Then (E) is of the nonlinear limit-point type.
If we restrict our attention to equations of the form

y™ + () f(y) =0,

then (C;) becomes

1

" < flu) < My(1+u)
for uw > M > 0, which is certainly true, for example, if f is an increasing function
with

|f(u)] < A+ Blu| for large u,

or if f(u) =u” where 0 < v < 1 is the ratio of odd positive integers.

Remark 4. The left hand inequality in (C;) is not unreasonable. For example, for
third order equations, Bartusek and Dosld (see Theorem 3.3 and Remark 3.4 in
[1]) proved that if 7(t) < —K < 0 and there exists 8 > 2 such that

|f(w1,22,73)] < for |z1| > M > 0,

then (E) is of the nonlinear limit-circle type. Whether their result is true for n > 3
remains an open question.
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The proof of Theorem 3, as well as the other theorems in this section, are
somewhat long and technical in nature. They make use of an energy type function,
some integral inequalities, and knowledge of the behavior of oscillatory solutions
of (E). Hence, we will omit the proofs, and concentrate on the nature of the results.

3.2 The Caser >0

In studying the asymptotic behavior of solutions of higher order equations, the
order itself sometimes plays an important role. Observe that the set of positive
integers can be divided into the three disjoint sets, {n : n = 4k, k = 1,2,...},
{n:n=2k+1,k=1,2,...},and {n:n=4k+2, k=1,2,...}.

holds, r(t) > 0 on [tg,00), and there exist constants

Theorem 5. If n = 4k, (2)
(0,1] such that

M; >0, My >0, and X\ €
Mylay [ < |f (@1, 2, )| < Ma(14 | ) on R™, (C2)
then (E) is of the nonlinear limit-point type.

Observe once again that if f(z1,22,...,2,) = f(z1) = 2] with 0 < < 1 the
ratio of odd positive integers, then condition (Cs) is clearly satisfied.

Theorem 6. If n > 3, (2) holds, and there exist constants M > 0, My > 0,
My > 0, and X € (0,1] such that

0<r(t) <M,

and
Myl |* < | f(x1, 22, .. 20)| < Maay | on R",

then (E) is of the nonlinear limit-point type.

Remark 7. The case n = 3 is contained in [1, Theorem 3.7] under a slightly weaker
nonlinearity condition on f; the proof for n > 4 appears in [4, Theorem 3].

The following two theorems generalize the nonlinearity condition imposed on
f in Theorem 6, but at the same time, restrict the values of n allowed.

Theorem 8. Suppose n = 2k + 1, there exist constants My > 0 and My > 0 such
that
Ml S 'f’(t) S M2a

and there is a positive constant M and a continuous function g : Ry — R such
that g(0) =0, g(z) > 0 for x > 0, liminf,_ g(z) > 0, and

Then (E) is of the nonlinear limit-point type.



Higher Order Nonlinear Limit-Point/Limit-Circle Problem 17
Theorem 9. Suppose that n = 4k, (2) holds, and that there exist constants K,
1=0,1,2,3,4, and x* such that

0 <7(t) < Kot on (t,00),
gi(|z1]) < [f(@1, .. z0)| < g2(lz1]) on RT,

() = Kz for x € [0,2%]
i = Ko for x € (x*,00)

Ks;  forx €0,z
gg(ﬂ?) = *
Kyx  for x € (z*,00).
Then (E) is of the nonlinear limit-point type.

Observe that in Theorems 6 and 8, r(t) is bounded above, while in Theorem 9,
r(t) is allowed to grow with ¢.

4 Applications of Main Results

Our first corollary concerns equation (E) and is an immediate consequence of
Theorems 3 and 5.

Corollary 10. Ifn = 4k, and (1)—(2) and (Cs) hold, then (E) is of the nonlinear
limit-point type.
Next, we apply our results to the equation
y ) 4 r(t)y =0 (Lar)
and obtain a positive answer to the conjecture raised in Section 2.

Corollary 11. If r(t) satisfies (1) or is an oscillatory function that is either
bounded from above or bounded from below, then (Lyy) is not limit-circle.

Proof. If r satisfies (1), then the conclusion follows immediately from Corollary 10.
Suppose that r is an oscillatory function that is bounded from below. Then there
exists a constant K > 0 such that r(¢t) > —K. By Corollary 10,

y ) 4 (r(t) + K)y =0

is not limit-circle. By a result of Naimark [16, §23, Theorem 1, p.192], it follows
that the equation
y " 4 (r(t) + K +q(t)y = 0

is not limit-circle whenever ¢ is a measurable and essentially bounded function.
Thus, letting ¢ = —K we obtain that (Lsy) is also not of the limit-circle type. A
similar argument holds if r(¢) is bounded from above.
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Remark 12. Corollary 11 does not follow from Fedorjuk [9, Theorem 5.1] because
additional assumptions on the integrability of the derivatives of » would be needed.

As another application of our results, we consider the Emden-Fowler equation
y™ +r(t)|y sgny =0, X € (0,1]. (E-F)
From Theorems 3-6, we have the following corollary (see [4]).

Corollary 13. (a) If n = 4k and (1) holds, then (E-F) always has a solution
y & L0, 00).

(b) Suppose n =2k+1 orn=4k+2. If either r(t) <0 or 0 < r(t) < M, then
(E-F) always has a solution y ¢ L0, 00).

5 More on Fourth Order Equations

Now that we have seen that equation (L4) is not a limit-circle equation (the only
possibile exception being if r is an oscillatory function that is unbounded from
above and below), it seems appropriate to ask if there are other fourth order
equations that are of the limit-circle type. This leads us to the study of fourth
order equations in self-adjoint form, namely,

y W = (pt)y) +rt)f(y) =0, (SA)

where p, 7 : [0,00) — R and f : R — R are continuous, and uf(u) > 0 on R
(see [3]). For equation (SA), the definitions of nonlinear limit-point and limit-circle
take the following form.

Definition 14. Equation (SA) is of the nonlinear limit-circle type if every con-
tinuable solution y satisfies

/0 Y07 (1)) di < oo,

and if there is at least one continuable solution y such that

/0 Y07 (1)) dt = oo,

then equation (SA) is said to be of the nonlinear limit-point type.

We have the following result in the case where f is sublinear, that is, there
exists K > 0 such that

1
mélf(y)|§1+|y| for |y| > K. (Cs)
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Theorem 15. Let (C3) hold.
(a) If r(t) <0 and either
(i) p(t) = 0, or
(i) p(t) <0 and I(p) = [;~ slp(s)|ds < oo,
then (SA) is of the nonlinear limit-point type.

(b) If r(t) > 0 is bounded, p(t) # 0, and I(p) < oo, then (SA) is of the nonlinear
limit-point type.

A special case of equation (SA), namely, the self-adjoint linear equation

My =y = (p(t)y') +r(t)y =0 (SAL)
plays an important role in the spectral theory of singular differential operators
(see, for example, [5,6,7,8,9,16]) in which the so called deficiency index is defined
as follows.

Definition 16. The equation
v = (p)y) +r(t)y = Ay, Im A #0, (SAL,)

is said to be limit-v if it has v linearly independent solutions in L?(0,00). The
differential expression M has the deficiency index (v,v) if (SAL)) is limit-v.

It is known from the spectral theory of linear operators that v € {2,3,4} for
equation (SAL)). When v = 2, (SAL)) is said to be limit-point; when v = 4,
(SAL,) is said to be limit-circle. Note that this agrees with our Definition 14
above.

We will make use of the following two results from spectral theory. The first
describes the relationship between equations (SAL) and (SAL)), and enables us
to give criteria under which (SAL) is not limit-circle.

Lemma 17. (Naimark [16, Theorem 4, p.93]) Equation (SAL)) is limit-4 if and
only if equation (SAL) has all its solutions belonging to L?(0,00).

Lemma 18. (Naimark [16, §23, Theorem 1, p.192]) Let ¢ be a real, measurable,
essentially bounded function on R. Then the deficiency index of the expression
M is not changed by adding the function q to r.

The following conjecture is still open (see, e.g., Paris and Wood [17] or Schultz

[15]).

Conjecture 19. Real formally self-adjoint expressions with nonnegative coeffi-
cients are not limit-circle.

Kauffman [15] proved this conjecture in the case where the coefficients are finite
sums of real multiples of real powers satisfying certain other conditions. We can
provide additional information about this conjecture with our next result.
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Theorem 20. The equation (SAL) is not limit-circle, equivalently, (SAL)) is ei-
ther limit-2 or limit-3, or equivalently, the deficiency index of M is either (2,2) or
(3,3), if any one of the following conditions is satisfied:

(i) r(t) <0 and p(t) > 0,
(ii) r(t) <0, p(t) <0, and I(p) = [y s|p(s)|ds < oo, or

(iii) r is bounded.

Proof. Parts (i) and (ii) follow immediately from Theorem 15 and Lemma 17. To
prove (iii), first observe that the equation

y @ = (p(t)y) =0

is never of the limit-circle type since y(t) = 1 ¢ L? is a solution. Hence,

y @ = p(t)y) +r(t)y =0
is not limit-circle by Lemma 18.

Note 21. Results analogous to Theorems 15 and 20 for self-adjoint equations of
order n > 4 are not yet known.

We conclude this section with the following open problem.

Problem 22. Under what conditions, such as |r(t)| < |R(¢)| for all ¢ > %o, is the
following statement true.
If

y@ = (p(t)y') + R(t)y =0
is not limit-circle, then
y@ = (p(t)y') +r(t)y =0
is not limit-circle.
To be of interest, it should be assumed that r(¢) is an unbounded function (see

Theorem 20). Moreover, if p(t) = 0, then r(¢) should be assumed to be oscillatory
as well (see Corollary 11).

6 Concluding Remarks

We conclude this paper by noting the implication of the above results on the study
of the nonlinear limit-point/limit-circle problem. Nonlinear equations of the form

y™ +7(t)fy) =0 (NL)

have always been popular objects of study; this has been especially true for second
order equations. As a consequence of Corollary 11, unless r is an unbounded oscil-
latory function, it would not be possible to find sufficient conditions for equation
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(NL) to be of the nonlinear limit-circle type if the conditions on the nonlinear func-
tion f include linear functions as a special case. This is not the case for second order
equations as can be seen from the work of Graef et al. [10,11,12,13,19,20]. Finally,
it would be interesting to examine the relationships, if any, between the nonlinear
limit-point /limit-circle property and the boundedness, oscillation, or convergence
to zero of solutions. These interconnections for second order equations were studied
in [10,11,12,13], but for higher order equations, it remains an open question.
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1 Introduction

This article presents some recent results obtained jointly with P. Marcellini (see
[10], [11] and [12]). We propose a new approach for existence of almost everywhere
solutions of nonlinear partial differential equations of the first and second order.
This approach does not use the notion of viscosity solution since it is mainly
intended for handling vectorial problems of non elliptic type. We also give an
example (c.f. Theorem 3 and for more general results see [3]) where our method
contrasts with the viscosity approach.

Our results establish only existence of solutions; it remains open, in general,
to find a criterion of selection among the many solutions which are provided by
our existence theorems. Of course when a Lipschitz viscosity solution exists and is
unique, then this is, in general, the best criterion.

Our original motivation to study such problems comes from the calculus of
variations and its applications to nonlinear elasticity and optimal design (see [9]).
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2 First order PDE, the scalar case

Consider the Dirichlet problem

F(Du(x)) =0, ae.z €2
{ u(x) =¢), v o (1)

where 2 C R™ is a bounded (or unbounded) open set, F' : R — R and ¢ €
Whee (2). We then have

Theorem 1 (c.f. [10]). Let E ={{ e R": F () =0}, if
Dy (x) is compactly contained in intcoE, a.e. in 2 (2)

where intcoE stands for the interior of the convex hull of E, then there exists (a
dense set of) u € W (§2) that satisfies (1). If in addition ¢ € C* (§2) and if E
is closed then (2) can be replaced by

Dy (x) € EUintcoE in §2. (3)

Remark 2. (1) One should note that no hypotheses of convexity or coercivity on F
are made. The condition is close to the necessary condition which, in some sense,
is

Dy (z) € coE in (2.

(ii) The condition (3) excludes, as it should do, the linear case since then
intcoE = .

(iii) The above theorem can be generalized to the case where F' = F'(z, u, Du),
c.f. [11], e.f. also [1] and [15].

(iv) It is interesting to compare the above result with the classical hypotheses
(c.f. [17], [7], [L8]) ensuring existence of Lipschitz viscosity solution to (1) i.e. F'is
convex, coercive (lim F' (§) = +o0 if [¢] — o0) then

EUintcoE ={£ eR": F (&) <0}
and we recover the usual compatibility condition F' (Dy) < 0.

Proof. We very roughly outline the idea of the proof in the classical case i.e. when
F' is convex, coercive and F' (Dy) < 0. We set

V={uep+Wy™(2): F(Du) <0},

Then ¢ € V and when endowed with the C” metric it becomes a complete metric
space (this results from the convexity and coercivity of F'). We then define

V’“:{ueV:/QF(Du)>—%}.
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Then V¥ is open and dense in V, the first property follows from the convexity of
F while the second one is more difficult and is some kind of relaxation theorem
used in the calculus of variations.

We then use Baire category theorem which ensures that

ﬂVk:{uew+Wol’°o(m:F(Du):0}

is dense (and hence non empty) in V. This achieves the outline of the proof.
The idea to use Baire theorem for Cauchy problem for ordinary differential
inclusion is due to Cellina [5], c.f. also [14]. O

A natural question is then to ask if under the general assumption of the theorem
one can always find among the many solutions a viscosity one (when F' is convex
and coercive this is the case). The answer is in general negative unless strong
geometric restrictions are assumed. A necessary and sufficient condition is given
in [3]. We give below such a result only in a particular example which sheds some
light on the nature of these geometric restrictions. We will denote for u = u (z,y)
its partial derivatives by u,, uy.

Theorem 3 ([3]). Let £2 C R? be convex. Then

{F(Du): (ui—1)2+(u§—1)220, a.e. in {2 (4)

u =20, on 92
has a W1 wiscosity solution if and only if {2 is a rectangle whose faces are
orthogonal to the vectors (1,1) and (1,—1).

Remark 4. Note that by Theorem 1 the problem (4) has a W1°° solution since

0 € intcoE = {€ € R?: |&1], |&] < 1}.

3 First order PDE, the vectorial case

We now want to discuss the analogue of Theorem 1 in the vectorial case. The
problem is then

{Fl(Du):---:FN(Du):O, a.e. in {2 (5)

u =, on 02

where u: 2 CR" - R™ n,m>1,and F; : R™*" - R, i=1,...,N.
We then let

E={¢cR™": F(§=0i=1,..,N}.

A natural conjecture (c.f. [11]) is then
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Conjecture 5. The system (5) has a W1 solution provided ¢ € C* (ﬁ; Rm) 18
such that

Dy (z) € EUintQcoE, in 2
where QcoE denotes the quasiconvex (in the sense of Morrey) hull of E.

This conjecture is a theorem under some extra technical conditions which are
discussed in [11]. In the scalar case the notions of convexity and quasiconvexity
are equivalent, therefore QcoFE = coFE. As in the scalar case the conjecture is close
to the necessary condition which is, in some sense,

Dy (z) € QcoE, in 2.

These types of problems are important in the calculus of variations (see [9])
and in nonlinear elasticity (phase transitions, problem of potential wells, c.f. also

in this case [20]) or in optimal design.

We now give one typical case that can be handled by our method (c.f. [11] and
[13], c.f. also [1]).

Let £ € R™™ and denote by 0 < A1 (§) < ... < A\, (§) the singular values of

the matrix £ (i.e. the eigenvalues of (ftf)l/ ). ThlS implies in particular that

=D &= (), ldetg] = HA

ij=1 i=1
Theorem 6. Let 2 C R™ be an open set, a; : 2 x R* — R, i = 1,...,n be
continuous functions satisfying

0<c<ai(z,s) <..<ay(zs)

for some constant ¢ and for every (x,s) € 2 x R™. Let ¢ € C* (ﬁ; ]R") satisfy
H)\ (D (z <Ha1 z,0(x)),ze R, v=1,..,n (6)

(in particular o = 0), then there exists (a dense set of) u € WhH (2;R™) such
that

{)\i (Du(z)) = a; (z,u(x)), ae. x € 2,i=1,...n (1)
u(r) =¢p(), x € 012
Remark 7. If a; = 1, for every ¢ = 1, ..., n, then (6) becomes
An (Dp(x) <1,z € £2.
The problem (7) can then equivalently be rewritten as
Du(z) € O(n), a.e. in £2.

The case n = 3, a; = 1 and ¢ = 0 has also been studied in [6].
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4 Second order case

Since second order equations can be rewritten as first order systems, this section
seems to fall in the preceding one; however some of the equations are then linear
and hence this corresponds to the case where

intQcoE = (.

We here present two types of results of more general ones, see [12].
The first one deals with one single equation. For this purpose we introduce the
following notations and terminology

R?xn: {éeR"X":f=£t}.

Let 2 C R" be an open set, F : 2 x RxR" xR?*" — R, F = F (x,s,p,§), we say
that F' is coercive with respect to the last variable & in the rank one direction A,
if A € R?™*" with rank {\} = 1, and for every bounded set of 2 x R x R™ x R?*"
there exist constants m,q > 0, such that

F(z,s,p,+tA) >mlt] —q

for every t € R and every (z, s, p, £) that vary in the bounded set of 2 x R x R" x
R?*™. Examples of such functions are

n

FE)=[-1= > (&) —1or F(§) = trace £| — 1.

ij=1

Theorem 8. Let 2 C R™ be an open set, F' : 2 x R x R" x R?*" — R be a
continuous function, convex with respect to the last variable and coercive in a rank
one direction \. Let p € C% (R™) satisfy

F (2,9 (z), Dy (z), D*p(2)) <0, x € 2. ®)
Then there exists (a dense set of) u € W (£2) such that

{F(m,u(x),Du(x),Dzu(x)) =0, ae x€ (2
u(z) =¢(x), Du(z) = Dy (x), x € 012.

Remark 9. (i) The theorem remains valid if convexity is replaced by quasiconvexity
in the sense of Morrey (for this notion see [19] or [3]).

(ii) The coercivity condition in a rank one direction excludes from our analysis
linear equations as well as the so called fully non linear elliptic equations (in the
sense of [2], [7], [16] or [21]).

(iii) Note that if w and ¢ are smooth functions and 92 is smooth, then to
write © = ¢, Du = Dy, on 02 is equivalent as simultaneously prescribing the
normal and tangential derivatives. Therefore the boundary conditions are at the
same time of Dirichlet and Neumann type.
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Examples of applications of this result are

Example 10. (i) The following Dirichlet-Neumann problem admits a W2 solu-
tion

|Au| = a (z,u (), Du(z)), a.e. in 2
u =, Du= Dy, on 012

provided the compatibility condition is satisfied, namely
|Ap| < a(z,¢(x), Dy (x)).
(ii) Similarly the problem

|D?u| = a(z,u(z),Du(z)), a.e. in 2
u =, Du= Dp, on 012

has a W2 solution provided
|D?*¢| <a(x,¢(x), Do ().

Similar results can be established for systems of equations (c.f. [12]). We only
quote here the following second order version of Theorem 6 that we get by our
method.

Theorem 11. Let 2 C R™ be an open set, let ¢ € C? (R™) satisfy
M (D*p(2)) <1,z €02 (9)
(in particular p = 0), then there exists (a dense set of) u € W2 (2) such that

{ i (Dzu (x)) =1l,aexze,i=1,..,n

u(z) =@ (x), Du(z) = Do (z), v € OR2. (10)

Remark 12. (i) Observe that since in this theorem the matrices are symmetric
then the singular values are the absolute values of the eigenvalues of the matrices.

(ii) Note that as a consequence of the above theorem we have that if (9) holds,
then the following Dirichlet-Neumann problem admits a solution

’det DQ’LL‘ = ﬁ)\i (D?u) =1, ae. in £2
i=1
u =@, Du= Dy, on 0f2.

Observe that because of the Dirichlet-Neumann boundary data the above problem
cannot be handled as a corollary of the results on Monge-Ampere equation.
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1 Introduction

This contribution is devoted to the problem of asymptotic behaviour of solutions
of scalar linear differential equation with variable bounded delay of the form

(t) = —c()x(t — 7(t)) (1)

with positive function ¢(¢). Results concerning the structure of its solutions are
obtained with the aid of properties of solutions of auxiliary homogeneous equation

y(t) = BOy(t) =yt —7(1))] (2)

where the function 3(t) is positive. It is known that, supposing existence of a pos-
itive solution = = w(t) of Eq. (1), the substitution y(t) = x(t)/w(t) gives an
equation of the type (2) where 3(t) = c(t)w(t — 7(t))/w(t). On the other hand
equation of the type (1) can be obtained from Eq. (2) by means of transforma-
tion y(t) = x(t) exp (f:o B(s) ds) . This means that both equations (1) and (2) are
equivalent in this sense. Eq. (2) has very suitable form for investigations since an
obvious property (see Lemma 1 below), that any monotone initial function gener-
ates monotone solution, implies many further properties concerning behaviour of
all solutions.

A result concerning the behaviour of solutions of Eq. (1) in critical case (when
7(t) = 7 = const and lim;_,, ¢(t) = 1/7e) is given and, moreover, an analogy with
behaviour of solutions of the second order ordinary differential equation

2"(t) + a(t)z(t) = 0 (3)

when positive continuous function a(t) satisfies the condition lim;_,, t2a(t) = 1/4
is showed. Comparisons with known results are given.

2 Convergence of solutions of Eq. (2)

Let us consider Eq. (2)

y(t) = BOy(t) =yt —7(1))]

where 7 € C(I_1,RT), Iy = [t_1,00), t_1 € R, Rt = (0,00), t — 7(t) is an
increasing function on I_1, 7(t) < r,t € I_1,0 < r = const and 8 € C(I_1,RT).
Let us denote I = [tg, 00), I1 = [t1,00) where g = t_1 + 7(tg) and t; = to + 7(t1).
The symbol “"” represents the right-hand derivative.

A function y is called a solution of Eq. (2) corresponding to initial point t* € T
if y is defined and is continuous on [t* — 7(¢*), 00), differentiable on [t*,c0) and
satisfies (2) for ¢t > ¢*. By a solution of (2) we mean a solution corresponding to
some initial point t* € I. We denote y(t*, ¢)(t) a solution of Eq. (2) corresponding
to initial point ¢* € I which is generated by continuous initial function ¢ : [t* —
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7(t*),t*] — R. In the case of linear Eq. (2) solution y(t*,)(¢) is unique on its
maximal existence interval Dy, = [t*, 00) ([20]).

By analogy we define these notions for Eq. (1) or for other classes of differential
equations with delay. If in the text of the paper an initial point is not indicated,
we suppose it equals tg.

We say that a solution of Eq. (2) corresponding to initial point ¢* is convergent
or asymptotically convergent if it has a finite limit at +oo.

Let us start with the following trivial lemma:

Lemma 1. (J. DIBLIK [8]) Let the initial function ¢(t) be defined and continuous
on [t_1,t0] and

p(t) < p(to) (4)

or

@(t) > ¢(to) , (5)

where t € [t_1,to). Then the corresponding solution y(t,) of Eq. (2) is on I
increasing in the case of inequality (4) or decreasing in the case of inequality (5).

This lemma establishes an obvious fact concerning monotony of solutions of
Eq. (2). Immediately there arise the questions concerning the conditions for con-
vergence and divergence of such solutions. In this section and in the next one we
shall try some of these questions answered.

Theorem 2. (Convergence Criterion) (J. DIBLIK [6]) For the convergence of
all solutions of Eq. (2), corresponding to initial point tog, a necessary and suffi-
cient condition is that there exists function k € C(I_1,R™) satisfying the integral
inequality

~

1+ k(t) > exp l /F o B(s)k(s) ds] (6

on interval I.
The following corollary gives known sufficient condition for convergence of

solutions of Eq. (2) which can be obtained as a consequence of Theorem 2 if
k(t) = k = const where k is a sufficiently small positive number.

Corollary 3. All solutions of Eq. (2) are convergent if

¢
limsup/ B(s)ds < 1.
¢

t—=oo Ji—7(t)
As further consequences we can obtain more accurate sufficient conditions for
convergence if 7(t) = 7 and k(t) = (tIn°t)~! where ¢ > 1 or k(t) = et~ 1(1/7 —
L/t)~! where € is a small positive constant. These sufficient conditions were at
first obtained by F. V. ATKINSON and J. R. HADDOCK [2].
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Corollary 4. All solutions of Eq. (2) are convergent if

L
<l—=--—
/ B(s) ds t  tint
for some L > 7 and all sufficiently large t or if
1 L
Blt) < ==~
Tt

where L > 1/2 and t is sufficiently large.

3 Divergence of solutions of Eq. (2)

It is easy to see that the nonexistence of the function k& € C(I,R") in Theorem 2
implies existence of divergent solutions of Eq. (2) and vice versa.

Theorem 5. (Divergence Criterion) (J. DIBLIK [6]) Sufficient and necessa-
ry condition for existence of solution of Eq. (2), corresponding to initial point tg,
with property y(co) = oo is nonezistence of function k € C(I_1,RT) satisfying the
integral inequality (6) on interval I.

A consequence of this criterion (if an additional property of k(t) in (6) is taken
into account (see [0])) is:

Corollary 6. (J. DIBLIK [0]) For emistence of solution of Eq. (2), corresponding
to initial point to, with property y(oco) = oo it is sufficient that

/t B(s)ds > 1, tel. (7)
t—7(t)

Consider Eq. (2) where 7(t) = 1. Such type of equation was considered in
the paper by S.N. ZHANG [11] with connection of investigation of structure and
asymptotic behaviour of solutions in divergent case (see an unpublished manuscript
by F.V. ATKINSON and S. N. ZHANG of the identical title too). His main condi-
tions (except condition 5(¢) > 0) are:

t+1 t+1
/ B(s)ds > 1, / B(s)ds #1, t>tg. (8)

As we can see, these conditions are a special case of (7).

A more detailed sufficient condition for divergence which is sometimes suitable
in the case when lim; ., B(¢)7(t) = 1 is given in the next theorem. (This case can
be called critical in view of Corollary 3 and Corollary 6.)
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Theorem 7. (J. DIBLIK [3]) Eq. (2) has on I_;y a solution y = y(t) with property
y(oo) = oo if

Wlﬁ(t) o= /ttr(t) [% - 6(5)} dotet

and, moreover,

4 Structure of solutions of Eq. (2) in convergent case

In the convergent case each solution has a finite limit. In this case we can give the
estimate of the rate of convergence to this limit.

Theorem 8. (J. DIBLIK [6]) Let there be a function k € C(I_1,R") which sat-
isfies the integral inequality (6) on I. Then for each solution y(t) of Eq. (2), cor-
responding to initial point ty, representation

y(t) = K +((t) 9)

holds on I_y1, where K = y(00), and ((t) is a vanishing function. Moreover,

ICOI <¢(t), t € L,

where Y (00) = 0,

— ] B(s)k(s) ds — T B(s)k(s) ds
P(t) = de to7 —de oo

and § is a fized positive number such that

0> M{ min {ﬂ(t)k(t)e_fttg_rﬂ(s)k(s)ds}} ’

[to,to+]
where
M = max |g(t)].

[to,to+7]

On the other hand, to each K € R there corresponds a solution y(t) of Eq. (2) and
a function of the type ((t) such that representation (9) holds and for K = 0 there
is an indicated representation with positive function ((t).
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5 Structure of solutions of Eq. (2) in divergent case

Existence of a solution, tending to oo, plays the main role in the characterization
of the family of solutions of Eq. (2) in nonconvergent case. Let us state the
following result concerning the structure formula for the solutions of Eq. (2).
The unique assumption of it is the existence of a solution y(t) = Y (t) of Eq. (2)
with property Y (oo) = oo. This result generalizes the result by S. N. ZHANG [11]
(which is contained in the above mentioned manuscript of F. V. ATKINSON and
S.N. ZHANG too) where the main assumptions are: §(t) > 0 and (8).

Theorem 9. (J. DIBLIK [3]) Let Y (t) be a solution of Eq. (2) on I_1 with prop-
erty Y(oo) = co. Then for each solution y(t) of Eq. (2), corresponding to initial
point tg, representation

y(t) =K -Y(t)+46(t) (10)

holds on I_y, where K € R is a constant, dependent on y(t), and §(t) is a bounded
solution of (2) on I_1 dependent on y(t). This representation is unique (with respect
to K and 6(t)). On the other hand, to each K € R there corresponds a solution
y(t) of Eq. (2) and a function of the type 6(t) such that representation (10) holds
and for any real K, L, M the expression K -Y (t) + L 4+ M(t) gives a solution of

Eq. (2).

Remark 10. In the paper by J. DIBLIK [8] it is proved that (under certain condi-
tions) bounded nonconstant and nonmonotone solutions of Eq. (2) exist.

6 Concluding remarks concerning the solutions of Eq. (2)

As an analysis of properties of solutions of Eq. (2) shows, the affirmations of the
following theorems are equivalent. The indicated conjectures are included as some
open problems.

Theorem 11. (Convergent case) The following assertions are equivalent:

1) All solutions of Eq. (2) are convergent.

2) There is a function k € C(I_1,R") which satisfies the integral inequality (6)
on I.

3) There is a convergent nonconstant and monotone solution of Eq. (2).

4) Solution of Eq. (2) with infinite limit does not exist.

5) (Congecture) There is a convergent nonconstant and nonmonotone solution of
Eq. (2).

6) (Conjecture) Divergent bounded solution of Eq. (2) does not ezist.

Theorem 12. (Divergent case) The following assertions are equivalent:

1) There is a solution of Eq. (2) with an infinite limit.

2) A function k € C(I_1,R"), which satisfies the integral inequality (6) on inter-
val I, does not exist.
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3) Each nonconstant monotone solution of Eq. (2) has infinite limit.
4) (Conjecture) A convergent nonconstant solution of Eq. (2) does not ezist.
5) (Conjecture) There is divergent bounded solution of Eq. (2).

7 Properties of solutions of Eq. (1)

Let us suppose that ¢ € C(I_1,R*). All assumptions with respect to the delay
7(t) remain the same as above.

As usual, a solution of Eq. (1) is called oscillatory if it has arbitrary large zeros.
Otherwise it is called non-oscillatory (positive or negative).

At first we prove theorem concerning existence of positive solutions of Eq. (1)

#(t) = —c(t)z(t —7(t))

with nonzero limit. In this theorem we shall suppose [ % ¢(s) ds < oo and the point
to so large that [, c(s)ds < 1.

Theorem 13. Eq. (1) has a positive solution with nonzero limit if and only if

/ e(t) dt < co. (11)
Proof. Without loss of generality we shall suppose that ftoooir c(t)dt =m < 1. Let
us define w(t), where t € I, as the set of functions A € C([t — r,t],R) such that
1t +0) <At +0) < pa(t +0)

for all 6 € [—r,0) where

tpl(t)El—HSl/ c(s) ds, <p2(t)51—|—52/ c(s)ds, telq,
t ¢

1,02 = const, 0 < 01 < 1;1/(1 —m) < &2 and either A(t) = ¢1(t) or A(t) = a(t).
Let us define function

W(t,z) = (z—¢i(t) - (2 = a2(t), tela

and find the sign of derivative of this function along the solutions of Eq. (1) on
the set w(t) for each ¢t € I. We obtain

dW (t, x)
dt
—(ca(t — (1) + @1 (1) - (z = @a2(t) — (& = p1(t)) - (c(B)z(t — 7(t)) + 5 (2))-
For each A € w, such that A(t) = ¢1(t), t € I, we have

e = (A=) + AN () ~ ) >
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> (02 — 01)c(t) <1 — 01+ 61 /too )c(s) ds) /too c(s)ds >0

—7(t
and for each X\ € w, such that A\(t) = ¢a(t), t € I, we get

dW (t, x)

o = —(p2(t) = L1 () (WA = 7(1)) + @2(t)) >

T=A

> (02 — 01)c(t) (52 —1—-1069 /too )c(s) ds) /too c(s)ds > 0.

—7(t

Therefore in both cases, for ¢t € I, the following is true:

dW (t, x)

0.
dt >

=\

Now, by the topological method of T. WAZEWSKI (see, for instance, [38]) in
the adaptation which is suitable for the retarded functional differential equations
(given by K. P. RYBAKOWSKI [30]), there is a solution of Eq. (1) = Z(¢),t € I
such that Z(t) € w(t) for each ¢ € I. From the form of the set w(t) it fol-
lows that ¢1(t) < Z(t) < @2(t) on I_; and, moreover, lim;_. o Z(t) = 1 since
lim; o0 01 () = limy—, o0 @2 (t) = 1. The details of the application of the topologi-
cal principle are omitted because they can be found e.g. in [8,9,10], [36].

Now, let us suppose that [ c(t)dt = oco. If there is a positive solution z =
Z(t),t € I_y1, of Eq. (1) with nonzero limit Z(co) = L > 0, then integration of this
equation with limits ¢y and oo gives

L—i(t) = — /OO ()i (s — 7(1)) ds. (12)

to

We obtain a contradiction since the left hand side of (12) is equal to a negative
number although the right hand side is equal to —oo. The theorem is proved.

Corollary 14. As it follows from the proof of Theorem 13 if (11) holds then there
is a solution x = x(t) of Eq. (1) on I_1 such that

1+ 51/ c(s)ds <z(t) <14 52/ c(s)ds,
¢ t
wheret € I_1,01,02 = const,dr € (0,1),2 € (1/(1—m),00) and m = ftooo_r c(s) ds.

Remark 15. As it follows from Theorem 13, each positive solution of Eq. (1) tends
to zero if [~ ¢(t) dt = .
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8 Structure formulas for solutions of Eq. (1)

Theorem 16. Let us suppose the existence of a positive solution x = Z(t) of
Eq. (1) on I_y. Then every solution x = z(t) of Eq. (1) is by a unique way
represented either by the formula

z(t) = (t)(K +¢(1)), (13)

where K € R is a constant, dependent on x(t), and ((t), {(c0) = 0 is a continuous
function defined on I_1 dependent on x(t), or by the formula

2(t) = F(E)(KY (1) + 6(t)) (14)

where Y (t) is a continuous increasing function which is the same for each x(t),
Y(o0) = 00, K € R is a constant, dependent on x(t), and 6(t) is a bounded
continuous function defined on I_1 dependent on x(t). On the other hand, to each
K € R there corresponds a solution of x(t) Eq. (1) and a function of the type {(t)
(if in (13) K = 0, then there is a representation of a solution x(t) with positive
function ((t)) or of the type §(t) such that either formula (13) holds or formula
(14) is walid. Moreover, in this case the representation (14) gives a solution of
Eq. (1) if 6(t) is shifted by any constant or is equal to any constant.

Proof. Let us introduce a new variable y(¢) by means of formula

where z(t) is any solution of Eq. (1). Then y(t) satisfies the equation of the type
of Eq. (2), i.e. the equation

y(t) = ———— () —y(t —7(1)]. (15)

We can conclude that either there is a positive function k() on I_; which satisfies
the integral inequality (6) on I if

c(t)z(t — (1))
()

or such function does not exist. This means: either the convergence criterion (The-
orem 2) holds or the divergence criterion (Theorem 5) is valid. If the first case
occurs, then formula (13) immediately follows from Theorem 8 (formula (9)). If
we deal with the second possibility, then Theorem 9 is true and the representation
(14) follows immediately from formula (10). The theorem is proved.

Bt) =

Remark 17. Let us suppose that Theorem 16 holds. Then there are two linearly
independent positive solutions of Eq. (1) x1(t),z2(t) on I_1, defined in the case
(13) as

x1(t) = I(t), x2(t) = 2(t)C(t)
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(the existence of a positive function ((t) follows from Lemma 1) and in the case
(14) as

z1(t) = 2()Y (t), x2(t) = Z(¢).
Obviously lim;_oo z2(t)/x1(t) = 0. Then formula (14) turns into z(¢) = Kz1(t) +
O(z2(t)). In the next theorem it is shown that this formula covers both represen-
tations (13), (14).

Theorem 18. Let there be a positive solution x = Z(t), t € I_1, of Eq. (1).
Then there are two positive solutions x1(t), x2(t), t € I_1, of Eq. (1) such that
lim—oo x2(t) /21 (t) = 0. Moreover, every solution © = x(t), t € I_1, of Eq. (1) is
represented by the formula

x(t) = Kz1(t) + O(z2(t)), t €I, (16)
where K € R depends on x(t).

Proof. In view of Theorems 9, 16, Lemma 1 and Remark 17 it is sufficient to prove
formula (16) if representation (13) holds. Let us introduce a new variable y(t) by

means of formula
y(t) = z(t)/(2()¢(t))

where z(t) is any solution of Eq. (1) and ((¢) > 0. Proceeding as above, we conclude
that for corresponding equation of the type (15) the structure formula (10) holds.
This means o ~

y=KY({t)+@)

where the sense of K, Y (t) and 4(t) is the same as the sense of K, Y (t) and §(t) in
formula (10). The representation (13) can be written in the form

2(t) = 2OCH (K V(1) +5(1)).

This representation is simultaneously the representation of the type (14) for which
the affirmation was proved in Remark 17. The theorem is proved.

Remark 19. For previous results in this direction we refer to the papers by E. Ko-
ZAKIEWICZ [28,29,30] and the book of A. D. MYSHKIS [32]. Note, except this, that
(if Theorem 18 holds) any oscillating solution = = z(t) of (1) satisfies relation
z(t) = O(x2(t)) and, consequently, tends to zero if t — oco.

Ezample 20. Let us consider the equation of the type Eq. (1)
z(t) = —(1/t)x(t — 1). (17)

In the papers by J. DIBLIK [9], [10] it was shown that asymptotic behavior of two
linearly independent positive solutions x1(t), x2(t) of Eq. (17) is given by relations

a1 (t) = (¢ = 1) < (t-1)7*
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and
exp[—3(t+ 1/4) In(t + 1/4)] < z2(t) < exp[—(t/2 + 1/8) In(t — 1/4)].
Then, by Theorem 18, the representation (16) holds.
Ezample 21. For the equation of the type Eq. (1)
z(t) = —(1/er)x(t — 1) (18)

where 7 = const it is known that there are two asymptotically different positive
solutions, namely x1(t) = texp(—t/7), x2(t) = exp(—t/7). In accordance with
Theorem 18 the representation (16) holds and each solution is representable in the
form

z(t) = te V7T (K + O (1/1)).

9 Existence of positive solution of Eq. (1)

In D. Zuou [12], L. H. ERBE, Q. KoNaG, B. G. ZHANG [16] or J. DIBLIK [7], [11]
some criterions for existence of positive solution of Eq. (1) are given. Let us give
one of them which will be used in the sequel.

Theorem 22. (L.H. Erbe, Q. Kong, B. G. Zhang [16], p. 29) Eq. (1) has a positi-
ve solution with respect to ty if and only if there exists a continuous function A(t)
on I_y such that A(t) >0 on I and

A(t) > c(t)eli--0 ) ds el (19)

A very well known sufficient condition, given (under various slightly different as-
sumption for (1) or for modified classes of this equation) by many authors (see, e.g.,
L.H. ErBE, Q. Kong, B. G. Zuang [16], K. GopaLsaMy [17], I. GYORrI, G.
Lapas [18], I. GYOrI, M. PrTuk [19], R. G. KOPLATADZE, T. A. CHANTURIJA
[25], M. PITUK [35]) is a consequence of this criterion:

Corollary 23. (L.H. Erbe, Q. Kong, B. G. Zhang [16], p. 29) If
¢
/ c(s)ds <1fe, tel (20)
t—7(t)

then Eq. (1) has a positive solution with respect to t.

This consequence gives that, in the case 7(t) = const for existence of a positive
solution with respect to ¢y of Eq. (1), the inequality

c(t) <1l/er, te Il (21)
is sufficient. In the next section the case
. 1
Jinm e(t) = =

is considered.
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10 Behaviour of solutions of Eq. (1) in critical case

Y. DOMSHLAK [13], [14] was the first who noticed that among the equations of the
form (1) with lim;_, ¢(t) = 1/7e there exist equations such that all their solutions
are oscillatory in spite of the fact that the corresponding limiting equation (18)
admits a non-oscillatory solution (see Example 21). This situation is called critical.

Let us give an improvement of the last sufficient condition (21) together with
the sufficient condition for oscillation of all solutions of Eq. (1).
Let us denote

In,t=Inln...Int, p>1,
N———

p

if t > exp,_, 1, where
exp,t = (exp(exp(...expt))), p > 1,
—_————
P

expgt =t and exp_; t = 0. Moreover, let us define Ing ¢ = ¢. Instead of expressions
Ing ¢,1n; ¢, we will write only ¢ and Int¢ in the sequel. The following holds:

Theorem 24. (J. DiBLiK [11])
A) Let us assume that 7(t) = 7 = const,

(t) < (1) (22)
for t — 0o and an integer p > 0, where

SRR R S : +oot .
et 8et?  8e(tlnt)?  8e(tlntlngt)? 8e(tlntlngt...In,t)2

cp(t) =

Then there is a positive solution x = z(t) of Eq. (1). Moreover,

z(t) < e V7 \/tintlngt...In, 1

as t — oo.
B) Let us assume that 7(t) = 7 = const,

ot

t) > cp_1(t
C(),Cp 1()+86(tlntln2t...1npt)2

(23)

for t — oo, an integer p > 1 and a constant 6 > 1. Then all solutions of Eq. (1)
oscillate.

The proof of the part A) of this theorem can be made with the aid of Theo-
rem 22. Indeed, it is easy to see that the inequality (19), where c(t) = ¢p(t), has
(for sufficiently large t) a solution

1 1 1 1 1
At) = - — = cee— .
() 2tIntlnat...In,t

T 2t 2tInt 2tlntlngt
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In process of verification it is necessary to find an asymptotic representation of the
right hand side of inequality (19). After this, as usual, we compare the coefficients
of identical functional terms on left hand side and on right hand side. The following
equalities for determination of coefficients of the functional terms indicated below
are valid:

1 1/7=1/r,
1/(tlnt...In;t),0<j<p : -1/2=-1/2,
/(tlnt...In;j )2, 0<j<p : 0=71/8—1/8,

/[(tnt...Ingt)*(Ingqqt...In; ), 0<s<j<p : 0=71/8—71/8.

For the next asymptotic smaller terms we have

0> 72 72 n 1 72 n 1

——————4o| =z |=—=—=+0o| =]

- 16t 163 3 8t3 t3

This inequality holds for ¢t — co. The verification is ended.
In the paper by J. DIBLIK [11] this part is proved by another equivalent way.
The proof of the part B) is made in cited paper by using the method of

Y. DoMSHLAK. In this part, Theorem 24 generalizes Theorem 3 of the recent
paper by Y. DOMSHLAK and I. P. STAVROULAKIS [14]).

Remark 25. The behaviour of solutions in the critical case was investigated by
many authors. For example, the papers (except the above mentioned ones) by L1
BINGTUAN [3], [4], by A. ELBERT and I. P. STAVROULAKIS [15], by J. JAROS and
I. P. STAVROULAKIS [23], by E. KozZAKIEWICZ [20], [27] and by J. WERBOWSKI
[39] are devoted to this case. We refer to these papers for further bibliography
(and history) concerning this question.

Problem 26. An analogy of Theorem 24 is not yet given if inequalities (22), (23)
are substituted by inequalities (or by a slightly modified inequalities) obtained
from (22), (23) by integrating with limits ¢ — 7 and ¢, i.e. an analogy is not given
if corresponding inequalities are given in terms of the integral average ftt_T c(s)ds
of the function ¢(t) instead in terms of values of the function c(t) itself. The first
step in this direction is inequality (20). This can serve as a motivation for further
investigations in this direction. (As far as this question in the oscillation case is
concerned, we refer to the paper [14].) See this situation with an analogous one in
Corollary 4.

Remark 27. Let us observe that if inequality (23) holds, then integral inequality
(19) has not a positive solution, satisfying conditions indicated in Theorem 22.
Note, moreover, that in the papers by F. NEUMAN (e.g. [33], [34]) a theoretical
possibility is given for transformation of an equation with variable delays to an
equation of the same class with constant delays. This perhaps can serve as a pos-
sibility of generalization of Theorem 24 if the delay is not constant.
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11 Comparison with behaviour of solutions of Eq. (3) in

critical case

Let us define functions
pp(t) =tlntlng t...Inyt,

at)= 1 (m+ e+t

1/1 1 1 + 1+A
t?2  (tlnt)? (tlnt...lnp_1¢)?  (tlnt...In,t)?2

where p > 0, A € R and ¢ is sufficiently large.
Lemma 28. The equation of the type of (3)
a"(t) + ap(t)z(t) = 0, p >0,

has following linearly independent solutions:

A)
z1(t) = 1/ pp(t) sin (g Iny4q t) , xa(t) =/ pp(t) cos (g In, 44 t) ,

if A=a%a>0,p>0;

B)
21() = \Jip(0), 22() = \Jip(6) Inpis t,
if A=0,p=>0;
C)
21 (t) =/ pp—1(t) (Iny, ) | wa(t) = \/pp—1(t) (In, £)** for p > 1,
and

z1(t) =tM, zo(t) =t for p=0
if A <0 and A1, A2 are roots of the quadratic equation

1
ANt (1+A)/4=0, ie. Mgzﬁ(liV—A)

).

Proof. 1t is easy to verify this affirmation by means of substitution of the expres-

sions z1 (t), z2(t) into Eq. (24).

Let us formulate the known result concerning oscillatory and nonoscillatory
properties of all solutions of Eq. (3) which can be proved by standard arguments

with the aid of Lemma 28 and Sturmian Comparison Method (see e.g. |

D

Theorem 29. Let a € C(I,R"). All solutions of Eq. (3) oscillate on I if a(t) >
ap(t), t € I for some integer p > 0 and A > 0. If a(t) < ap(t), t € I for some

p >0 and for A =0 then Eq. (3) is nonoscillatory on I.
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Remark 30. Theorem 24 is an analogy of Theorem 29 since there is a parallel be-
tween oscillatory and nonoscillatory properties of solutions of Eq. (1) and Eq. (3).
Previous analogues in the case of equations with delay (for p = 0 and for p = 1)
with classical Kneser’s theorem [24], [37] and with result due to Hille [22], [37] were
given in the cited paper by Y. DOMSHLAK and I. P. STAVROULAKIS [14]. Note,
except this, that conditions concerning functions a(t) and c(t) are very similar.
Comparison functions a,(t) and c¢,(t) consist of the same functional terms and
differ only in their multipliers and in additive constant.

Remark 31. Some close problems for similar classes of equations and systems of
equations (with respect to Eq. (1) and Eq. (2)) are considered e.g. by O. ARINO,

M. Prtuk [1], by J. CERMAK [5], by T. KRISZTIN [31] and for equations with
impulses by A. DOMOSHNITSKY, M. DRAKHLIN [12] and by YU JiaNG, YAN
JURANG [40].
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Abstract. The asymptotic behaviour of a Sturm-Liouville differential equ-
ation with coefficient A\%q(s), s € [so,00) is investigated, where A € R and
q(s) is a nondecreasing step function tending to co as s — oo. Let S denote
the set of those A’s for which the corresponding differential equation has
a solution not tending to 0. It is proved that S is an additive group. Four
examples are given with S = {0}, S = Z, S = D (i.e. the set of dyadic
numbers), and Q C S G R.
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1 Introduction and new results

In [1] F. V. Atkinson investigated the differential equations of the form

y'(s) + (N2a(s) + \WaGs)g(s)) y(s) =0 AER, s € (s0,00)

with a coefficient ¢(s) > 0, which is continuous, nondecreasing and lim,_. ¢(s) =
oo, and [ |g(s)|ds < oo. He defined the set S of those \’s for which there
exist a g(s) and a solution y(s) of this differential equation such that the relation
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lims_, o y(s) = 0 does not hold. He found that S is an additive group and he gave
examples when S = {0}, S = Z.
Here we consider the cases when ¢(s) is a step function, i.e.

q(s) =k fors;<s<si1, i=0,1,..., (1)
where 0 < kg < k1 < ..., lim; .o k; = co and we consider the differential equation
y"(s) + N2q(s)y(s) =0 s>s9, AER. (2)

The function y(s) is a solution of this differential equation if y(s) is continuously
differentiable, y(s) is piecewise continuously differentiable and it satisfies (2) on
that pieces of interval.

In [3] we have shown that (2) has at least one solution for which limg_,o, y(s) =0
holds provided A # 0. It is a question whether all solutions of (2) tend to zero or
there are some which do not do this. This property may depend heavily on the
actual value of A. Here we extend the Atkinson’s result in the following way.

Theorem. Let S denote the set of those N’s for which (2) has a solution yx(s)
such that the limit lims_o yx(s) = 0 does not hold. Then S is an additive group.

The set S is never empty because 0 € S: for A = 0 in (2) we have the solution
yo(s) = 1 which does not tend to 0. On the other hand, if A # 0 and A € S, then
—\ € S because in (2) only the value A2 counts.

In [3] we have investigated similar problems and we have seen that the stability
properties of differential equation (2) are equivalent to the stability of the difference
equation

Y D(d)Ew) |V i=0,1,, 3)
bit1 bi
where
k, - _[1o | cosw sinw
d; = Ty wi = ki(siy1 —si), D(d) = [0 d] , Elw) = [— sinw cosw] - (4

Clearly, the sequences {d;}2,, {w;}32, are subject to the restrictions
o0 oo
0<d; <1, Hdi:(), Zwido...di,lzoo. (5)
i=0 i=0

It is evident that if the sequences {d;}52,, {wi}$2, are given, satisfying (5), and
knowing the initial data ko and sp, we can reconstruct the function ¢(s) of the
form (1). Hence the correspondence between the differential equation (2) and the
difference equation (3) is one to one.

We shall give examples for different additive groups S.
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Ezample 1. Let d; < dj11 <1 (i =0,1,...) and lim; o, w; = 0 such that (5) is
satisfied and

oo

Z(l — d¢+1)w3 = Q.

1=0
Then S = {0}.

il ) = ——L— all the requirements of Example 1 are

Particularly, for d; = 5, Toe(12)
og(t

satisfied.
Ezample 2. Let w; = m and d; < d;41 < 1 with [[72,d; = 0. Then S = Z.

Let D denote the set of dyadic numbers, i.e. the rational numbers of the form n/2™
for all n,m € Z. Clearly, this set is an additive group.

Ezample 3. Let w; = 2'm and d; = d € [, 1) be fixed. Then S = D.

Ezample 4. Let w; =i!m and d; =d € (0,1). Then %e ¢ S, where e = 2.718... is
the Euler number and Q € S G R.

Open problem. For the case S = R we have no other example than the trivial one
(see also in [1]) when ¢(s) tends to a positive constant or ¢(s) = const > 0. We

guess that there is no example for S = R and lims_,« ¢(s) = oo.

In the next section we prepare the tools for the proof of the above theorem and
examples and the proof itself will be carried out in Section 3.

2 Preliminaries

In [1] the proof goes on the Priifer transformation technique. Also here we shall
follow this way. First we consider the difference equation

[am] —D)E () H =01, (6)

bit1
with parameters d;, w; as in (5). According to the results in [2], we know that the
limit lim; o (a7 4b7) exists for all solutions {[;°], [!], ... }. We say that the differ-

ence equation (6) is asymptotically stable if for all solutions lim; . (a? + b?) = 0,
otherwise we say that (6) is not asymptotically stable. Clearly, A € S if and only
if (3) is not asymptotically stable. Therefore we look for criteria to decide when a
difference equation is asymptotically stable or not asymptotically stable.

Let r;, ; be defined by

a; = 1r;Cos@;, b; = —r;sing;, (r; >0). (7)
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Then {r;}$°, is defined uniquely by 7; = \/a? + b2. Also ¢ is unique if we make
the restriction 0 < g < 27. The desirable uniqueness of the values @1, g, ... will
be guaranteed by a continuity consideration given later. By (6) we have

ditt = Tit cos.cpiH = i cos(w; + #i) i=0,1,.... (8)
bip1 = —riy18ing;p1 = —d;rsin(w; + ¢;),

Hence
T?H = r?[l -(1- df) sinQ(wi +i)], i=,0,1,...,

consequently
rig =g [ = (1= df)sin®(w; + ¢;)]-
§=0

Clearly, (6) is not asymptotically stable if and only if there exists an initial value
@0 (and g = 1), such that the sequences {;}2, and {d;}$2,, satisty (8) and

oo
[ == d})sin®(w; + ¢:)] >0,
i=0
or equivalently,
o0
Z(l — d?)sin®(w; + ;) < oo. 9)
i=0
In this criterion only the knowledge of the sequence ¢g, p1,... is important
and we do not have to calculate the sequence {r1,72, ...} to decide the asymptotic

stability of the difference equation (6).
Let us introduce the continuous function @(d,a): (0,00) x R — R by the
relations:

P(1,a) = a
iy i
O(dkG)=k3, d>0, keL, (10)
tand(d,a) = dtana, d> 0, (2k+1)g, keZ.

Clearly, @(d, ) is strictly increasing function of o when d is fixed. Hence there
exists its inverse ®~1(d, ), too. Making use of the function ®(d, o), we have by (8)

Yiy1 = P(dj,wi + i), i=0,1,..., (11)
which defines uniquely the values of 1, s, .. ..
Let the function o(d, «, ) be defined on (0,00) x R? by one of the following
(equivalent) relations:
o(d,a, B) = 71 (d, ®(d, a) + P(d, §)) — = b,
P(d,a+ B+ o(d,a, b)) = P(d, o) + D(d, B).

Clearly, we have o(1, «, ) = 0. The most important property of this function is
formulated as follows.

(12)
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Lemma. Let 0 <d < 1, then
lo(d.a B)] < 5 (1~ d?)|sinal |sin ],
where the equality holds if and only if either sina = 0 or else sin 3 = 0.
The proof of this lemma will be given in the next section.
On asymptotic stability or non stability we can find sufficient conditions in [2]

or in [3]. We recall them as follows.

Theorem A. The difference equation (6) is asymptotically stable if
Zmln{l — dl', 1-— di—i—l} sin2 w; = Q.
i=0

Theorem B. If the sum ., |sinw;| < oo, then the difference equation (6) is
not asymptotically stable.

Let M be a 2 x 2 (real) matrix and let x = [§] with the norm |x| = Va2 + b2.
Define the spectral norm || M]|| of the matrix M by

[M]| = max |Mx]|.
|x|=1

Consider the difference equation

Ait1 a| .
Rl IV b —0,1,..., 1
[b¢+1] M {bj 1=0 (13)
where M, is nonsingular 2 x 2 matrix for ¢ = 0,1,.... We say that (13) is an
{1-perturbation of (6) if
D M = D)€ (wi)]| < oo (14)
i=0

holds. Here we recall another result from [2, Theorem 6 and Remark 1, Proposi-
tion 3]:

Theorem C. Suppose (13) is an {1-perturbation of (6). Then these difference
equations are either both asymptotically stable or both not asymptotically stable.

3 Proofs

We start with the proof of Lemma because we have to apply it to the proof of
Theorem.
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Proof of the Lemma. Suppose that tan a and tan 3 are defined (i.e. « # 5 (mod )
and § # 5 (mod 7)). Let oy = @&(d, ), f1 = @(d,3). Again we suppose that
ai + B1 # 5 (mod 7). Then by (10), (12) we have

tan(a + ) +tano
1 —tan(a + @) tano
tan o + tan Gq tan o 4 tan G

- 1—tanoy tan3; 1 —d2tanatan3’

tan(ag + 01) =dtan(a+ S +0) =d

therefore

sin « sin G sin(a + ()

_ 12
tano = tano(d,a, ) = (1 d)l—l—(1—d2)sinasinﬁcos(oc+ﬁ)'

(15)

Also by this formula it is clear that o(1, o, 8) = 0 and o(d, a, 8) is defined for all
(a,8) e R?if d € (0,1], ie. |o(d,c, B)] < Z.
By (15) it follows that

o(d,a, ) =0(d,p,a), o(d,a+m,0)=0(d,a,B), o(d—a,—0)=—-0(da,/p).

Thus it is sufficient to prove our Lemma for 0 < |8 < a <
statement is trivial. Let 0 < 8 < a < % First we show tha
lo(d,a, B)] or

s
2

If 6 =0, the
|0(s,a,—ﬁ)| é

|y

sin a sin 8 sin(a — 3)
1—(1—-d?)sina sin g cos(a — ()

sin a sin 8 sin(a + 3)

(1=d) 1+ (1 —d?)sina sin g cos(a + 3)

<(1—-d%)

or simplifying by (1 — d?)sin« sin 3:
(1 —d?)sina sin B sin2a < 2cosa sin 3

whence the equality holds if a = 7, and the sharp inequality (1 — d?) sina < 1
in other cases.

Introducing the quantity 2 = % (1 — d?) sina sin , we have to show by (15)
that

2. .

Zrsin(o + sinx ™

[tano| = —" (a+5) <tanz=——, O<z<_—

1+ Zxcos(a + f) CoS & 2

or equivalently .
) T sinx
s —x) < —
(a+f-w) <22

The function on the right hand side is strictly decreasing and only at x = 5 would
attain the value 1, and this fact proves our Lemma. |

Proof of the Theorem. We have to show that if A\,u € S (and A + p # 0), then
A+ p € S. According to (3) and (9) there exist ¢y and o such that for the
sequences {p; 152, {¢i}2, defined by (11):

Qig1 = P(di, \wi + @3),  Vip1 = P(dy, pw; + ;)
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satisfy the relations

o0

Z(l —d?)sin? Dw; + ¢i) < o0,
0 (16)

o0

> (1= df)sin® (A + ;) < 00

=0

Let 0; = o(d;, \w; + @4, pw; + ;) be defined by (12) and consider the difference

equation
Qi+1| 10 cosw; sinw;| |a; .
|:bi+1:| o |:0 dl:| |:— sin @w; COSLUZ‘:| |:bl:| t=01,..., (17)
where @; = (A + p)w; + ;. Let @; = ¢; + ;. Then by definition of ©; and by (12)
we obtain
Pit1 = Pit1 + Yiy1 = D(di, Mwi + ;) + D(di, pw; + ;) =
= O(di, \wi + @i + pwi + i + ;) = D(di, (A + p)wi + 05 + @i) =
= &(d;,@0; + @;).
Now the difference equation (17) is not asymptotically stable because it has a
solution not tending to 0. To see this we apply relation (9). We find

Z(l — d?)sin® (@i + ¢i) = Z(l — d7)sin® (\w; + @i + pw; + 1; + 07) <
i=0 i=0
< BZ 1- [sin® (Aw; + ¢;) + sin® (pw; + ;) + sin® 0;] =

=3 (1 —dj)sin®(Owi + ;) +3Z (1 — d?) sin® (pw; + ;) +
1=0 1=0

+3 Z(l — d?)sin® 0;.
i=0

The first two terms are convergent because of (16). By Lemma we have
2
sin?o; < 0? < Z(l — d?)?sin® (\w; + ;) sin? (pw; + ),

hence also the third term is convergent. Thus we have got

o0

Z(l — d?) sin®(@; + @;) < o0,

=0

which implies the existence of a solution of (17) not tending to 0.
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To complete the proof, we show that (17) is an ¢;-perturbation of the difference
equation

[ZZ:] = D(d;)E((A + p)wi) {Zj i=0,1,.... (18)

By Theorem C we have to estimate the spectral norm of the difference of the
coefficient matrices:

ID(di) [€(@i) = E(A + pwi)lll < D) [IE(A + pwwi) || |E(es) = E(0)]| <

<1-1- \/sin2 o; + (1 —cosc;)? < oy

because w; = (A + p)w; +0; and E(a+ F) = E(a)E(F). By Lemma and by (16) we
conclude that

o0

Z los| < g Z(l —d?) (sinz()\wi + @) + sin? (uw; + wi)) < 00,
i i=0

i.e. the difference equation (18) is not asymptotically stable. Finally we observe
that this difference equation corresponds to the differential equation

y"(s) + (A + 1)%q(s)y(s) = 0,
hence A+ p € S. O

Proof of Example 1. Let A # 0, then we have lim;_, o, Aw; = 0. Let iy be sufficiently
large integer such that [M\w;| < & for i > 4o. Applying the inequality sinz/z >
1/V2 for |z| < Z, we obtain

o0 . AQ o0
Z(l = diy1) sin® w; > 5 Z(l — diy1)wi = oo,
1=0 1=10
hence by Theorem A we conclude that A ¢ S, which proves that S = {0}. O

Proof of Example 2. Let A =k € Z, then

oo oo
Z | sin kw;| = Z |sinkm| =0,
=0 i=0

and by Theorem B k€ S, ie. Z C S.
If A € Z, then sin Aw # 0 and

Z(l —diy1)sin® A = sin® A Z(l —d;) =00
i=0 =1

because by (5) the restriction [[;°,d; = 0 is equivalent to Y.~ (1 — d;) = oo.
By Theorem A all solutions of (3) tend to 0 if A € Z, consequently for these A’s
we have A € S, which proves this example. O



Groups and stability a7

Proof of Example 3. The restriction d € [% ) is justified by the requirement in

(5): St 2imd' =m0 (2d)" = 0. Let A = 5, n € N. Then
oS oS 1 n—1
2 ;
Z | sin Aw; | = Z | sin 2—n7r| = Z [sin 2" "7| < 00
i=0 i=0 i=0

and by Theorem B 2,L € S, consequently D C S.
Since 1 € S and S is an additive group, it is sufficient to show that if A & I,
A €(0,1), then A € S. A real number X in (0,1) can be represented in the form

o0
Z 2—” where e,, € {0,1}.
Then the condition A € D is equivalent to the restriction that in the sequence eq,
ea, €3, ... there are infinitely many 0’s and 1’s. We claim that
o0
Z sin? 2\ = oo. (19)
i=0

We prove this in indirect way. If this sum is convergent, then lim;_, sin? 2\ = 0
and there exists index k > 1 such that sin?2°Ar < % or |sin2/\7| < 1 for i =

1
k,k+1,.... Since

sin 2° A\ = sin( Z ;—ZT%) = +sin ( Z Qini)ﬂ' (20)

n=1 n=i+1

Taking into account the bound |sin2iAr| <
possibilites: (1): ex41 =0, (2): ex+1 = 1.

(1) We claim that exy; = 0 implies exyo = 0. Suppose the contrary, i.e.
erp2 =1, then 3 < Y7 o < 2 and by (20) sinF < [sin2"An| < sin %
which contradicts the restriction |sin 2 \7w| < % fori =k, k+1,.... Repeating this
argumentation, we find that e; = 0 for ¢ = k+ 1,k + 2,..., hence A € D, which
was excluded.

(2) Similarly, we claim that exy; = 1 implies exro = 1. Again, we suppose
the contrary, i.e. let egy2 = 0. Then 3 < Yol 7 < 14 > o ts Q%k =25
and by (20) we find |sin2*Ar| > sin 2% > 1 contradicting our assumption on k.
Consequently, we must have e; = 1 for all i > k + 1, which again contradicts the
assumption A\ ¢ D.

Thus we have proved that the sum in (19) is indeed, divergent. Then Theorem A
implies the asymptotic stability of (3), hence A € D implies A ¢ .S, which completes
the proof of the relation S = D. O

Proof of Example 4. Let n € N, n £ 0. Let A = % Since

> fin 55

1= 1=

% = sin% for ¢ > k, we have two

il
sin —| < 0o
n
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by Theorem B we conclude % € S, hence Q C S because Q is the smallest additive
group which contains all the reciprocals l, n=12.

We are going to show that 3e ¢ S. Consider the sum Y 2 sin’(ile 7)) We
have for e—1+1,+2,+ +l'+(z+1)’+(z+2)’+

11 1 1 1
Ne—=ql(14 2 4+ 2 0. & 11 R
we ’( totat Jr(z'—z)!>+“L B S sy
1
=% +itld——, 0<O;<1 keN,i>2
i+ 6;

therefore
41
Zsm (z' ) Z;bm? (Z2 ﬂ-+2(i19¢))2

> 2 +1 T
> E in2 = E
T4 St ( 2 T 2(2’L + 021)) ¢ cos” 27, + 021) -

hence by Theorem A § ¢ S, and S # R, i.e. S is a proper subset of R. However,
it is still an open problem whether the relation Q = .S holds. a
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Abstract. We consider linear differential equations of the form
(p(t)z") + Xq(t)z =0 (p(t) >0, q(t) > 0) (A)

on an infinite interval [a, c0) and study the problem of finding those values
of A for which (A) has principal solutions zo(¢; A) vanishing at ¢ = a. This
problem may well be called a singular eigenvalue problem, since requiring
zo(t; A) to be a principal solution can be considered as a boundary condition
at t = oco. Similarly to the regular eigenvalue problems for (A) on compact
intervals, we can prove a theorem asserting that there exists a sequence
{An} of eigenvalues such that 0 < Ao < A1 < -+ < Ay < --+, lim Ap, = o0,

n—oo

and the eigenfunction zo(¢; An) corresponding to A = A, has exactly n zeros
in (a,00), n=0,1,2,.... We also show that a similar situation holds for
nonprincipal solutions of (A) under stronger assumptions on p(t) and q(t).
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1 Introduction

We consider the second order linear differential equation
(p(t)z")" + Aq(t)z =0, t>a, (A)

where p(t) and ¢(t) are positive continuous functions on [a,00), a > 0, and A is
a real parameter. We assume that (A) is nonoscillatory at t = oo for all A > 0
(and hence for all A € R). It is known [I, Theorem 6.4, p. 355] that there exists a
solution xg(t; A) of (A) which is uniquely determined up to a constant factor by

the condition
o0 dt
| sawep == M

and that any solution x1(¢; \) of (A) linearly independent of x(¢; A) has the prop-
erty that

o dt
| omamy <= ®

A solution zo(t; \) satisfying (1) is called a principal solution of (A) (at t = 00),
and a solution z1(¢; ) satisfying (2) is called a nonprincipal solution of (A) (at
t=00).

We are concerned with the problem of finding principal solutions zq(¢; A) of
(A) which satisfy the boundary condition

xzo(a; \) = 0. (3)

This problem falls within the category of general eigenvalue problems formulated
by Hartman [2]. A solution z((¢; A) of this problem will be said to be a principal
eigenfunction and the corresponding value of A a principal eigenvalue. Our task is
to establish the existence of principal eigenvalues and count the number of zeros
of the corresponding principal eigenfunctions.

We begin by introducing the notation needed in stating the main results. With
regard to the function p(t) the following two cases are possible:

either
o dt
| e @)

o dt
/a m < 00. (5)

We define the functions P(t) and 7 (t) as follows:

t
/ ﬁ t > a, in case (4) holds; (6)

a DS
d
/ (6)’ t > a, in case (5) holds. (7)

or
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It is clear that P(t) — oo and w(t) — 0 as t — oo. Our fundamental hypotheses
on (A) are:

/OO P(t)q(t)dt < oo in case (4) holds; (8)
/00 m(t)g(t)dt < oo in case (5) holds. 9)

It is well known that (8) [resp. (9)] implies the existence of solutions zq(t; A) of
(A) satisfying the following boundary condition (10) [resp. (11)] at ¢ = oco:

Jim zo(t; \) = 1, Jim P(t)p(t)zy(t;A) =0 in case (4) holds;  (10)

Zo(t A) =1, lim p(t)zg(t; A) = —1 in case (5) holds. (11)

t—o00 71'(t) t—o00

Since this solution xg(¢; \) satisfies (1), we easily find that, under the condition
(8) or (9), the requirement that xo(¢; A) be a principal solution of (A) is equivalent
to the requirement that x(¢; \) be a solution of (A) satisfying (10) or (11).

One of the main results of this paper now follows.

Theorem I. Suppose that (8) or (9) holds. Then, there exists a sequence of prin-
cipal eigenvalues {\, }:
D<A < A << Ay <oy lim A\, = oo

such that the corresponding principal eigenfunction xo(t; \n) satisfying (10) or
(11) has exactly n zeros in (a,00), n=0,1,2,....

The proof of this theorem will be given in Section 1. It will be shown that
Theorem I follows from the corresponding result for the particular equation =" +
Aq(t)z = 0.

Let us now turn to the consideration of nonprincipal solutions of the nonoscil-
latory equation (A). A nonprincipal solution of (A) is by no means unique. It may
happen, however, that certain additional restrictions on the functions p(t), g(t)
and/or the asymptotic behavior of the solution determine a unique nonprincipal
solution z1(¢; A) of (A) for each fixed A. If this is the case one could speak of a
nonprincipal eigenvalue problem for (A) which consists in finding its nonprincipal
solutions x4 (¢; A) satisfying the boundary condition (3); such a solution x1 (¢; A) is
termed a nonprincipal eigenfunction and the corresponding value of \ a nonprin-
cipal eigenvalue. This kind of problem has not been studied in the literature.

For example, if we assume (8) or (9), then (A) has a nonprincipal solution,
non-unique, x1(t; A) such that

z1(t; A . .
Jim ;—E(t) ) =1, tlirgop(t)x'l tA) =1 in case (4) holds; (12)

tlim x1(t; ) =1, tlim m(t)p(t)z) (t;A) =0  in case (5) holds. (13)
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However, if we require that p(t) and ¢(t) satisfy the more stringent condition

/ T(P®)2q(t)dt < 0o in case (4) holds (14)
or

/OO q(t)dt < oo in case (5) holds, (15)

then there exists, for each A, a unique nonprincipal solution z1(¢; \) of (A) such
that

tlirglo[xl(t; A) — P(t)] =0, lim P(t)[p(t)x}(t; A) — 1] =0 in case (4) holds

t—o0
(16)
or
coa(tA) -1 . / :
thm 0 =0, thm p(t)x(t;A) =0 in case (5) holds. (17)
—00 T —00

From these solutions x4 (¢; ) one can extract a sequence of nonprincipal eigenfunc-
tions having the prescribed numbers of zeros as is shown by the following theorem
which is another main result of this paper.

Theorem II. Suppose that (14) or (15) holds. Then, there exists a sequence of
nonprincipal eigenvalues {\,}:
D< < << A <enn, lim A\, = o

such that the corresponding nonprincipal eigenfunction x1(t; \y,) satisfying (16) or
(17) has exactly n zeros in (a,00), n=10,1,2,....

We will prove this theorem in Section 2 by reducing the problem under study
to the corresponding problem for the simpler equation z” 4+ Ag(t)z = 0. We remark
that since (14) and (15) are stronger than (8) and (9), respectively, the hypotheses
of Theorem II guarantee the existence of both principal and nonprincipal eigenval-
ues for the equation (A). Section 3 will be devoted to a discussion of applicability
of Theorems I and II to the qualitative study of a certain class of linear elliptic
partial differential equations in exterior domains.

2 Principal eigenvalue problem
A) A reduced problem. Consider the particular equation
" + N(t)x =0, t>a, (B)

where ¢(t) is a positive continuous function on [a,00) and X is a real parameter.
Theorem I specialized to (B) reads as follows.
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Theorem 1. Suppose that

/Oo tq(t)dt < oo. (18)

Then, there exists a sequence of positive constants {\,}:

0< A <AL <o <A < oee lim A, = o0 (19)

n—oo

such that, for each A = X, the equation (B) possesses a solution xo(t; \) satisfying
the boundary conditions

xo(a; \p) =0, tlim xo(t; A\p) = 1, tlim tzo(t; An) =0 (20)
and having exactly n zeros in (a,00), n=10,1,2,....

We will show that Theorem I follows from its specialized version: Theorem 1.
First consider the case where p(t) and ¢(t) satisfy (4) and (8). In this case the
change of variables (¢, z) — (7,£) defined by

T=P(t), &N =a(t;N) (21)

transforms (A) into

§+AQ(T)E=0, 7=0, (22)

where a dot denotes differentiation with respect to 7 and Q(7) = p(t)q(t). Since
(22) is of the type (B) and since

/0 T rQ(rydr = / " Pyt <

by (8), it follows from Theorem 1 that there exist a sequence of positive constants
{An 52 satisfying (19) and the corresponding sequence of solutions {&o(7; A\ ) }22,
of (22) such that

£0(0;A,) =0, lim & (T 0\,) =1, lim TfO(T;)\n) =0. (23)

Define xo(t; A\n) = & (P(t); An). Then, x(t; A\,,) is clearly a solution of (A) on
[a,00), and in view of (21), (23) implies that it satisfies the boundary conditions
(3) and (10).

Next suppose that p(t) and ¢(t) satisfy (5) and (9). Perform the change of
variables (t,z) — (7,7) given by

T=—, n(T; A) = 1(t; N). (24)
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The equation (A) then transforms into

i+ AR(T)p =0, 712>

(25)

where a dot denotes differentiation with respect to 7 and R(7) = p(t)q(t)/7*. In
view of (9) we have

/ TR(T)dT = / m(t)q(t)dt < oo,
1/7(a) a

and so applying Theorem 1 to (25) we see that there exists a sequence of positive
constants {\, }22, satisfying (19) and the corresponding solutions {7o(7; An)}52,
of (25) such that

——An) =0, lim no(7;An) =1, lim 70 (7; A\p) = 0. (26)

Define o (t; A) = w(t)no(1/m(t); An). As it is easily seen, z¢(t; A,,) is a solution of
(A) on [a,0) and satisfies the boundary conditions (3) and (11). Thus the proof
of Theorem I is reduced to that of Theorem 1.

B) Proof of Theorem 1. The condition (18) ensures the existence of a unique
principal solution xo(¢; \) of (B) such that

Jim zo(t; \) =1, Jim tzy(t; A) = 0. (27)

This zq(t; A) is characterized as the solution to the integral equation

zo(t; \) =1— )\/too(s —t)q(s)xo(s; N)ds, t>a, (28)

and is subject to the estimate

oo

o (V)] < exp [|)\| / Sq(s)ds} — K\, t>a (29)

For this fact, see e.g. Hille [3, Theorem 9.1.1 and its proof].

We need only to examine positive values of A, since the boundary condition
zo(a; A) = 0 is not satisfied for A <0.

A simple consequence of (28) and (29) is that zo(¢; \) is positive on [a, c0) if
A > 0 is so small that

AK(N) /00 sq(s)ds < 1

that is, zo(¢; A) has no zero in [a, 00) for such small values of .
It can be shown that xo(¢; A\) has a zero in (a,00) if A > 0 is sufficiently large
and that the number of zeros of xy(t; A) in [a, o), denoted by N|[xo()\)], tends to
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o0 as A — oo. In fact, let & € N be given. Put ¢, = min{q(t) : a < ¢t < a + 7}
and define A\, = k?/q.. Then, A > \; implies A\q(t) > k? on [a,a + 7]. We now
compare (B) with the harmonic oscillator y” + k?y = 0. Noting that a solution
y(t) = sink(t — a) of the latter equation has k + 1 zeros in [a, a + 7], we conclude
from Sturm’s comparison theorem that every solution of (B), and hence x¢(¢; A),
has at least k zeros in (a,a + 7) provided A > Ag. Since k is arbitrary, it follows
that N[zo(A)] — oo as A — 0.
We now make use of the Priifer transformation:

zo(t;A) = p(t; A)sinp(t; A), @t A) = p(t; A) cos p(t; N), (30)
or equivalently,
p(t:N) = [(ao (1) + ()] F > 0,
zo(t; \) (31)
zo(t; A)

As it is well-known, p(t; A) and ¢(t; A) are continuously differentiable functions of ¢
on [a,00), and ¢(t; A) satisfies the differential equation

p(t; ) = arctan

¢’ (t;0) = cos® p(t; \) + Ag(t) sin® p(t; \), t > a. (32)

Note that the boundary condition (27) imposed on zo(¢; A) at t = oo corresponds
via (31) to the “terminal” condition for ¢(t; A):

lim @(t; \) = g (mod ).

t—o0
There is no loss of generality in requiring at the outset that
™

Jim p(t4) = 3 (33)

We will prove that, for each fixed t > a, ¢(¢;A) is a continuous decreasing
function of A > 0. From the equation

xMtM—mﬁuﬂ=—A[m@—ﬂdﬁhdaM—xM&mws

4A—m1m@—waﬁm@WMa

which follows from (28), we see with the use of (29) that u(t) = |xo(t; A) —xo(t; )]
satisfies

u(t) < |A— ,u|K(,u)/ sq(s)ds + )\/ sq(s)u(s)ds, t>a.
a t
Using the Gronwall inequality and an easy calculation one may conclude that

o0

MQSM—MKQMWU/ sqls)ds,  t>a,

a
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which shows that xq(¢; A) is continuous with respect to A. The continuity of z((¢; A)
with respect to A follows from the relation

2ot \) = )\/ q(8)zo(s; N)ds, t>a.
t

Then (31) implies that ¢(¢; A) is continuous with respect to A.
The decreasing property of p(t; A) with respect to ) is verified by contradiction.
Suppose that

(b A) > o(b; p) (34)

for some b € [a, 00) and A and g with A > p > 0. Since the right-hand side of (32)
written as cos? ¢+ Aq(t) sin? ¢ is increasing with respect to A, the initial inequality
(34) implies that

e(t;A) > @(t;p)  fort >,

or
ti A t;
arctan zo(t:A) > arctan M, t>b.
g (t; A) o (t; 1)
Consequently, there exists ¢ > b such that
t; A t;
2N zolbip) =y (35)

zo(t;A) ~ gt )’ -
Put
X (A, p) = wo(t; N (& 1) — 2 (6 \)zo (& ).
Then X (¢; A\, p) > 0,¢ > ¢, by (35), and since

X't 1) = (A= pa)zo(t; Nzo(t; ) >0, t>c,

provided c is taken sufficiently large, X (¢; A, p) tends to a positive constant as
t — oo. But this is impossible, since the boundary condition (27) implies that
X(t; A, u) — 0 as ¢ — oo. Therefore, ¢(t; \) must be a decreasing function of
A > 0 for each fixed t > a.

Finally consider the values ¢(a;A) for A > 0. Since ¢(t;A) is an increasing
function of ¢ for fixed A > 0, we have p(a; A) < m/2 (cf. (33)). If A > 0 is sufficiently
small, then ¢(a; A) > 0, because z(t; A) has no zero in [a, c0) as proven above. On
the other hand, the fact that N[xzo(A)] — oo as A — oo shows that ¢(a; \) — —c0
as A — oo. Since p(a; \) is decreasing with respect to A > 0, for every n € NU{0},
there exists A, > 0 such that

ola; \p) = —nm, (36)

which means that the principal solution xo(t; A,) of (B) satisfies the boundary
condition zg(a; A,) = 0 and has exactly n zeros in (a,00). It is almost trivial to
see that (19) holds for the sequence of principal eigenvalues {),}. This completes
the proof of Theorem 1.
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Remark. It is well-known [6] that the equation (A) is nonoscillatory for all A > 0
if and only if

tlggl() P(t) /tOO q(s)ds =0 in case (4) holds; (37)
im oowszss: in case (5) holds
Jim = [ (w(s) Palo)ds = 0 (5) holds. (39)

The condition (8) or (9) required in Theorem I is stronger than (37) or (38),
respectively. We conjecture that an analogue of Theorem I will hold under the
most general condition (37) or (38).

3 Nonprincipal eigenvalue problem

Let us turn to the nonprincipal eigenvalue problem for (A) mentioned in the In-
troduction. As in the preceding section it can be shown that our main result,
Theorem II, follows from the corresponding result for the particular equation (B).

Theorem 2. Suppose that

/ T 2t < o (39)

Then, there exists a sequence of numbers {\,}:

0< A <A <ee <Ay < oee lim A, = oo (40)

n—oo

such that, for each A = X, the equation (B) possesses a solution x1(t; A\,,) satis-
fying the boundary conditions

z1(a; A\p) =0, tlim [z1(t; An) — t] = 0, lim ¢z} (L A) — 1] =0 (41)

t—o0
and having exactly n zeros in (a,00), n=0,1,2,....

We will give a proof of this theorem, leaving the reduction of Theorem II to
Theorem 2 to the reader.

Because of (39) there exists, for each A, a unique nonprincipal solution x1(¢; \)
of (B) such that

Jim [z1(t; \) — t] =0, Jim tlay(t;A) — 1] = 0. (42)

This solution is characterized as the solution to the integral equation

z1(t; ) =1t — )\/too(s —t)q(s)x1(s; N)ds, t>a, (43)
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and this enables us to obtain the estimate

() — 1] < MK /OO 2q(s)ds = L),  t>a, (44)

a

where K () is the constant defined in (29). For the details the reader is referred
to Hille [3, Theorem 9.1.1].
Since

x1(t; N) —x1 (b p) = —/\/too(s —t)q(s)[x1(s; N) — x1(s; u)]ds
0= [ ouen s,z

using (43), we see that the function w(t) = |z1(¢; A) — 1 (¢; )| satisfies

)< A — ,u|/ s + L( )]ds—|—|)\|/ (s)u(s)ds, t>a,

and hence we have

o0

) < W= MG esp | [ satoyas] ez

where

M) = [ sa(s)ls + Lwlas.

This shows that x1(¢; A) is a continuous function of A for each fixed ¢ > a. The
continuity of 2 (¢; A\) with respect to A follows from the equation

i\ =1+ )\/ q(s)z1(s; \)ds, t>a.
t

Nonnegative values of A [or negative values of \] may be excluded from our
consideration in the case a > 0 [or in the case a = 0], since it follows from (A)
and (43) that x1(¢; \) is unable to satisfy the boundary condition z1(a; A\) = 0 for
such values of \.

Now we perform the Priifer transformation:

z1(t;A) = p(t; N sinp(t;A),  21(6A) = p(t; A) cos p(t; A), (45)

or equivalently

=

p(t;A) = [(x1(t X)) + (21 (8 )] >0,
71 () (46)

t; \) = arctan
PN A
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The function ¢(t; A) satisfies (32), and so it is an increasing function of ¢ for A > 0.
Also, ¢(t; A) is continuous with respect to A, since so are x1(¢; A) and ) (¢; \) as
stated above.

From (45) and (42) we have p(t; \)/t — 1, sinp(t; A) — 1 and cos p(t;A) — 0
as t — oo, which implies that

lim @(t; \) = g (mod ).

t—o0

To fix the idea we suppose that

JHm (8 A) = g (47)

Proceeding exactly as in the proof of Theorem 1 we can show that the number
of zeros of z1(¢; A) in [a,00) can be made as large as possible if A > 0 is chosen
sufficiently large. It follows that ¢(a; \) — —o0 as A — oc.

To examine the values ¢(a;\) for small A > 0, we distinguish the two cases:
either a = 0 or a > 0. Consider the case where a = 0. Let A = 0. Then, x1(¢;0) = ¢
by inspection. This solution has no zero in (0, c0). It should be noted that x4 (¢;0)
itself is a nonprincipal eigenfunction for (B) corresponding to a nonprincipal eigen-
value A = 0. Next consider the case where ¢ > 0 and claim that z1(¢; A) > 0 on
[a, 00) for all sufficiently small A > 0. In fact, let A > 0 be small enough so that

A / "~ sq(s)]s + LO\ds < a,

where L(\) is defined in (44). Then, from (43) and (44) we obtain

oo

n1(6N) 2 a2 [ sqls)iar (5 ]ds

a

>a— )\/Oo sq(s)[s + L(X\)]ds > 0, t>a.

It remains to establish the decreasing property of p(¢; A) with respect to A > 0.
Suppose to the contrary that ¢(b;\) > ¢(b; u) for some b € [a,00) and A and p
with A > p > 0. Applying the argument which derived (35) from (34), we see that
the function

Xt A 1) = 21( )2y (8 1) — 24 (6 N2 (6 1)
and its derivative X'(¢; A, 1) are positive for all sufficiently large ¢. It follows that
X (t; A, i) tends to a positive constant or co as t — co. On the other hand, using
the relation

X(t; A p) = [w1(t; N) = tay (8 ) — [ (5 ) — t]2) (5 )
—tlzh (6 A) — 1]+t (t p) — 1]

and (42), we find that X (¢; A\, 1) — 0 as t — oo. This contradiction proves that
©(t; A) is a decreasing function of A > 0 for each fixed t > a.
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From the above observations we conclude that, for every n € N U {0}, there
exists A, such that ¢(a;\,) = —nm, so that x1(¢; \,) is a desired nonprincipal
eigenfunction for (B). It is clear that the sequence of eigenvalues {\,} satisfies
(40). Note that A\g = 0 if a = 0 and A9 > 0 if @ > 0. This completes the proof of
Theorem 2.

Example. As an example of equations to which Theorems 1 and 2 apply we give
Halm’s equation ([3, p. 357])

o+ N1+t 2 =0, t>0.

4 Application to elliptic equations

Our purpose here is to show that Theorems I and II can be applied to a qualitative
study of elliptic partial differential equations of the type

Au~+ Ae(|z])u =0, x € Eq, (C)

where z = (21,...,25) ERY, N > 2, |z| = (ZX x2)1/2, A is the N-dimensional

1=1%"1%
Laplace operator, E, = {z € RY : |z| > a}, a > 0, ¢(t) is a positive continuous
function on [a,0), and A is a real parameter. We are interested in the existence
of radially symmetric solutions u(z) which satisfy the Dirichlet condition

u(r) =0, x€9E, ={x e RY : |z| = a}. (48)

Radial symmetry of a solution means that it depends only on |z|, that is, it is of
the form u(z) = y(|z]).

It is easy to see that a radially symmetric function u(z) = y(]z|) is a solution of
the exterior Dirichlet problem (C)—(48) if and only if the function y(t) is a solution
of the ordinary differential equation

Ny XN ety =0,  t>a (49)
satisfying

y(a) = 0. (50)

pt) =t""1  and  q(t) =t""le(d). (51)
We note that:
(i) (4) holds if and only if N = 2, in which case the function P(t) defined by (6)

1S

t
P(t) =log o t>aq; (52)
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(ii) (5) holds if and only if N > 3, in which case the function 7(t) defined by (7)
is

t2_N
= — > a.
7(t) N3 t>a (53)
Therefore, the conditions (8), (9) reduce to
/ H(log £)e(t)dt < oo, (54)

/OO te(t)dt < oo, (55)

and the conditions (14), (15) to
/ t(logt)c(t)dt < oo, (56)
/ tN=Le(t)dt < oo, (57)

The next result follows from Theorem I applied to (49)—(50).

Theorem 3. (i) Let N = 2 and suppose that (54) holds. Then, there exists a
sequence of positive numbers {\,}:

D<A <A << Ay <ee gy lim A\, = o0 (58)

n—oo

such that, for each X = A, the exterior Dirichlet problem (C)—(48) possesses a
radially symmetric solution u(x; \,,) satisfying

‘ l‘im u(z; Ap) =1 (59)
and having exactly n spherical nodes in the interior of E,, n=0,1,2,....

(ii) Let N > 3 and suppose that (55) holds. Then, there exists a sequence of
positive numbers {\,} with the property (58) such that, for each A\ = \,, the
problem (C)—(48) possesses a radially symmetric solution u(x; A,) satisfying

lim |z|N " 2u(z; A,) =1 (60)

|| —o0
and having exactly n spherical nodes in the interior of E,, n=10,1,2,....

Theorem II specialized to (49)—(50) yields another result for the exterior Dirich-
let problem under consideration.

Theorem 4. (i) Let N = 2 and suppose that (56) holds. Then, there exists a se-
quence of positive numbers {\,} with the property (58) such that, for each A = A,
the problem (C)—(48) possesses a radially symmetric solution u(x; \,) satisfying

w(@;An)

im 61
|z|—oo  log || (61)
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and having ezxactly n spherical nodes in the interior of Fq, n=0,1,2,....

(ii) Let N > 3 and suppose that (57) holds. Then, there exists a sequence of
positive numbers {\,} with the property (58) such that, for each A\ = )\,, the
problem (C)—(48) possesses a radially symmetric solution u(x; \,) satisfying

lim wu(z;A,) =1 (62)

|z|— o0
and having exactly n spherical nodes in the interior of E,, n=0,1,2,....

Remark. A related problem for (C) in the entire space RV has been studied by
Naito [5] and Kabeya [1].
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1 Introduction

There are many concrete problems in mechanics with non-smooth nonlinearities.
Such discontinuities arise in the context of modelling Coulomb friction [1,3,9,19].
One of the simplest examples for such problems is provided by the pendulum with
dry friction given by

F4+ax+pusgnd =(t). (1)

Here sgnr = r/|r| for r € R\ {0}. Equation (1) is studied for the periodic case
in [7] and for the almost periodic case in [8]. Also a rather complete picture of
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the asymptotic behaviour of (1) is derived. The range of u is found such that
nontrivial almost periodic and periodic motions exist. The question of uniqueness
of such motions is studied as well.

The numerical analysis is presented in the papers [26,27,28] for a mechanical
model of a friction-oscillator with simultaneous self- and external excitation given
by the equation of motion

&+ x = Fr(v,) + ug cos 2t (2)

where uq, {2 are positive constants, v, = vg — & is a relative velocity and Fg is the
friction force defined by

Fr(v.) = pw(v.)Fnsgn (v.) for the slip mode v, #0
Fr(vy) = x(t) — ug cos 2t for the stick mode v, =0.

Here p(v,) is a friction coefficient and Fl is the normal force. Three different
types of friction coefficients u(v,) are studied in [26,27,28] including the Coulomb
one p(v,) = 1, v, # 0. The bifurcation behaviour and the routes to chaos of (2)
are investigated for a wide range of parameters. The influence of these three types
of friction coefficients is described and the admissibility of smoothing procedures
is examined by comparing results gained for non-smooth and smoothed friction
coefficients. These papers [26,27,28] present a nice introduction to the phenomenon
of dry friction problem as well.
The boundedness of solutions of the equation

F+x+psgne =P(t) (3)

is studied in [23] as well as the existence of infinitely many periodic and quasiperi-
odic solutions of (3) is established for all 1 > 0 sufficiently large.

By using Lyapunov exponents, the qualitative analysis for (1) and for a similar
friction-oscillator is given in [20] and [21], respectively. A numerical analysis of the
same friction-oscillator is presented in [22].

Finally, let us note that equations of the type (1) also appear in electrical

engineering (see [1, Chap. III]), related problems are studied in control systems
(see [31]) as well, and dry friction problems were investigated already in [29], [30].
This note is based on recent results derived in the papers [10,11,12,13,14,15]. We

focus on concrete examples rather than presenting theoretical results. In Section 2,
we give examples with chaotic solutions. Section 3 deals with bifurcation of periodic
solutions for a friction-oscillator. A problem with small relay hysteresis is studied
in Section 4.

In this paper, the dry friction is modelled by the Coulomb law [9], [19] which
includes a static coefficient of friction pg and a dynamic coefficient of friction pg.
If us = pg = p, then the friction law may be written as © — psgnz. On the
other hand, since usually pus > pg, the smooth approximation of sgnr given, for
instance, by

1
®(r) = —(Tarctan8sr — Harctandsr), s> 1
T
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seems to be physically more relevant than the mathematically convenient approx-
imation of the form

2
r — —arctansr, s> 1.
T

The function @ has two symmetric spikes at r = is—‘/f of the values

1
:I:—(?arctan\/g - 5arctan\/76) = 41,2261344 .
™

Moreover, ®(r) is close to 1 or —1 when r > 0 or r < 0, respectively, tends off
0. Summarizing, we can take for any n > 0, { > 1,0 < k¥ < 1 the multivalued
function Sgn, ¢ . defined by

-1 for r < —n,

[—¢, —kK] for —n<r<o0,
Sgny ¢x =4 [—(, (] for r =0,

[k, (] for 0 <r <mn,

1 forr >n.

The term Sgn, ¢ .. & can be viewed as an extension for modelling dry friction in-
cluding static and dynamic frictions as well.

2 Chaos in Dry Friction Problems

Dry friction forces acting on a moving particle due to its contact to walls have
in certain situations the form wu(z)(go(&) + sgn), where z is displacement from
the rest state, & is velocity, u and gy are non-negative bounded continuous, and
sgnr = r/|r| for r € R\ {0}, see [1,5,19]. If there is also damping , restoring and
external forces, the following equation is studied

&+ g(x) + prsgnd + pod = psy(t), (4)

where pi1, 12, 3 € R are small parameters, g € C?(R,R), g(0) =0, ¢’(0) <0, ¥ €
C1(R,R) and v is periodic.

If a smooth small perturbation is included in (4), then by using a method de-
veloped in dynamical systems (see [18]), it would be possible to show the existence
of chaos for such ordinary differential equations.

By introducing the multivalued mapping

sgn r for r #0,
Sgnr =
[-1,1] forr=0,

(4) is rewritten as follows

&+ g(x) + pod — p3tp(t) € —pa Sgni . (5)
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By a solution of any first order differential inclusion we mean a function which is
absolute continuous and satisfying differential inclusion almost everywhere.

We assume the existence of a homoclinic solution w of & + g(z) = 0 such that
tligloow(t) =0 and w(0) > 0.

Lemma 1. ([14]) There is a unique to € R satisfying w(to) = 0. Consequently,
w(t) >0, Vt <ty and w(t) <0, Vt > t.

We consider a mapping M,,, i = (p1, p2, 3), of the form

oo
oo

Myla) = ~2eto)a —pa [ GP()ds s [ as)uls+a)ds.

— 0o
— 00

Since w(0) > 0, Lemma 1 implies w(tp) > 0. By putting

Ala) = /Oo w(s)Y(s+a)ds,

— 00

we arrive at
o0

My(a) = Ala)ps — 2o(ta)pr — i [ @P(s)ds.
We note that A is periodic and C'-smooth. We put /m = min A, M = max A. By
applying results of [12], we obtain the following theorem.

Theorem 2. Assume that A has critical points only at mazximums and minimums.
Then there is an open subset R of R® of all sufficiently small (u1, a2, u3) satisfying
w3 7£ 0 together with

2w(to)pr + pe [ *(s)ds
m < = <M,
H3

on which equation (4) has chaotic solutions in the following sense:

IfJ: € ={E: E €{0,1}*} — & is the Bernoulli shift defined by J({e;};ez)
= {é;}jcz, € = ejy1, then for any p € R and m € N sufficiently large, (4)
possesses a family of solutions {me}Eeg such that

(i) E — xpm, g is injective;
(i) @y, 5(p)(t) is orbitally close to x, g(t + 2m), where £2 > 0 is the period
of V.

To be more precise, we consider Duffing-type equation (4) with g(z) = —z +
23, 1)(t) = cos t. Hence (4) has the form

& — x4 20 + pysgnd + pod = pzcos t. (6)
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Then (see [18]), w(t) = secht. So we have

Ala) = / sech s cos (s + ) ds = Wsechg sin «a,

— 00

oo

and M = —m =msech %, to =0, w(to) =1, [ w?(s)ds=2/3.

Corollary 3. Equation (6) has chaotic solutions in the sense of Theorem 2 pro-
vided that the parameters uy, po, us are sufficiently small satisfying

0 < 37|us] sechg < |6u1 + 2u2] .
The next example is a modification of (4)

.. n . .
T+ dg(x)+ —=x+Y(t)sgnt =0, 7
g(x) 7 P(t)sg (7)
where g € C%(R,R), g(0) = 0, ¢'(0) < 0, § > 0 is a large parameter, 1) €
C1(R, (0,00)) is periodic and 7 is a constant. We assume the existence of a ho-
moclinic solution w of & + g(x) = 0 such that . liin w(t) =0 and w(0) < 0. Then
again there is a unique to € R satisfying w(tp) = 0. Consequently, w(t) < 0, Vit <
to, w(t) >0, Vt >ty and w(to) < 0.
The equation (7) is rewritten in the form

et=y, e=+/1/¢6
e = —g(z) —*(ny + ¥(t) sgny) . (8)

Hence (8) is a singularly perturbed discontinuous problem. Results of [12] imply
the next theorem.

Theorem 4. If the function

o0

M(a) = 2¢(a)w(to) — 17/ W2(s)ds

— 00
has a simple root, then for any § > 0 sufficiently large, equation (7) has chaotic

solutions in the sense of Theorem 2.

We consider again the Duffing-type equation (7) of the form

G4 8(—z +20%) + g + (2 + cos t)sgnd = 0. 9)

Vo

Hence g(r) = —x + 223, ¥(t) = 2+ cos t, w(t) = —secht, tg = 0, w(ty) = —1.
Consequently, Theorem 4 gives the next corollary.

Corollary 5. Equation (9) has chaotic solutions in the sense of Theorem 2 pro-
vided that 6 > 0 is sufficiently large and n € (=9, —3).
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3 Bifurcation of Periodic Solutions

Consider a mass attached to a mechanical device on a moving ribbon with a speed
vg > 0. If there is also an external force and damping then the resulting differential
equation [1,3,9] has the form

2+ q(x) + pasgn (& — vo) + pet = ussinwt, (10)

where sgnr corresponds to the dry friction between the mass and ribbon, ¢ €
C?(R,R) represents the force of the mechanical device and p1, pa, 3, w > 0 are
constants. Since sgnr is discontinuous in r = 0, (10) is considered as a perturbed
differential inclusion of the form

=y, Y€ —q(x)—p1Sgn(y—vo)— p2y + pzsinwt. (11)
1\/.[OTEEOVGI'7 we assume

(i) There are numbers 0 < ¢ < e and a C2-mapping 7: (¢, e) x R — R such that
~(6,t) has the minimum period 6 in ¢, 4(6,0) = 0 and ~(6, -) is a solution
of &+ ¢(x) =0.

If ¢ < 27/w < e then we take

27w

Ba) = / sinw(t + )3 (2 fw, t) dt
0

Since B is periodic, we put 7 = min B, M = max B.

Theorem 6. Let vy > 0 be sufficiently small and let B have only critical points at
minimums and mazimums. If (i) holds and ¢ < 27 /w < e, then for any sufficiently

small p = (1, p2, p3), ps # 0 satisfying
27w

< i(m 0/ A2 (2 fw, t) dt + 24 |y (27 fw, T /w) — 7(27T/w70)|) <M,

equation (10) has a 2w /w-periodic solution in a neighbourhood of the family v(0,t),
0 € (c,e) from (i).

Proof. We apply Corollary 3.2 of [10]. The formula (3.6) of [10] has the form

27w

My () = / h(s)3(2r fw, s)ds | h € L2(0,27/w),
0

h(t) € p1 Sgn (§(2m/w, t) = vo) + p2y(2m/w, t) — pz sinw(t + )
a.e. on [O,27T/w]}.
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Lemma 5.5. of [10] gives that 4(27/w,0) = 0, ¥(27/w, 7/w) = 0 and ¥(27/w, t) #
0Vt € (0,2r/w) \ {m/w}. Since ¥ + g(v) = 0, we see that ¥(27/w,0) # 0,
Y27 /w,m/w) # 0. Consequently for vy > 0 sufficiently small, 5(27/w,t) = wvo
has the only solutions ¢1(vo) + k27 /w, t2(ve) + k27 /w, t1(vy) < t2(v), where
k € Z. Moreover, either ¢;(0) = 0, t2(0) = 7/w or #1(0) = 7/w, t2(0) = 27/w,
and 1,2 are smooth and 4(27/w,t) > vo on (t1(vo), t2(vo)); ¥(27/w,t) < vy on
(t2(vo), t1(vo) + 27 /w). Hence we obtain

27w
My (@) =piz / Y2 (2m jw, t) dt + 21 (7(27/w, t2(v0)) — Y (27 /w, t1(vo))
0
27w
— u3 sinw(t + o)y (27 /w, t)dt.
/
We note
27w
Muole) = e [ 52(@n/w,0)dt+ 24| (2 mf) = 2 (2mf,0)| — paB).

0

The assumptions of our theorem imply that M, ,, changes the sign on R for vy
sufficiently small and for p given in the theorem. Consequently, Corollary 3.2 of
[10] can be applied to (10). The proof is finished. O

We refer the reader for more examples to [10].

4 Systems with Small Relay Hysteresis

In this section, we deal with relay hysteresis [2,24,25]. So there is given a pair of real
numbers o < @ (thresholds) and a pair of real-valued continuous functions h, €
C([a, ), R), h, € C((—o0, 5], R) such that hy(u) > he(u)Vu € o, §]. Moreover,
we suppose that h,, h. are bounded on [, 00), (—o0, 3], respectively.

For a given continuous input u(t), t > o, one defines the output v(t) = f(u)(t)
of the relay hysteresis operator as follows

hou(®) —if u(t) 2 6,

_ Jhelw®) i ut) < a,
fu)(t) = ho(u(t)) if w(t)€(a,B) and wu(r(t)) =0,
he(u(t)) i u(t) € (. 8) and u(r(t) = o,

where 7(t) = sup{s: s € [to,t], u(s) = a or u(s) = B}. If 7(¢t) does not exist (i.e.
u(o) € (a, B) for o € [to,t]), then f(u)(o) is undefined and we have to initially set
the relay open or closed when u(tg) € («, ). Of course, when either h,(5) > he(5)
or ho(a) > he(a) then f(u) is generally discontinuous.
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Let us consider the problem
Y=gty —y=nfly), (12)
where ;1 € R and f is of the form
a=—-0, =90, 6>0, ho=g+p, he=g-—p
with p > 0 constant and g € C*(R, R).

Theorem 7. If g > § is a simple oot of the function

2m

2 6 . .
4p< 1—9—2—§)+/g(951nt)51ntdt,
0

then there is a constant K > 0 such that for any p sufficiently small there are 8,,,

Wy, 100 —0u] < Klpl, lwo —wy| < Klp|, wo = —2% und a 27(1 + pwy,)-periodic

2
CH

solution y,, of (12) satisfying

sup |y, (t) — 6, sin 1 < K|pl.

teR
Proof. We apply Theorem 2.2 of [15], by taking

02(5500)7 ¢1(t):¢1(t)281nt5 9>57

P2(t) = Ya(t) = cost, n(0,t) =0sint, to= arcsiné .

0
The formula (2.8) of [15] has the form
M(wa 0) = (Ml(w7 9)7 MZ(L‘)7 9)) )
where
2 to+m
Mi(w,0) = /w(ﬁcost +20sint — 360 cost) sint dt + / (9(fsint) + p)sintdt
0 to
to+27m 52 2
+ / (g(@sint) — p)sint dt = 2mbw + 4py /1 — 2 + /g(@sint) sintdt,
to+m 0
2 to+m
Ms(w,0) = /w(@ cost + 20sint — 36 cost) cost dt + / (9(fsint) 4 p) costdt
0 to
to+2m
. op
+ (g(@sint) — p)costdt = —2mlw — 4? .
to+m

Clearly (wo, 6o) is a simple zero of M. Consequently, [15, Theorem 2.2] implies the
result. The proof is finished. a

More examples are given in [15].
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Abstract. The aim of this contribution is to present a new result concern-
ing asymptotic expansion of solutions of the heat equation with periodic
Dirichlet—Neuman boundary conditions with the period going to zero in
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1 Introduction

In the recent paper [3, Filo-Luckhaus| we have determined the first two terms in
the asymptotic expansion (with respect to a small parameter ¢) of the solution
ue = ue(x,t) to the following problem:

Ou,
ot
Ou,
ov

Ue

Ue

= Au. + f(z,1)

=¥(z,t) — o(x, t)u.

=

in 2 % (0,T),

on n® x (0,7T), (1)
on d® x (0,T),

on 2 x {t =0}.

* Supported by VEGA grant 1/4195/97 (Slovak Republic)
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Here 2 C R? is a bounded domain whose boundary is given by a C? simple closed
curve I,

I'={(p(),qn); 0<7 <7}, @)+ (1) =1,
a is 27 periodic function such that

[0 : ocem—bn+0]
CORS FEA A A

for some ¢ € (0, 7),

nsz{xEF, x = (p(1),q(1)), a(g) =1, 0<7‘<7T},
dsz{xef; x = (p(7), q(1)), a(%) =0, 0<7’<7T}
and
7! is an even integer .

We have shown, under certain smoothness assumptions on the data f, o, ¥ and
p, that

ue = u+eu' +e0(e) , (2)
where
O(e) — 0 strongly in L,(2 x (0,7)) if e—0
for any p, 1 <p <4 and

Ue —

Y o0 — ) weakly in Lo(I" x (0,T)) . (3)

The functions u and u! are solutions of the problems

%:Au—f—f(x,t) in 2 x (0,7),
w=0 on I' x (0,T), (4)
u=¢ on 2 x {t =0},
and
66—“; = Aul in 2% (0,7),
ul = wo (0 — 24) on I x (0,7), (5)

ul =0 on 2 x {t =0},
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respectively. Here

1 T
wy = —/ w(x1,0)dxy
0

™

where w = w(x1,z2) is the unique nonnegative 27 periodic (in the x; variable)
solution of the following boundary value problem

a(z) (g—;;(xl,O) + 1) + (1 —a(x1))w(x1,0) =0 for z1 € R,

satisfying

||w||Loo(R2+) —l—/o /0 |Vw|2(x1,x2)dx1dx2 < 00 .

Moreover, we have demonstrated, that

Ue — U <Oz

Lo (I'x(0,T7))

— we (¥ — Oyu)

£

for

9 9

we () = w (@7 @)

where the functions 7,6 are defined for x € 2 sufficiently close to I" such that
0(x) = dist(z, I') and

P (7(2))(z1 = p(7(2))) + ¢ (1(2))(v2 — q(7(2))) = 0.
In addition,

Ue — U
£ —w.G — ut

—wog
weakly in V,"°(£2 x (0,T)), where

G(x,t) = 9(x, 1) — £(x)Ouu(p(r(x)), ¢(7(x)), 1)

and ¢ is a cutoff function that equals 1 in a neighbourhood of I" and £(z) = 0 for
any x € (2, dist(xz,I") > dp for some positive Jg.
For definitions of function spaces we refer to [, Ladyzenskaja at al.].

It is the aim of this contribution to present a generalization of the previous
result to the case of more space dimensions developed in [4, Luckhaus—Filo].
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2 Motivation

Our original goal was to study flow problems in porous media with a part of the
boundary covered by a fluid. For one incompressible fluid in porous medium one
has to solve the equation

WD) — 3 (ko)) (VT +¢)), ()

where p is the unknown pressure, 6 the water content, k the conductivity of the
porous medium, and —e the direction of gravity (see [I, Bear|, for mathematical
treatment of (6) [2, Alt - Luckhaus], for example).

The part of the boundary, which is covered by the fluid and where the infil-
tration takes place is supposed to behave like a impervious layer with many small
holes. It is assumed that the holes are distributed uniformly and create a periodic
structure with period €. The pressure is supposed to be 0 on the holes, where the
fluid infiltrates into the porous medium, and the condition (k(0(p))(Vp+e))-v =0
is assumed to be satisfied on the impervious part of the boundary. As the period
and the diameter of the hole is of order € and the domain occupied by the porous
medium is large, it is natural to let £ — 0 and to ask on the behaviour of solutions
to (6).

However, since this nonlinear problem was not yet treatable, we have studied
the heat equation, i.e. equation (6) with

O(p)=p, k(@(p))=1 and e=0.

3 Model Problem in R3

Let A be the square in R?, i.e. A = (0,2¢) x (0,2¢) for some positive ¢ and
0: R? — R, Ry = (0,00) be a smooth function, say, C3(R?), even and 2¢-periodic
in each of its variable. Points in R?® are denoted by z = (Z,73) Z = (z1,22) and
we define

R={zcR®| €A, 0z <3 <d}
for some positive d greater than the maximum of the function 8 and define
I'={z€d| z3=0(z), T € A}.
Now let F ={z € A| |70 <&}, £=(£¢) for some 0 < § < £ and set

i 0 : zeF
a(a:)z{l T EeA\F.

Denote by a(z) for z € R? the 2¢-periodic extension of the function @ on the whole
R2. Let ¢! =2F for k € {0,1,2,---}, define

D ={zxel| ale1z) =0}, Ds. =D x (0,T),

Ne={zerl| ale'z) =1}, L =N x(0,7T),
D={zeR?| a(z) =0}, N={zeR?| a(z) =1}
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and for simplicity of notation we put dyu = du/dt, d,u = Ou/dv ete.

Consider now the problem

Opue = Au, + fo(z,1) in 27,
Oyue = Ve(x,t) — o (T, t)ue on N5,

ue =0 on D5, (7)
O,us =0 on (02 \ I')r,

Ue = U on 2 x {t=0}

under the following assumptions:
(A) fo, f, f1 € La(27) and such that
Je—f

- — f1 in LQ(QT);

(B) o0, 0t0c € Loo(I'r) for any e and there exists a positive constant C' indepen-
dent of € such that |loc||_(ryy < C;
(C) Y¢,9, 9. € La(I'r) and such that

Je — 9 in  Ly(Ir);

(D) u§, up € Wi(£2), ug =0 on I', u§ = 0 on D, u! € Ly(£2) and such that

e _
i) - RN in Ly(0).

We prove that asymptotic expansion (2) holds in the sense that
Ok) — 0

weakly in Lo(f2r) and strongly in Lo(£2}.) for any subdomain £2* C 2 with a
positive distance from I, and, comparing to (3),

Us — U

(xz,t) — wo(z) (W(z,t) — du(z,t)) (8)

€

(weakly in) in Lo(I77). Here, similarly as above (see (4) and (5) above) u is the
unique solution of the problem

Ou = Au+ f(z,1) in £2p,
u=20 on I,
9)
Oyu=20 on (02\ I,

u=1up on 2 x {t =0},
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u! is the unique very weak solution of the problem

Out = Aut + fl(z, ) in 27,
u' = wo(x) (W(x,t) — du(x,t)) on Iy,
(10)
dul =0 on (02\ I')r,
ul =0 on 2 x {t =0},
and the function wg(z) is defined for z € I" as follows:
w= [ [t
w = w(x;y) is the unique bounded nonnegative solution of the problem
_ 3
Zayk<2m y)) =0 ye Ry
(fE,y,O)—O gGD, (11)
Oow
1 ; 77 O =1 y € N )
73 (z;9,0) y
where
C(r) = (’ij)j,k:m,:a )
1+ a3 —aias 0
1
Clr) = ———| —a2a1 1+a3 0],
V1+a2+a3
0 0 1
and
00
= 5@

The function w is 2¢-periodic in each of its variables y;, y2 and it is demonstrated
that

w(r;y) = wmE (2)y),
where w(z;z) is for each z € I' the harmonic function in z € R% such that

a(E(z)?) (3:’3( )+)\> (1—a(E(x)2)) w(;z,0) =0 (12)
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and
az _ ay
A0 0\ [ Vera e
—1 — al a
E ({L‘) - 0 A 0 Vai+a2 Vai+a2
0 0 A 0 0

4 A priori estimates

89

The first and basic step to prove the validity of the expansion (2) consists of a

priori estimates, that can be summarized in the following

Theorem 1. Assume that (A)—(D) are satisfied. Then there exists a positive con-

stant C, independent of €, such that

0<t<T

T T
/ / lue — ul?(x,t) dH?(x) dt —|—/ / lue — u|?(x,t) drdt < Ce? |
o Jr 0o Jo

0<t<T

max / |ue — ul*(x, t)¢(x) do
fe)

T
+ / /Q IV (ue — w2 (e, () da dt < Ce

and

ess sup /|V(us—u)|2(x,t)¢3(x)dx
fo)

0<t<T

T
"‘/0 /Q 10 (ue — u))?(x, )¢ (z) do dt < Ce? |

T
max / |u5—u|2(x,t)dx+/ /|V(us—u)|2(x,t)dxdt§05,
(9] 0 (9]
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where ¢ is the principal eigenfunction of the problem

Ap+ pup =0 in £,
=0 on I
9,0 =0 on O0N\T,

with the corresponding principal eigenvalue p = py > 0.
In the proof of Theorem 1 the following proposition plays an important role.

Proposition 2. Let v € W, °(£2r) be such that v =0 on D5.. Then

T T
2 7172 < 2
/0 /F|v(x,t)| dH (x)dths/O 1512y (2)

and
[0l arey < cllollyoomVZ
where the positive constants C,c do not depend on € and v.
Proof (of Proposition 2). We set
V(y,t) = v(z(y),1), z(y) = (y1,92,0(y) + (d = 0(7))ys/(d — 6o))
for g = (y1,92) € A, y3 € (0,d — 6p) and 6y = max_ 5 6(z). Note that
v(,t) = V(y(x),t),  y(x) = (z1,22,(d = 0o)(xs — 0(7))/(d — 0()))

and V(3,0,t) = 0 for any 4 € A such that a(¢~'y) = 0. Then it is not difficult to
see that

77 2
//|Vy,0t|dydt< ///'Vy y) Z|§’O’t)| dj dz dt

As
/ T / [va, DI dH* (z) dt = / ) / V(5.0.0)*\/1+ Vo) dy dt

I2

and |[V|12 12

lows.

< c||v C||v|| , the assertion of Proposition 2 fol-

(1 = w,?(r) =

Proof (of Theorem 1). Note first that u. — u is a solution of the problem

O(ue —u) = Alue —u) + (fe — f)(z,1) in Or,
Oy (ue —u) = g=(z,t) on N7,

Ue —u =0 on D5, (13)
Oy (ue —u) =0 on (02\ I')r,

Ue — U = UG — Up on 2 x {t =0},
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where g.(x,t) = 0.(x,t) — o-(x, t)ue — Oyu. Testing the problem (13) by u. —u
and applying Proposition 2 we arrive at

Jue —ul = max [|(ue —u)(®)l|zo(2) + V(e — ) Lacr) <
lug = wollLo(2) + 21fe = FllLa(er) + CllgellLacrr) VE -

As, however, ||uc — ul|r,r,) < Clus —uly/e, due to our assumptions (A) and (D)
we get |[ue — ul|p,(ry) < Ce.

Multiplying now the equation in the problem (13) by (u. —u)¢ and integrating
over {2 one easily gets the third estimate of Theorem 1. Denote next

Uy, t) = (ue —u)(x(y),t) for ye 2" =Ax(0,d—06).

Then we obtain

d—6g
/ Uy, 0)2dy < C, /A / U (5, s, O)|Pys dys dg + C /Q 10,,U (9, )[Pys dy

for any t € (0,T") and fixed n € (0,d — 6p). It is very well known that there exist
positive constants ¢, C' such that ¢ < —0,¢ < C on I'. This together with the
above estimate yield the estimate [|u. — u|,(0,) < Ce. The last estimate we
obtain by multiplying the equation in the problem (13) by ¢30;(u. — u) and by
integrating.

The essentiall part of the proof of the convergence (8) is the uniqueness of the
problem

Aw(z;2) =0 in R (14)

with the boundary condition (12) in the following class of solutions.

Definition 3. By a solution of Problem (14), (12) we mean a function
w EWLH(R?) satisfying

R
/ / |Vw|?(z,z3) dzdzs < CL?,
0 Ba(y,L)
R
/ / W(F, 23) dadas < CLA(R: + R), (15)
0 JBa(y,L)

/ lw*(z,0) do’ < CL?
Bz (y,L)

for any 3 € R? (the positive constant C' does not depend on ¥,L, R), and the
integral identity

Vw(z)Viy(z) de = M/u@ ¥(Z,0) dx

3
R
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for any ¢ € W3, .(R%), ¥ =0 on I'p = {z = (7,0) | a(E(z)) = 0} with compact
support in Ei. Note that Ba(y,L) = {z € R? | |z — | < L}.

This problem was obtained as a limit as € — 0 after applying rescaling arguments
for (ue —u)/e in any point x € I
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Abstract. We shall consider periodic problems for ordinary differential
equations of the form

M

{x’(t) = f(t,z(t)),
2(0) = z(a),

where f:[0,a] x R™ — R" satisfies suitable assumptions.

To study the above problem we shall follow an approach based on the
topological degree theory. Roughly speaking, if on some ball of R", the
topological degree of, associated to (I), multivalued Poincaré operator P
turns out to be different from zero, then problem (I) has solutions.

Next by using the multivalued version of the classical Liapunov-Krasno-
selski guiding potential method we calculate the topological degree of the
Poincaré operator P. To do it we associate with f a guiding potential V'
which is assumed to be locally Lipschitzean (instead of Cl) and hence, by
using Clarke generalized gradient calculus we are able to prove existence
results for (I), of the classical type, obtained earlier under the assumption
that V is C*.

Note that using a technique of the same type (adopting to the random
case) we are able to obtain all of above mentioned results for the following
random periodic problem:

{xl(fyt) = f(f,t,l‘(f,t)),
1‘(5,0) = JJ(&,CL),

where f : 2 x [0,a] X R — R" is a random operator satisfying suitable

(I1)

assumptions.
This paper stands a simplification of earlier works of F. S. De Blasi, G. Pi-
anigiani and L. Gérniewicz (see: [7], [¢]), where the case of differential

inclusions is considered.
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1 Background in geometric topology

Throughout this note R™, n > 1, is an n-dimensional real Euclidean space, with
inner product (-, -y and induced norm || - ||. A closed (resp. open) ball in R™ with
center « and radius 7 > 0 is denoted by B™(z,r) (resp. B (x,r)). Furthermore we
put:

B"(r) = B"(0,7), By (r) = By (0,7),
S"Hr)=B"(r)\ By(r),  P"=R"\{0}.

Z stands for the set of all integers.
For A C R™ we denote by A, the closure of A. If A C R™ is nonempty, we put

|A|” = inf{||a]| | a € A}.

Asusual, o : X — Y (resp. ¢ : X — Y') denotes a single valued (resp. multivalued)
map ¢ from X to Y.

In the sequel, any topological space X we consider is always supposed to be
metric. When the clarity is not affected, by “space X” we mean “topological metric
space X”.

A space X is called contractible if there is a continuous homotopy h : X X
[0,1] — X and a point zy € X such that:

h(z,0) =z for every z € X,
h(z,1) =z for every z € X.

A nonempty compact space X is called an Rs-set if there is a decreasing sequence
{X)} of compact contractible spaces X}, such that

X:ﬂXk.

k=1

A space X is called an absolute neighbourhood retract (X € ANR) if, for every
space Y and any closed set C' C Y and any continuous map f : C — X, there is
an open neighbourhood U of C' in Y and a continuous map g : U — X such that:

g(z) = f(x) for every z € C. (3)

A space X is called an absolute retract (X € AR) if, for any space Y and any
closed C' C Y and any continuous map f : C — X, there is a continuous map
g:Y — X satistying (3).
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Clearly X € AR implies X € ANR (the converse is not true). Moreover, if
X, Y € ANR then X xY € ANR. It is also easy to verify that any X € AR is
contractible.

A multivalued map ¢ : X — Y with nonempty values is called upper semicon-
tinuous (u.s.c.), if {x € X | p(x) C U} is open in X for each open U C Y.

As usual C([a,b],R™) stands for the Banach space of all continuous maps z :
[a,b] — R™, endowed with the norm of uniform convergence. Clearly it holds
C([a,b],R™) € AR.

Now, following [11], (see also [6,7,10]), we recall some definitions of the topo-
logical degree for multivalued maps. Applications to periodic problems (comp. (9))
will be given later, in Sections 3 and 4.

For any X € ANR we set

J(B"(r),X)={F:B"(r) — X | F is u.s.c. with Rs-values}.
For any continuous f: X — R" when X € ANR, we put
Jr(B™(r),R") ={p: B"(r) = R" | ¢ = f o F for some F € J(B"(r),X),
and @(S""1(r)) c P"}.

Finally, we define

cJ(B" U{Jf r),R") | f: X — R" is continuous,
with X € ANR}.

It is well known (see: [11,6,7,10]) that the notion of topological degree for mul-
tivalued maps in the class C.J(B"(r),R™) is available. To define it we need an
appropriate notion of homotopy in CJ(B™(r), R"™).

Definition 1. Let ¢, € CJ(B™(r),R™) be two maps of the form

Fy

w1 = frol B™(r )—oX—>R”
Fy

P2 = faoIh B™(r )—oX—>R"

We say that 1 and @9 are homotopic in CJ(B™(r),R™) if there exists an u.s.c. Rs-
valued homotopy x : B"(r) x [0,1] — X and a continuous homotopy h : X X
[0,1] — R™ satisfying:

(i) x(u,0) = Fi(u), x(u,1)= Fy(u) for every u € B™(r),

(i) h(z,0) = fi(x), h(z,1)= fao(x) for every z € X,
(iii) for every (u,\) € S"1(r) x [0,1] and x € x(u,\) we have h(z,\) # 0

The map H : B™(r) x [0,1] — R™ given by
H(u, A) = h(x(u, A), A)

is called a homotopy in CJ(B™(r),R"™) between ¢; and 3.
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By using approximation results for multivalued maps (see: [11,6,7,10]) one can
prove the following theorem concerning the construction of a degree for maps
p e CJ(B™(r),R").

Theorem 2. There exists a map
Deg : CJ(B"(r),R) — Z,
called topological degree function, satisfying the following properties:

(i) If ¢ € CJ(B™(r),R™) is of the from ¢ = f o F with F single valued and
continuous, then Deg (p) = deg (v), when deg () stands for the ordinary
Brouwer degree of the single valued continuous map ¢ : B™(r) — R".

(ii) If Deg () # 0, where p € CJ(B™(r),R™), then there exists u € By (r) such
that 0 € p(u).

(iii) If ¢ € CJ(B™(r),R") and {v € B"(r) | 0 € ¢(u)} C B§(r) for some
0 < 7 < r, then the restriction @ of ¢ to B™(¥) is in CJ(B™(T),R™) and
Deg (p) = Deg (¢).

(iv) Let ¢1,p2 € CJ(B™(r),R™) be two maps of the form

F
or=fioF, B'(r) X ILRe

F:
po=fooFy,  B'(r) Y LR"

where X, Y € ANR. If there exists a continuous map h : X — Y such that
the diagram

X
>IN
B"™(r) h R™
Y
is commutative, that is F» = ho Fy| and fi = fo o h, then Deg(p1) =

Deg (p2).
(v) If 1,2 are homotopic in CJ(B™(r),R™), then Deg (p1) = Deg (p2).

2 Construction of a random topological degree

For details concerning this section we recommend [3] where the present state of a
random topological degree and a random periodic problem for differential inclu-
sions is presented.

Let (£2, %) be a measurable space and ¢ : 2 — X be a multivalued mapping
with nonempty values; ¢ is called measurable if {w € 2| p(w) C A} € X for every
closed A in a metric space X.
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If X is a metric space we shall use the symbol B(X) to denote the Borel o-
algebra on X. Then ¥ ® B(X) denotes the smallest o-algebra on {2 x X which
contains all the sets A x B, where A € ¥ and B € B(X). We say that a single
valued map v : X — Y is a selection of ¢ : X — Y (written v C ) provided
v(x) € p(x) for every x € X.

The following lemma is crucial in what follows:

Lemma 3 ([8]). Let X be a separable metric space, A be a closed subset of X
and ¢ : 2 x A — X be a measurable mapping (with respect to the o-algebra
Y ® B(A)) with compact nonempty values. Assume further that for every w € 2
the set Fixp, = {z € X |z € p(w,x)} is compact and nonempty. Then the map
F: 2 — X defined by:

F(w) = Fix o, for every w € 2,
has a measurable selection, where @, (x) = o(w,x) for every x € A.
Sketch of proof. First, let us define the function f: 2 x A — [0,400) as follows:
flw,z) = dist (z, p(w, ) = inf{d(z,y) | y € p(w, )}

for every w € 2 and x € A. Since @ is measurable one can get that f is measurable.
Now, it is obvious that the graph

I'e={(w,z) e 2x X |z € F(w)}

of F' is equal to
F7H0) = {(w,2) € 2 x A | f(w,a) = 0}.

It implies that I'r is a measurable subset of {2 x X and consequently by virtue of
Aumann’s selection theorem there exists a measurable selection of F'. O

Definition 4. A multivalued map ¢ : 2xY — X with compact nonempty values
is called a random operator provided ¢ is measurable and satisfies the following
condition:

p(w, -) Y — X is u.s.c.for every w € (2. (4)

Now, assume that Y C X and ¢ : 2 X Y — X is a random operator. We say
that ¢ has a random fixed point provided there exists a single valued measurable
map & : 2 — Y, called the random fixed point of ¢, such that:

¢(w) € p(w,&(w)) for every w € (2.

We let
Fix" () ={¢: 2 = Y | £ is a random fixed point of ¢}.
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In view of Lemma 3 it is easy to see that in many cases existence of deterministic
fixed points implies existence of random fixed points. Namely, we have:

Proposition 5. Let X be a separable AR-space and ¢ : 2 x X — X be a random
operator. Assume further that ¢ has Rs-values and ¢, (X) is compact for every
w € 2. Then ¢ has a random fized point.

Sketch of proof. In fact, in view of Schauder Fixed Point Theorem (see [10]) we get
that Fix ¢, is compact and nonempty. Then the map F': 2 — X, F(w) = Fix ¢,
has a measurable selection ¢ C F (comp. Lemma 3). Of course, £ € Fix"*(¢). O

Note (comp. [4,10,11]) that Proposition 5 can be formulated in many other cases.
Below, we would like to show that the topological degree theory considered in
Section 1 can be taken up onto the random case (see: [7,3]).
According to Section 1 we shall use the following notations.
For any X € ANR we let:

J 2 x B"(r),X) =
{F: 2 x B"(r) — X | F is random operator with R’-values};

for any continuous f: X — R™ we let

Ji (2 x B"(r),R") ={p: 2 x B"(r) = R" | p = f o I for some
F e J*2 x B"(r),X) and (2 x S"(r) Cc P"};

finally, we define

CJ™ (2 x B"(r),R") = _J{J5*(2 x B"(r),R") | f : X — R™ is continuous
and X € ANR}.

In the set CJ"*(£2 x B"(r),R™) we can introduce the appropriate notion of homo-
topy (comp. Section 1 for deterministic case or [3]).

Now, observe that if ¢ € CJ"* ({2 x B"(r),R"), then ¢, € CJ(2 x B"(r),R")
for every w € {2 and, consequently, topological degree Deg (¢.,) of ¢, is well
defined (see Section 1 or [7]). Therefore we are allowed to define:

Definition 6. We define a multivalued map D : CJ"*(£2 x B"(r),R") — Z by
putting
D(p) = {Deg (¢u) | w € 2}.

Then the map D is called the random topological degree on CJ"*(£2 x B™(r),R™);
we say that the random topological degree D(y) of ¢ is different from zero (written
D(p) #0) if and only if Deg (¢,,) # 0 for every w € 2.

Finally, let us remark that Theorem 2 holds true for random operators. We recom-
mend also [6] and [10] for further possible consequences of the random topological
degree.
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3 The Poincaré operator

In this section we define the Poincaré translation map along trajectories of ordinary
differential equations ([1,2,3,1,5,7,8,9,10,11,12]): A map f : [0,a] x R" — R" is
called Carathéodory if it satisfies:

t — f(t,x) is measurable for every x € R", (5)
x — f(t,x) is continuous for almost all ¢ € [0, al, (6)
1t )]l < p(B)(1 + 2] for every (t,2) € [0,a] x R”,

where p : [0,a] — [0,400) is an integrable function. (7)

For a Carathéodory map f : [0,a] x R™ — R™ we shall consider the following
two problems:
Cauchy problem

and
Periodic problem

{x’(t) = f(t. (1),
2(0) = z(a),
where a solution z : [0,1] — R™ is an absolutely continuous map such that:
2/ (t) = f(t,z(t)) for almost all ¢ € [0, a].
For each x¢p € R™ we denote by
S¥(xo) = {x :[0,1] — R™ | z is a solution of (8)}
and by
Pf ={z:[0,a] — R™ | 2 is a solution of (9)}.
We recall the well known result so called Aronszajn Theorem (comp. [7,10,12]).

Theorem 7 (Aronszajn). If f:[0,a] x R" — R"™ is a Carathéodory map, then
the map

Sy :R" — C([0,a],R™)
defined by S¢(z) = S/ (x), for every x € R", is an u.s.c. map with Rs-values, where
C([0,a],R™) is a Banach space of continuous mappings with the usual maz-norm.

Now, we wish to study problem (9). To do it we shall consider the diagram:

S
R" 25 C([0,a], R") <5 R™,

where for every ¢ € [0, a] the map e; is defined by e;(z) = x(0) — x(¢).

For any t € [0,a] the map PJ‘Z = e, 0 Sy is called the Poincaré translation map
associated to the problem (8).

The following proposition is self-evident:
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Proposition 8. Problem (9) has a solution if and only if there is x € R™ such
that 0 € P{(z).

In what follows we can assume, without loss of generality, that 0 ¢ P]?(x) for every
x € R™ such that ||z|| = r for some r > 0. Then we have:

Theorem 9. If Deg (PJ‘}) £ 0, then PT # 0, where we consider Pf as a mapping
in CJ(B"™(r),R™) for r given above.

Proof. Since Sy is u.s.c. with Rs-values and e, is continuous, we have that
P]‘c‘ e CJ(B"(r),R"), for X = C([0,a],R™)
being an AR-space. O

Therefore by our assumption Deg (PJ?) on B"(r) is well defined. Consequently, our
result follows from Theorem 2, (ii) and Proposition 8.

In order to show that Deg (PJ‘}) # 0 we shall use the guiding potential intro-
duced by Liapunov (comp. [16,17,18]) and subsequently developed by Krasnoselski
(comp. [13]), Mawhin [14] and others (see: [7,3,10,15]).

4 Guiding potentials

The guiding potential method has been recently employed in [10,15] to study peri-
odic problems (9). Unlike these papers, where the guiding potential V' is supposed
to be C', here we assume that V' is only locally Lipschitzean (see: [7]). We recall
some notions of Clarke generalized gradient calculus [9] we shall need later.

Let V: R™ — R be a locally Lipschitzean function. For zg € R™ and v € R”,
let VO (20, v) be the generalized directional derivative of V' at zg in the direction v,
that is
V(z +tv) — V(xo)

t

Then the generalized gradient OV (xo) of V' at xg is defined by

VO(20,v) = lim Sup s
t—

OV (xo) = {y € R™ | {y,v) <V (zq,v) for every v € R"}.
The map 9V : R® — R™ defined by the above equality is u.s.c. with nonempty
compact convex values ([9, pp. 27, 29]). If, in addition, V is also convex, then
OV (x) coincides with the subdifferential of V at z( in the sense of convex analysis
([10, p. 36]), that is
OV (z9) ={y e R" | (y, & —xo) < V(z) — V(zg) for every x € R"}.

If V is C', then OV (z¢) reduces to the singleton set {grad V' (zo)} ([10, p. 33]).
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Definition 10. Let V' : R™ — R"” be locally Lipschitzean. If, for some rq > 0,
V satisfies

(OV (z),0V (z))~ >0 for every |z| > ro, (10)

then V is called a direct potential, where (OV (z),0V (z))~ = inf{({u,v) | u,v €
OV (z)}. If, in addition, V is convex and instead of (4.1) satisfies

0 ¢ oV(x) for every ||z|| > ro, (11)
then V is called a direct convex potential.

Observe that Definition 10 implies (11), the converse is not true in general. More-
over, if V' is C1, then either (10) or (11) is equivalent to saying that grad V (z) # 0
for every ||z|| > ro. In view of that, the above definition can be interpreted as a
generalization of the definition of a direct potential V' in the sense of Krasnoselskii
[13] (see also [14,15,18]), where V is assumed to be a C* function.

Let V : R™ — R™ be a direct potential. Observe that oV € CJ(B™(r),R") if
r > 19, and thus, by Theorem 2, the topological degree Deg (0V) is well defined
and independent of r. Hence, it makes sense to define the index Ind (V') of the
direct potential V', by putting

Ind (V') = Deg (0V),

when 9V stands for the restriction of 9V to B"(r),r > ro. Of course the definition
of Ind (V) is analogous if V is direct convex potential.

Proposition 11 ([6]). If V : R™ — R" is a direct potential (or a direct conver
potential) satisfying im0 V(2) = +00, then Ind (V) = 1.

A connection between the notion of direct potential and ordinary differential equa-
tions is given by the following:

Definition 12. Let f : [0,a] x R™ — R™ be a Carathéodory map. A direct po-
tential V : R" — R is called a guiding potential for f if there exists rq > 0 such
that:

(f(t,2),0V(z))” >0 for every t and |z| > ro. (12)
Our main result of this section is the following:

Theorem 13. Assume that f : [0,a] x R™ — R" is a Carathéodory map and
V :R" — R is a guiding potential for f such that Ind (V) # 0. Then PT # ).

In the proof of Theorem 13 we proceed analogously as in the proof of (4.4) in [12]
(comp. also [6]). By the homotopy property of the topological degree finally we
obtain Deg (Pf) = [Ind (V)| and therefore our result follows from Theorem 9.

All technical details are omitted here and we left them to the reader.
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5 The random case

In this section we would like point out that all results of section 3 and 4 can be
formulated in the random case. We shall restrict our considerations to showing
formulations and some ideas of the proofs (we recommend for more details [3]).

Definition 14. Let f: 2 x [0,a] x R” — R™ be a single valued map such that

f(, - 2): 2x[0,a] — R™ is measurable, (13)
flw,t, ) :R™ — R" is continuous, (14)
| f(w,t,z)|| < plw,t)(1+]||z|) for every ¢, w and z, where
w2 x[0,a] — [0, +00) is a map such that u(-,t) is mea-
surable and p(w, -) is Lebesgue integrable. (15)

Then f is called a random Carathéodory operator.

Now, for given random Carathéodory operator and a measurable map &, : 2 — R”
we consider the following Cauchy problem:

{x’(w,t) = flw,t,z(w,1))

#(,0) = €o(w), (16)

where the solution z : 2 X [0,a] — R™ is a map such that z(-,¢) is measur-
able, z(w, -) is absolutely continuous and the derivative z’(w, t) is considered with
respect to t.

Moreover we consider the following random periodic problem:

{Z‘/(U-%t) = f(wvtvx(w’t))7 (17)

z(w,t) = z(w, a).

To solve it we need the random Poincaré translation operator. Observe that for
every w € 2 and y € R™ we can consider the following Cauchy problem:

{x’(t) = fult,a(t) = f(w,t,2(1)), a8)
2(0) = y.
Now, we define the following map:
P: 02 xR" — C([0,a],R"),
P(w,y) = 8%(y).
We have:

Proposition 15 ([8]). Under the above assumptions the map P is a random op-
erator.
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Note that for the proof of Proposition 15 we need the Fubini and Kuratowski
Ryll-Nardzewski Selection Theorem (see [3]).
Consequently, the map

P,=e,0P (19)

is called the random Poincaré operator associated to (17).
Now we are able to formulate Proposition 8, Theorem 9 and results of Section 4
for the random periodic problem. We refer to do it to the reader (comp. [8]).
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Abstract. In this paper a new finite element approach is presented
which allows the discretization of PDEs on domains containing small
micro-structures with extremely few degrees of freedom. The appli-
cations of these so-called Composite Finite Elements are two-fold.
They allow the efficient use of multi-grid methods to problems on
complicated domains where, otherwise, it is not possible to obtain
very coarse discretizations with standard finite elements. Further-
more, they provide a tool for discrete homogenization of PDEs with-
out requiring periodicity of the data.
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1 Introduction

Before the mid-sixties the finite difference method was the standard discretization
method for differential equations. The following two severe drawbacks of finite
differences lead to the development of the finite element method. First, the use
of Cartesian difference quotients made the treatment of complicated and curved
boundaries difficult and many technical tricks have to be employed to overcome
this problem. Furthermore, it turned out that only the variational setting of the
continuous problem leads to satisfactory existence and uniqueness results in ap-
propriate function spaces, usually the convergence results of FDM require too


http://www.numerik.uni-kiel.de

106 Wolfgang Hackbusch and Stefan A. Sauter

much smoothness. Nowadays, we know that the question whether a discretization
method is a FDM or a FEM is often only a matter of interpretation. In numeri-
cal linear algebra where one is interested in the algebraic properties of the linear
system as, e.g., the M-matrix property, it is, in many case, very useful to inter-
pret the discretization as a discrete, FD-like method while for the estimates of the
discretization error the powerful apparatus of finite elements is employed.

An advantage, however, of FDM is the easy regular structure of the grid. Hence,
the matrix pattern has a very regular structure, too. We know that this is very
essential in the performance of iterative solvers as, e.g. ILU-like methods, while in
an a priori unstructured FE mesh, sometimes, big effort has to be spent to find an
advantageous numbering of the grid points. Furthermore, the simple structure of
the matrix pattern makes the implementation of FDM much easier compared to
FEM. Additionally, the efficient use of high performance computers as, e.g., vector
computers, favorites such simple data structures.

On the other hand, the FEM has big advantages compared to FDM, namely,
it provides a powerful apparatus for convergence analysis and is very flexible with
respect to an appropriate geometric discretization of the domain allowing adaptive
refinement strategies and proper resolution of the boundary.

However, the latter mentioned feature is true, only, if the grid size is small
enough resolving essentially all micro-structures of the domain and differential
equation. Very coarse discretizations (step size much larger than the geometric
details) are not possible. In the context of homogenization and in order to apply
multi-grid methods where the efficiency depends on how coarse the coarsest grid
can be chosen this is a severe drawback. The Shortley-Weller FDM [14] which is
in the literature since 1938 allows that the Cartesian grid overlap the boundary
and appropriate weights are introduced in the difference quotients. The first multi-
grid computations [3] use this discretization method in order to get very coarse
coarse-grid approximations.

Since recently, various approaches have been presented in the literature con-
cerning coarsening strategies for finite element spaces or, more general, discretiza-
tions with only few degrees of freedom which have already the asymptotic accuracy.
In [1], [2], and [9], approaches are presented which can be used in the context of
BPX-multigrid methods and hierarchical basis multigrid methods.

An approach which is based on pure algebraic considerations is the so-called
Algebraic Multigrid Method (AMG) where only the information of the system ma-
trix is used to obtain matrices of lower dimension. For details see [11]. A further
related paper in this context is [10].

Composite Finite Elements were first presented by the authors in [3] and [6]
where the aim was to define finite element spaces which have the asymptotic
approximation property and the possibly low number of unknowns is independent
of the shape of the domain. They can be used for both pure Galerkin discretization
and in combination with standard multigrid methods and are not necessarily linked
to a special solver.
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In the present paper, we will, in the light of the Shortley-Weller discretization,
define a new class of finite elements which is appropriate to resolve complicated
geometries with very few degrees of freedom.

The paper is organized as follows. First, we recapitulate the principle of the
Shortley-Weller method within an elementary setting. Then, we will introduce the
new class of finite elements called Composite Finite Elements which resolves com-
plicated boundaries with a very small number of degrees of freedom satisfying the
usual asymptotic approximation property. We will show that the implementation
of this method is very easy and the application to 3-d problems does not involve
further difficulties compared to the 2-d version.

2 Shortley-Weller Finite Difference Discretization

In this section we recall the principles of the Shortley-Weller method for finite
difference discretization of partial differential equations (PDEs) on domains having
complicated boundary. The basic principles of this method will be used for the
design of the new class of Composite Finite Elements.

In order to approximate the second derivative of a function u at a point x € R
using a non-uniformly spaced grid, Newton’s divided second differences are em-
ployed

) 2 (u(x)—u(x—hl)_u(x—i—hg)—u(x))

~ hi+ ho hy ha
2 2 2
= + ha) + —— - —h
(h1+h2) hQU(x 2) hlhg’“(x) (h1+h2) hlu(x 1)
Symbolically, the matriz stencil is given by

2 2 2 ] O

Ly = |- ’ y
4 { (h1 4+ h2) ho’ hihe’  (h1 4+ h2) b1

The use of non-uniform spaced Cartesian grids for finite difference approximation
is necessary if non-rectangular geometries as depicted in Figure 1 occur. A coarse

h2
h
Q
X
S

Fig.1. Domain (2 with curved boundary and a small hole. The Cartesian grid
does not fit in the domain and defines local stepsizes h; near the boundary.

Cartesian grid will overlap the domain substantially. Instead of deforming the
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Cartesian grid we use 2-d analogues of (1). The arising system matrix Lj;, has
favorable properties. Ly, is an M-matrix and has special stability properties (see
[5, Theorem 4.8.4]) which can be expressed by

d2

L < &
However, difficulties arise if the micro-structures of the grid are not visible on the
coarse grid. This would arise if, e.g., a hole lies in the interior of a grid cell and no
Cartesian line of the grid intersects the hole. To overcome this problem we consider
a hierarchy of Cartesian grids 74 of step size hy satisfying

ho = O (1) = diam (£2) ,

he = 27" hy.
We assume that ¢,y is such that 7., resolves all necessary details of the do-
main. Hence, the matrix Ly, can be generated by using the Shortley-Weller
scheme. Matrices corresponding to coarser grids are then extracted from the fine
grid matrix by introducing prolongations ps.y_1 and restrictions ry_1. ¢ linking
grid functions on different grids 7,_; and 7, with each other. Having defined these
operators the coarse grid matrices are given recursively by the Galerkin product

Loy =re—1—eLypr—o—1.

In standard cases, the prolongation and restriction can be defined, e.g., via inter-
polation in the following way. First, we consider the one-dimensional case which
is illustrated in Figure 2.

Xy N-1

AX1 xNB

e : coarse grid points

O fine grid points
Fig. 2. Domain 2 = [A, B] with non-fitting fine and coarse grids.

The prolongation in the case of homogeneous Dirichlet boundary conditions
is given for all fine grid points z; by interpolating the neighbouring coarse grid
values.

u () if x; is also a coarse grid point,

3 (u(@i—1) + u (wi41)) otherwise and i # 1, N,
[pe—e—1u] (i) = { Jes—a .

Tea—al ¥ (2) i=1,

lzn 21— B

Ten-m7 w@N-1)  i=N.
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In more than one-dimension one has to interpolate sequentially in all directions.

We state that in regular situation, i.e., in the case of domain-fitting grids, the
prolongation is the bilinear interpolation. In any case the restriction r,_1. ¢ is
defined as the adjoint of py,_1 with respect to the weighted Euclidean scalar
product:

(u,v) = % ‘ u(x;) o (z;) .
i=1
An important feature of the prolongation and restriction above is that the sparsity
of the system matrix is preserved and the regular distribution of the non-zero
entries as well. If L, is given by a 9-point stencil, i.e., 9 non-vanishing entries per
matrix line, then, the same is true for Ly_;.

Using these system matrices {Lg},,« fon, 1@ multi-grid method one observes
the typical convergence rates even if the coarse grid contains only one degree of
freedom and the domain contains many very small geometric details (cf. [3]).

The purpose of this section was to elucidate some key principles how very coarse
discretizations of domains having complicated micro-structures can be obtained.
The consideration was quite elementary but it will turn out that the principles can
be used to define a new class of finite elements which includes the advantages of
the Shortley-Weller FDM but can be applied to a much bigger class of problems.

3 Composite Finite Elements

In this section we will introduce so-called Composite Finite Elements. First, we
will explain how grids can be generated such that geometric coarsening is straight-
forward. Then, the finite element spaces are defined on these coarsened grids as
subspaces of the fine grid space by specifying appropriate inter-grid prolongations.
The following considerations do not depend on the space dimension and hence are
formulated in an abstract way.

We start recalling some basic definitions of finite element spaces. Let 7 denote
a partitioning of a domain {2 into small elements {Kj}, <j<n- The finite element
space V corresponding to this grid is defined as

V= {u € Ck(2):u|x isa polynomial of maximal degree p for all K € ’7'} .

Let © = {z;}, ;. 5 denote the set of nodal points and {®;}, ;< y the correspond-
ing Lagrangian nodal basis of V given by o

P; € V,
_Jli=y,
i (x;) = { 0 otherwise. (2)

Then, each function u € V' has a unique basis representation by

N
u(z) = Z u;P; (x) 3)



110 Wolfgang Hackbusch and Stefan A. Sauter

with u; = u (z;). Equation (3) provides a canonical interpretation of a (discrete)
vector of nodal values u € R” as a finite element function.

In the following we will describe a method how a sequence of grids can be
constructed such that geometric coarsening is straightforward.

3.1 Construction of the Grids and Definition of Composite Finite
Elements

The following formal setting is illustrated in Figures 3-6.

Fig. 3. Domain {2 containing a rough boundary piece.

First, we have to construct a sequence of auxiliary grids {%g}oqqu. Let
Qo be a rectangle resp. a cuboid containing the domain 2. Choose an arbitrary
partitioning of Qo as the initial grid 7y. Refine 7y for several times by any com-
mon refinement strategy as, e.g., combining the midpoint of triangles, the faces
of hexahedrons, etc. to obtain a physically and logically nested sequence of grids
{%é}ogegemx-

This means that any element K of 7y has a certain numbers of children given
by

K efjisachild of K K Cc K

and, vice versa, each element of 7,11 has a uniquely determined parent in 7. Note
that the definition of 7, does not include any adjustment process of the grids to the
physical domain. However, in practical computations, one would generate grids 7y
which contain small elements in or near parts of {2 where a higher resolution is
required. This can be done, e.g., by using error estimators or an a priori known
grading function which controls the refinement strategy. We assume that 7,___ is
fine enough such that nodal points lying close to the boundary of {2 can be moved
onto the boundary without distorting the elements too much. Furthermore, we
assume that there exists a subset of elements of the resulting grid which is a
proper FE grid of the domain §2. This mesh is denoted by 74, . Note that the
movement of grid points of 7 also is changing the shape of the elements on

max
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© & @ %

Fig. 4. Auxiliary grids {7 },<,<5 which arise by refining a coarse grid with an ap-
propriate refinement strategy. Note that no adjustment of the grid to the boundary
of the domain takes place.

coarser levels. These distorted coarser grids are further reduced by cancelling all
elements having zero cut with (2. The resulting meshes are denoted by 7.

The construction above implies that the elements are no longer physically
nested. The situation, depicted in Figure 6, typically arise near the boundary
where fine grid points have been moved.

Definition 1. An element K € 7y is said to be regular if the union of the (iterated)
sons of K on the finest level is K.

Since 7y, is a proper FE grid of {2, the system matrix Ly, on this level is
generated in the standard way. The coarser systems are defined recursively via the
Galerkin product

max

Lo—1 =ro—1—eLppo—e—1. (4)

Since the restriction is again defined as the adjoint of pyr—1 we have to specify
only an appropriate choice of the inter-grid prolongation py. ¢_1. This is done by
using the interpretation (3) of a nodal vector as a grid function. A nodal vector
ue R on level ¢ defines a continuous function wuy by using the grid 7v and

corresponding standard FE basis functions {&{}, ., (see (2)). The evaluation
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Fig. 5. Fine grid 7, with £y,. = 3. All triangles which lie outside of the domain
are rejected. Note that in this example no movement of grid points was necessary.

Fig. 6. Triangle K of 7; and logical children {K;},,.5 of the finer level £ + 1.

of up at the nodal points of the finer grid associates to any u, € R¥¢ a nodal
vector ugy; € RN¢+1, This defines the mapping pyyq. ¢ : RYV¢ — RNetL,

This prolongation can be interpreted as a convex interpolation in the following
way. Let  be a nodal point of the grid 7441 which lies in a coarser element K € 7.
Then, the prolonged nodal value at x is given by standard FE interpolation on K
using the coarse-grid nodal values on K

Uy41 (QL‘) = Z Qy (QL‘) e (y)

ye@gﬁk

where o, (x) are the coefficients of the FE interpolation.

In the case of homogeneous Dirichlet boundary conditions, we have to modify
pe—¢—1 such that z € 962 implies that usq; () = 0 (see [12]).

The FE system matrices were generated recursively by using (4). Alternatively,
it is possible to define a finite element space along with an appropriate basis such
that the corresponding stiffness matrix equals L. For this, let us consider the grid
70 and let 2; denote a nodal point of 7y. Define the unit nodal vector corresponding
to this point by

o — 1i=j,
' 7] 0 otherwise.



Composite Finite Elements 113

Using the prolongation operators iteratively we can associate a fine grid nodal
vector €; with e; by

€ = Plmurtlomax—1Dlmax—Lelmax—2 " * Dot1—£€;-

The finite element interpolation of the fine grid vector €; links any e; with a
continuous function on (2 by

Nlmax

ei ()= > &P (x). (5)

=1

Note that e; is a polynomial on each fine-grid element (provided @fm‘“‘ are piece-
wise polynomials) while this is not true in general for the coarse grid elements.
The Composite Finite Element Space is defined by

Ve =span{e; () : 1 < i< Ny}

Remark 2. From the definition it follows that the Composite Finite Element Spa-
ces are nested: Vy C Vipy.

3.2 Approximation Property of V;

In many cases, the error analysis of Galerkin discretizations of PDEs leads to an
estimate of the form

C .
[u— well () < <1 + 75) dist (u, Vo),

where uy denotes the solution of the Galerkin discretization and

dist (u, Vp) := wlerész lw = well g1 () -

The stability constant v and continuity constant Cs mainly depend on the PDE
on the continuous level. Obviously, the approximation property of the FE space,
which is employed for the Galerkin discretization, plays a key role in the error
estimate. In the following, we state that under relatively weak assumptions the
asymptotic approximation property of finite elements carries over to composite
finite element spaces independent of the (low) dimension of V;. The proof of the
theorem was worked out in detail in [8] while more general situations as, e.g., the
3-d case and more general elements are treated in [13].

Theorem 3. Let 2 be a 2-d domain with Lipschitz boundary, T¢ denote a trian-

gulation, and hy := max diam A the step size of T¢. We assume that ®; of (2) are
S

the piecewise linear “hat”-functions and

(a) 7¢ is quasi-uniform, i.e., hy < C'diam A, for all A € 7,
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(b) 7¢ is shape-regular, i.e., sup{diam S : S is a ball contained in A} > Chy for
all A € 7y,

(c) hey1 < 2he

(d) the prolongation process is local, i.e., diam (suppe;) < Chy with e; given by

(),

with constants independent of £ and £y ax-
Then, for all u € H? (2) there exists ug € Vy such that

lu = wellgpm () < ChT™ ™ [ullgrz(y,  m € {0,1}. (6)

Proof. The proof is essentially given in [8]. The only thing to check is that As-
sumption (d) above implies Assumption 2 in [8]. Since this is purely technical but
straightforward we skip this detail here.

Hence, we have shown that V; has the asymptotic approximation property
starting with extremely few degrees of freedom. In view of Figure 4(a), this means
that the Galerkin discretization with composite finite elements on the grid 7y for
the Poisson problem on {2 (cf. fig. 3) with Neumann boundary conditions satisfies

lw = uolly < Cho [lull,

with hg = diam 2. The function ug is a function which lives only on the physical
domain {2, while the four degrees of freedom associated with ug are located at
the corners of the square formed by the two coarse-grid triangles. Estimate (6)
means that one is already in the asymptotic range, i.e., the error on the grid 7y is
expected to be only half of the error of ug.

Since the spaces V; are nested they are also well-suited to be used for defining
coarse-grid approximations for multi-grid methods. The approximation property
for multi-grid methods (cf. [41, Chapter 6]) directly follows from this fact.

3.3 Complexity of Composite Finite Elements

In this subsection we will investigate the complexity of generating the system
matrix corresponding to the space V,. We recall that we assumed that the step
sizes of the sequence of grids 7, satisfy

O(diamQ)=h0>h1=%>h2=%>...>hg=:H>...>hg =: h.

We assumed here for simplicity that the step size is reduced by a factor 2 in each
step, while other contraction rates can be treated in the same way. If one is inter-
ested in the generation of the whole sequence of system matrices {L¢}o<,,  one
could use the Galerkin products. The complexity of generating the system matrix
on the finest level is O (h[ix) where d = 2,3 denotes the space dimension. Since
the prolongation and restriction operators are local in the sense that the evaluation

per nodal point requires O (1) operations, we obtain that the generation of L,_;



Composite Finite Elements 115

from Ly needs O (h[‘i) operations. Together one obtains that the complexity of
generating all system matrices is given by

Lrmax

Snpt=0(nt),
=0

i.e., does not increase the asymptotic complexity.

In some situations, however, one is interested only in the generation of a coarse-
grid matrix L, corresponding to a step size H = hy but would like to resolve the
geometric details with a smaller step size h = hy,,,, . The following observation
plays the key role. In the regular situation, where no grid points have been moved
in the adjustment of the auxiliary fine grid 7, to the domain, the matrix L,
defined by the Galerkin product coincides with the matrix assembled directly on
the grid 7, using the standard “coarse” finite element basis functions ®¢. Hence,
the complexity of generating Ly, is of order H~?. This means that for elements
K € 7, which are not distorted during the refinement process, i.e., are regular
in the sense of Definition 1, the corresponding portions of Ly, can be generated
directly by using the standard FE basis function ¢ on K. Since the adjustment of
elements to the boundary only takes place near the boundary nearly all elements
are not distorted during the refinement process and there, the system matrix can
be generated without prolonging up to the finest level £y ax.

In typical situation, only O (h}n’d) elements of 7,,, intersects the boundary of (2
and have to be refinement further. The computation of the so-called element matrix
on an element K € 7, requires O (1) operations. Symbolically, the algorithm reads
as follows.

1.Onm:0 (h[‘i) elements are regular, i.e., not distorted on finer levels and the
computation of the corresponding portions (element matrices) of Ly requires
0] (h;d) operations. O (héfd) elements have to be refined further.

2. On 741 : 0 (héfd) elements are involved. The computation of O (héfd) corre-
sponding portions of Ly needs O (h;~%) operations, while O (h;;fl) elements
have to be refinement further.

3.0n 7y
remaining element matrices needs O (h;;g _,) operations.

max

: O (hy~" ) elements are involved. The computation of O (h, %)

max

The total operation count for generating L, sums up to O (Hid) +0 (hlfd). A
typical mesh which arise by this procedure is depicted in Figure 7. For a detailed
study of the complexity of composite finite elements and implementation details,
we refer to [7].

References

1. R. Bank and J. Xu. An Algorithm for Coarsening Unstructured Meshes. Numer.
Math., 73(1):1-36, 1996.



116

Fig. 7. Picture (a) shows the domain (2 together with the fine triangulation 7

Wolfgang Hackbusch and Stefan A. Sauter

()

max *

In (b), the coarse triangulation 7 is depicted. Figure (¢) shows the triangles cor-
responding to different grids which have to be generated in order to compute the
entries of Ly. Note that on any of the depicted triangles in (c) the usual FE basis
functions are employed.

2.

10.

11.

R. E. Bank and J. Xu. A Hierarchical Basis Multi-Grid Method for Unstructured
Grids. In W. Hackbusch and G. Wittum, editors, Fast Solvers for Flow Problems,
Proceedings of the Tenth GAMM-Seminar, Kiel. Verlag Vieweg, 1995.

W. Hackbusch. On the Multi-Grid Method Applied to Difference Equations. Com-
puting, 20:291-306, 1978.

W. Hackbusch. Multi-Grid Methods and Applications. Springer Verlag, 1985.

W. Hackbusch. Elliptic Differential Equations. Springer Verlag, 1992.

W. Hackbusch and S. Sauter. Adaptive Composite Finite Elements for the Solu-
tion of PDEs Containing non-uniformly distributed Micro-Scales. Matematicheskoe
Modelirovanie, 8(9):31-43, 1996.

W. Hackbusch and S. Sauter. Composite Finite Elements for Problems Containing
Small Geometric Details. Part II: Implementation and Numerical Results. Computing
and Visualization in Science, 1(1):15-25, 1997.

W. Hackbusch and S. Sauter. Composite Finite Elements for the Approximation of
PDEs on Domains with Complicated Micro-Structures. Numer. Math., 75(4):447—
472, 1997.

R. Kornhuber and H. Yserentant. Multilevel Methods for Elliptic Problems on Do-
mains not Resolved by the Coarse Grid. Contemporay Mathematics, 180:49-60, 1994.
V. Mikulinsky. Multigrid Treatment of Boundary and Free-Boundary Conditions.
PhD thesis, The Weizmann Institute of Science, Rehovot 76100, Israel, 1992.

J. Ruge and K. Stiiben. Algebraic multigrid. In S. McCormick, editor, Multigrid
Methods, pages 73—-130, Pennsylvania, 1987. STAM Philadelphia.



Composite Finite Elements 117

12. S. Sauter. Composite finite elements for problems with complicated boundary. Part
III: Essential boundary conditions. Technical report, Lehrstuhl Praktische Mathe-
matik, Universitat Kiel, 1997. submitted to Computing and Visualization in Sciences.

13. S. Sauter. Vergroberung von Finite-Elemente-Raumen. Technical report, Universitat
Kiel, Germany, 1997. Habilitationsschrift.

14. G. H. Shortley and R. Weller. Numerical Solution of Laplace’s Equation. J. Appl.
Phys., 9:334-348, 1938.






EQUADIFF 9 CD ROM, Brno 1997, Masaryk University

ARCHIVUM MATHEMATICUM (BRNO)
Tomus 34 (1998), 119-126

On Small Solutions of Second Order Differential
Equations with Random Coefficients

Lészl6 Hatvani* and Léaszlé Staché
Bolyai Institute, Aradi vértanik tere 1, H-6720,
Szeged, Hungary

Email: hatvani@math.u-szeged.hu
stacho@math.u-szeged.hu

Abstract. We consider the equation

x" +a2(t)x =0, a(t) :=ap iftpmr <t <tp, fork=1,2,...,
where {ax} is a given increasing sequence of positive numbers, and {¢x} is
chosen at random so that {¢, —t,_1} are totally independent random vari-

ables uniformly distributed on interval [0, 1]. We determine the probability
of the event that all solutions of the equation tend to zero as t — oo.
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1 Introduction

The linear second order differential equation
2" +a(t)r =0 (1)

describes the oscillation of a material point of unit mass under the action of the
restoring force —a?(t)x; function a : [0,00) — (0,00) is the square root of the
varying elasticity coefficient a?.

* The author was supported by the Grant FKFP 1201/1997 and Hungarian National
Foundation for Scientific Research with grant number T /016367



120 Lészl6 Hatvani and Lészlé Stachd

Definition 1 (Ph. Hartman [8]). A function t — x((t) existing and satisfying
equation (1) on the interval [0, 00) is called a small solution of (1) if

Jimzo(t) =0 (2)

holds. The zero solution is called the trivial small solution of (1).

It is easy to see [10, p. 510] that if a is nondecreasing, then every solution of
(1) is oscillatory and the successive amplitudes of the oscillation are decreasing.
M. Biernacki [2] raised the question of the existence of a (nontrivial) solution whose
amplitudes tend to zero, i.e., a small solution. H. Milloux answered this question
by proving

Theorem A (H. Milloux [15]). Ifa: [0,00) — (0,00) is differentiable, nonde-
creasing, and satisfies

lim a(t) = oo, (3)

t—o0

then equation (1) has a non-trivial small solution.

Milloux also provided an example of a step function a to show that one cannot
conclude that all solutions are small.

Biernacki [2] raised also the following question: what additional conditions
on a function a monotonously tending to infinity as ¢ goes to infinity guarantee
that all solutions are small? The first answer to this question was the famous
Armellini-Tonelli-Sansone theorem (see, e.g., in [10]). It has been followed by many
generalizations and improvements in the literature [3,9,10,13,14,16,17]. All of them
require of the coefficient a to tend to infinity regularly. Roughly speaking this
means that the growth of a cannot be located to a set with a small measure.

In this paper we are concerned with the case when the damping coefficient
a in equation (1) is a step function. As is known such equations often serve as
mathematical models in applications.

For example, let us consider the motion of the mathematical plain pendulum
whose length changes by a given law ¢ = ¢(¢). The position of the material point
in the plain is described by the length £(t) of the thread and the angle ¢ between
the axis directed vertically downward and the thread. It is known [1,11] that the
equation of the motion is

9

! sing =0 4

g e =0 (4)

where g denotes the constant of gravity. (No friction, the force of gravity acts only.)

The “small oscillations” [1] are described by the linear second order differential
equation

¢+ =0, (5)

70)



Second Order Equations with Randomness 121

Consider the case when ¢ is a step function and £(¢) — 0 monotonously as ¢t — .
This is the situation when one has to lift a weight by a pulley and rope through a
gape. The purpose is to guarantee lim; . ¢(t) = 0.

In [12] the first author showed that the Milloux theorem can be generalized
to step function coefficients, thus the existence of at least one solution with the
desired property is guaranteed. However, this knowledge is useless from practical
point of view. We would need a theorem guaranteeing all solutions to tend to zero
as t goes to infinity. The Armellini-Tonelli-Sansone theorem cannot be applied be-
cause any step function can increase only irregularly: the growth of the function
is located to a countable set, the function increases with jumps. Very recently the
Armellini-Tonelli-Sansone theorem was generalized to impulsive systems [7] and
step functions [5,6]. These theorems contain sophisticated conditions with requests
of certain connections between different parameters of the step function coefficient.
It is almost impossible to use these conditions for controlling the motions even if
one can observe and measure the state variables during the motions, what, in gen-
eral, cannot be assumed. (It is enough to mention the problem of pulling out used
up graphit bars from a nuclear reactor, which can be modelled by equations simi-
lar to (5).) For this reason the first author [12] formulated the following practical
problem: How many solutions are small if we do not require any additional con-
dition on ¢(t) beyond lim;—_ . £(t) = 0? In other words, how often does it happen
that lim;_, ¢(t) = 07

To be more precise, let us suppose that the length £(¢) is of the form

0t) = l, if e <t<tp, k=1,2,...,

where {(;}72, is given, limy .o £ = 0, and the sequence {t;}72, of the mo-
ments of pulling the rope is chosen “at random” such that limg .o tx = oo.
For an arbitrarily fized pair of initial data oo, ¢}, what is the probability, that
lim 0o 0(t) =07

In this paper we give an answer to this problem in the case when the differences
tp —tr—1 (k= 1,2,...) are independent random variables uniformly distributed
on interval [0, 1]. Namely, we prove that in this case lim;_. ¢(¢) = 0 is almost
sure (it is an event of probability 1).

2 Preliminaries and Results

Let {t;}$2; be an increasing sequence of positive numbers tending to infinity as k
goes to infinity, and define ¢ := 0. Let {ax}32, be a sequence of positive numbers
such that

0<a0§a1§...§ak§ak+1§...,

and consider the equation
2" +a?(t)x =0, a(t):i=ay ifty_ <t <ty fork=1,2,.... (6)

A function z : [0,00) — (—00, 00) is a solution of (6) if it is continuously differen-
tiable on [0, 00) and it solves the equation on every (ty_1,tx) for k=1,2,....
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Write (6) as a system of first order differential equations for a 2-dimensional
vector (x,y), where y := z’/ay. The resulting system is

¥ =ary, Y =—apx (thor <t <tp; k=1,2,...). (7)

One has to be careful defining what it means that a function ¢ — (z(¢),y(t)) is a
solution of (7) on the interval [0, 00). The function t — 2/(t) = ary(t) has to be
continuous, so we require that the function ¢ — y(t) is continuous to the right for
all ¢ > 0 and satisfies ary(tx — 0) = ar41y(tx) for k = 1,2,..., where y(tx — 0)
denotes the left-hand side limit of y at tx. Accordingly, the system of first order
differential equations for (x,y) equivalent with (6) is

¥ =ayy, Yy =-—arx (tg—1 <t <tg)
a 8
y(te) = — gty —0),  k=1,2,.... (8)

k41

It is easy to see that introducing the polar coordinates (r,¢) by the equations
T =rcosp, y=rsing, we can rewrite system (7) into the form

r'=0, ¢ =—ay (tpm1 <t <ty, k=1,2,...).

So, system (8) turns the plane uniformly around the origin for ¢ € [t;_1,tx), and
then contracts it along the y-axis by ag/ar+1 at t = tx. Introduce the notations

a
Tk =tk — k=1, @k = arTk, Q= )
k41
(10 COS f,  Sin . ) (10
Then from (8) we obtain
(tr) (0) 2
fk;:< ):Tkal...Tng( eR*, k=0,1,2,.... 9
) (0) )
Since a, <1, k=1,2..., for every solution ¢t — (z(t),y(t)) the limit
W= lim (@2(1) +57(1) = lim [ (10)
exists and is finite, where || - || denotes the Euclidean norm in R2.
Suppose that Ty, T, ..., Tk, ... are totally independent random variables uni-

formly distributed on interval [0, 1]. Limit w is a function of the sequgnce {74},
so it is also random. Now we introduce the probability space where w can be
defined as a random variable.

For every natural number n, let P, = (£2,,, Ay, ptn) be the probability space
with 2, := []¢_,[0,1], the class A,, of Lebesgue measurable subsets of £2,,, and
the Lebesgue measure i, in (2,,. By the Fundamental Theorem of Kolmogorov [4]
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there exists the infinite product probability space P = (£2 := [[,—,[0,1], A4, ),
having the following property:

o0

M(H < T o 1]) = pn(H) for every H € A,. (11)
k=n-+1

Limit w defined by (10) is a random variable on probability space P. Our purpose
is to determine the probability

P(w = 0 for all & € R?).

Obviously, the event (w = 0 for all & € R?) is independent of the choices {7;}7_,
for every finite n. By Kolmogorov’s Zero-Or-One Law, the probability of such an
event equals either zero or one. The following theorems are in accordance with this
law.

Theorem 2. If limg_,, ax = 00, then it is almost sure (i.e., it is an event of
probability 1 in probability space P) that

lim (mQ(t) + (x/(t))z) =0

t—o00 a,2 (t)

for all solutions of equation (6).

Corollary 3. If limy_,oc ar = 00, then it is almost sure (i.e., it is an event of
probability 1 in probability space P) that

lim x(t) =0

t—o0

for all solutions of equation (6).

Theorem 4. Iflimy_ .o, ar < oo, then

lim (ﬁ(t) + (x/(t))z) >0

t—o00 a,2 (t)

for every non-trivial solution = of equation (6).

Corollary 5. If limy_.oc ar < 00, then it is an tmpossible event in probability
space P that there exists a non-trivial solution x of equation (6) with

lim x(t) = 0.

t—o0
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3 Proofs

3.1 Proof of Theorem 2

Let (x(0),y(0)) € R? be fixed, and consider the solution of equation (8) starting
from this point. If (-, -) denotes the scalar product in R?, then for a fixed k > 1 we
have

1€6l1? = (€, &) = (Thbr1, Tek-1) = (Ti Tu€k—1,Ek—1) < Al|&x—1%,

where T} denotes the transposed of matrix T}, and A denotes the greater eigen-
value of the symmetric matrix 7;7T). The random variables &1,&2, ... , & are in-
dependent; consequently, for the expected values we obtain the inequality

E([l¢]1*) < E(A0)E([[&k—1]1?)- (12)

Now we compute E(Ay). First we determine the expected value of matrix T} T}:

E(T/T,) — ' (cosapT —sinapT) (1 0 cosarT sinapT d
kR = o \sinapT cosayT Oa% —sinax7 CcosaxT T
1 1 2

10 ai 0
— 2 a2 k
—/0 cos” apTdT <O a%) —|—/0 sin a;ndr(o 1)
1 2
y 0 ap—-1
—|—/0 sin a7 cos apTdT <0‘Z 1 0 )

1407 (10) | sin2a o (10 sin® ag , 5 01
T2 (01)‘L 4day, (L=ai){g 1)+ 2ay, (@i =D {yp)

It is easy to check that the greater eigenvalue of a symmetric matrix (d;x)?,_,
is determined by the formula

di1 + dao + \/(d11 — do2)? + (2d12)?
5 )

Ay, is the greater eigenvalue of matrix E(T}T},); therefore,

Siza’“ D . (13)

k

1

Ak2

(14—042—}—(1—042)

Applying inequality (12) for k = 1,2,... we obtain the estimate

E(J&2) < (H Ak) ol (14)
k=1
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Now we prove

H = (15)
This assertion is equivalent with

o0 2 .

Zln{ a; (1_ s1nak‘>} .
Qf

k=1

This is obviously satisfied if liminfg_ o ar < 1. If limg_ o axr = 1, then it is
enough to show that

> sin ag,
S0 a) (1-[2]) - x.
k=1 Ak

ie., Y po (1 —ag) = oco. But this is equivalent with > -, Inay = —oo0, i.e.,

ao
lim ||o¢k— lim =0,
n—>ook 1 n— oo a'n+1

which was assumed.
From (14) and (15) it follows that lim,, ... E(||£,]|?) = 0. Then by Fatou’s
Lemma [4] and property (11) we have

E(w) = B(lim (1600) = [ lim (lealdie < Jim [ 1P d
= Jim [ el dies = lim () =

We have proved that for every fixed individual solution of (6) there holds
P(w = 0). Since all solutions of the linear equation (6) can be represented as
linear combinations of two fixed linearly independent solutions of the equation,
this implies that

P(w = 0 for all solutions of (6)) =0,

which completes the proof of Theorem 2.

3.2 Proof of Theorem 4

Suppose that lim,, .o @y, =: as < co. From the representation (9) and the defini-
tion of T}, we have

[€ell* = (€ks k) = (Tubr1, Tur—1) = (Tp Tr€r—1, Er—1) = o ||&kl|>.

Iterating this estimate we obtain the inequality

o= i leul?= (i [Tt )16l = (i

I?

i 2 ag 2
P >||£o| = —[[&ll" >0,
+1 a

oo

whenever ||&||* > 0. This completes the proof.
The proofs of Corollaries 3 and 5 are trivial, so they are omitted.
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1 Introduction

The present paper is aimed at investigation of systems with deviating argument
of delay type. The investigation is carried out using the second Lyapunov method.
The following differential system with delay is considered

z(t) = flz(t),z(t — 7)), 7>0. (1)

Suppose that z(t) = 0 is a solution of system (1), i.e. f(0,0) =0.
As opposed to ODE’s, for which the Cauchy problem consists of finding a
solution passing through the given point, equations with delay have an initial
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function. Thus, for (1) the Cauchy problem consists of finding a solution x(t) that
satisfies the initial condition z(t) = ¢(t), —7 <t < 0, where p(t) is a given
initial function. Therefore, initial perturbations of the function ¢(t), —7 <t <0
are required to be small according to the definition of stability.

Definition 1. The solution z(¢) = 0 of system (1) is called stable according to
Lyapunov if for an arbitrary e > 0 there exists such d(g) > 0 that |z(¢)| < ¢ when
t > 01if ||z(0)||- < d(¢). Here [|2(0)]|; = max_,<s<o {|z(s)|}.

Definition 2. The solution z(t) = 0 is called asymptotically stable if it is stable
and the following condition holds

tlim |z(t)] =0 .
Definition 3. The solution z(t) = 0 is exponentially stable if there exist such

constants N > 0 and v > 0 that for an arbitrary solution of the system the
following estimate holds

5(B)] < N|2(0) |- exp{—t}, >0 .

System (1) cannot provide precise description of real objects. By using differen-
tial equations it is usually impossible to take into account all different factors that
influence the system. Therefore, it is appropriate to consider a perturbed system
in the form

o(t) = fzt), z(t — 7)) + q(x(t),z(t — 7)) . (2)
The following definitions of stability account for the influence of perturbation.

Definition 4. The solution z(t) = 0 of system (1) is called stable under constantly
acting perturbations when for an arbitrary ¢ > 0 there exist §(¢) > 0 and n(¢) > 0
such that for an arbitrary solution zq(t) of (2) the condition |zg(t)| < € when
t > 0 holds if [|zg(0)|l- < d(e) and |q(zg(t), zq(t — 7))| < n(e).

Differential equations with delay (1) have many things in common with cor-
responding equations without delay. Therefore, many results from the movement
stability theory for systems without delay were extended and adjusted to the equa-
tions in the form (1). One of the basic methods for investigation of system stability
is the second Lyapunov method. Its application to systems with delay has been
developed in two directions:

1. The first direction implies use of finite dimensional functions with an ad-
ditional condition for the derivative. This is a so called B.S. Razumikhin condi-
tion [1,4].

2. The second method is a Lyapunov-Krasovskiy functional method, which has
had more comprehensive theoretical ground [2,3,4].

Geometrical meaning of the Lyapunov function method involves finding the
system of closed surfaces that contain the origin and are converging to it. The
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vector field of motion equations should be directed inside the areas limited by
such surfaces. If a solution gets into such area limited by the surface, then it will
never leave it again. These surfaces form level surfaces of a Lyapunov function.

For systems without argument deviation the speed vector on level surfaces is
determined only by the present moment of time, i.e. by the point lying on the
given surface. The speed in equations with deviating argument depends on the
previous history as well; i.e. it depends on the point x(¢t — 7), which is usually
hard to find. Therefore, it is logical to require negative definiteness of Lyapunov
function derivative uniformly by the variable x(¢t — 7). However, this leads to
an excessively sufficient character of the theorems, which in turn makes them
inefficient for applications. Because of this, B. S. Razumikhin suggested to consider
a previous history z(t — 7) to lie inside the level surface v(z,t) = « in order to be
able to estimate the full derivative along system solutions. The standard technique
of proving Lyapunov theorems on stability made such assumption both natural and
logical. This led to an additional Razumikhin condition for the Lyapunov theorems,
which included estimation of the character of Lyapunov function derivative on the
curve that satisfies [1]

v(s,z(s)) <ov(t,z(t)), s<t.

The second approach was introduced by N. N. Krasovskiy. He suggested to con-
sider sections z(t+s), —7 < s < 0 of the trajectory at each fixed time ¢ > 0 instead
of functions with finite number of variables. Definitions of positive definiteness of
corresponding functionals and of their derivatives on system solutions were intro-
duced as well. Main Lyapunov theorems on stability (as well as asymptotic and
exponential stability) were stated in terms of functionals and their derivatives [2].

Both methods are thought to have certain advantages and disadvantages. How-
ever, both methods have capacity for existence and further development according
to opinions of many scientists.

2 Lyapunov-Krasovskiy Functional Method

Let us consider the basic idea of Lyapunov-Krasovskiy functional method. De-
note vector-function defined on the interval —7 < s < 0 for each fixed ¢ > 0 by
z(t + s). The functional V[z(t),t] is determined on the vector-functions x(t + s),
—7 < s < 0. Using introduced functionals N. N. Krasovskiy obtained theorems on
stability and asymptotic stability of zero solution of system (1) with delay, which
was analogous to the well known Lyapunov theorems.

In the theorems on stability (asymptotic stability, unstability) stated in terms
of Lyapunov-Krasovskiy functional the following value (called right upper deriva-
tive number)

) . 1
D,V = A}LHLO sup - {V]z(t + At), t + At] — V{xz(t),t]}

played role of a function derivative dv/dt along solutions z(t) of a system with
delay.



130 Denis Khusainov

We should draw our attention to the two steps in development of the Lya-
punov-Krasovskiy functional method. The first step included development of a
theoretical ground for the method. The second step used theoretical results to
make theorems more applicable to construction of the functionals. Let us consider
these two stages in more details.

The first step was to formulate theorems on stability and asymptotic stability,
and invert them. All conditions of the theorems were formulated in terms of a
uniform norm

[z@)]- = sup {lz(t+s)[}
—7<s<0
for a zero solution of system (1) with delay, which was similar to the well known
Lyapunov’s theorem.
The main results are as follows

Theorem 5 (Stability by Lyapunov). Let differential equations of system (1)
be such that there exists a functional V[z(t),t] satisfying the following conditions:

Loa(fJz(t)]-) < V]x(t),t],

2. D V]z(t),t] <O0.
Here a(r) is a continuous non-decreasing function positive for all r > 0 and
a(0) = 0. Then the zero solution xz(t) = 0 of system (1) is stable according to
Lyapunov’s definition.

Theorem 6 (Asymptotic stability). Let differential equations of system (1) be
such that there exists a functional V[x(t),t] satisfying the following conditions:

Loa(llz(t)l|) < V{z(t), 1] < b(|lz(8)ll7),

2. DyV[e(t), 4] < —c(|lz(D)]l,).

Here a(r),b(r), c(r) are continuous non-decreasing functions positive for all r > 0
and equal to zero at r = 0. Then the zero solution z(t) = 0 of system (1) is
asymptotically stable.

It should be noted that the conditions of the above formulated theorems use
the uniform metric, which essentially limits the number of differential systems for
which functionals can be constructed in an explicit form. For example, for a linear
stationary system

i(t) = Ax(t) + Bx(t — 1) (3)

with constant matrices A and B and a functional in a quadratic form

0
Viz(t)] = a7 (t)Ha(t) + / T (t + 5)Ga(t + s)ds,
—T
where H, G are constant positive definite matrices it is impossible to find functions
a(r) and c(r) that would satisfy theorem’s conditions.
Therefore, the second step formulated stability theorems in terms of such
norms, that are more convenient for constructing the functionals.
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Theorem 7 (Asymptotic stability). Let differential equations of system (1) be
such that there exists a functional V[x(t),t] satisfying the following conditions:

Loa(lz(0)]) < Vi), 1] < b(|lz()]-),

2. DyV[e(t), 1] < —c(la(t))).

Then the zero solution x(t) =0 of system (1) is asymptotically stable.

2.1 Quadratic Functionals in a General Form

Let us consider constructive methods for construction of Lyapunov-Krasovskiy
functionals for linear stationary systems with delay (3). It is obvious that the
natural form of a functional is a quadratic one, the same as for systems without
delay. Yu. M. Repin constructed quadratic functionals in the following general
form [5]

0
Viz(t)] = 27 (t)Hz(t) + / 2L (t + s) K (s)x(t)dt

-7

+ /0 2T (t + 5)G(s)x(t + s)ds

-7

0 0
+/4 /7TxT(t+s1)M(S1,sz)x(t+32)d51d32 ) (4)

Here H is a constant quadratic n xn positive definite matrix; K(s), G(s), M (s1, $2)
are continuous matrices, and H and M (s1, s2) are symmetric matrices. Functionals
are chosen in such a way that

d
SV (t)] = Wia (o)

where

Wiz(t)] = 27 ()Qx(t) + 2T (t — 7)Ra(t) + 2T (t — 7)Sz(t — )
0 0
+ / STt + 5)D(s)a(t)ds + / T+ $)E(s)n(t + s)ds  (5)

-7 -7

0 /0
+/ / xT(t—i-sl)F(sl,SQ)x(t—i-sQ)dsldsQ

for given matrices Q, R, S, D(s), E(s), F'(s1, s2). These matrices satisfy conditions
ensuring negative definiteness of W{z(s)] on system’s solutions.

By taking a derivative of the functional (4) we obtain a system of algebraic
equations that consists of ordinary matrix differential equations and partial differ-
ential equations

HA+ ATH + %[K(O) + KT(0))+G(0) = Q,
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ATK(s) — %K(s) + M (s,0) = D(s), —%G(s) = F(s),
OM (s1, $2) n OM (s1, s2) — _F(s1,5), (©)

881 882

2HB —~ K(-7)=R, BYK(s)—M(-7,5)=0 .

In some cases solutions of system (3) can be found, however in a general case the
question of existence of a solution for such system cannot be addressed.
Simplified quadratic functional was proposed in the form [6]

Viz(t)] = T () H(0)z(t) + 227 (t) /t_ H(s —t+ 7)Bz(s)ds

t
—|—/ / 27 (s1)BT H(sy — s1)Bx(s)dsidsy .
t—7 Jt—T1

Theorem 8. Let there exist a matriz function H(t), a solution of the matriz
differential equation

H(t)=ATH(t) - Ht)A+ ATH(t)A - BTH(t)B, t>0,
and let it satisfy

1. Hit)=ATH({t)+ BTH(t —71), t>0,
2. H(t) = H"(-t), H(0)=HT(0),
3. ATH(0)+ H(0)A+ BTHT (1) + H(1)B = -C,

where C is a positive definite matriz. If H(t) is such that the functional V]x(t)]
satisfies bilateral estimates

a(lz@)]) < Vz®)] < bi(lz(@)]) + b2 ([=(2)]-),
then the system is asymptotically stable.

The important fact about this theorem is that the theorem can be reversed.

Theorem 9. Let a linear system with a delay be asymptotically stable. Then there
exists a quadratic functional V]x(t)]. Let a matriz function H(t) be a solution of
the ordinary differential equation

H(t)=ATH(t) - Ht)A+ ATH(t)A - BTH(t)B, t>0,
and let it satisfy

1. Hit)=ATH({t)+ BTH(t - 1), t>0,
2. H(t) = HT(~t), H(0)= HT(0),
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3. ATH(0)+ H(0)A+ BTHT(t)+ H(7)B = -C,

where C' is a positive definite matriz. Then on solutions x(t) of the system the
functional V]x(t)] satisfies bilateral estimates

a(|z(t)]) < Vx(®)] < bi(jx(®)]) + ba((lz(t)]l7),
and its full derivative satisfies
V[z(t)] < =Amin(O)|z()* .

If we consider a functional in the form

0
Viz(t)] = T (t)Hz(t) + / 2T (t + 5)Ga(t + s)ds,

—T

then for an asymptotic stability of system (3) it is sufficient that such positive
matrices H and G exist that the matrix

~-ATH-HA-G —HB
C[G7 H] - |: _BTH G
is also positive definite.
Let us transform the problem of finding matrices H and G into an optimiza-
tional problem [7,8]

(Go, Hp) = arg inf  {eo(G, H)},
(G,H)eLLxL}
where ¢o(G, H) = —Apin[C(G, H)], Amin(®) is minimal eigenvalue of the matrix
C[G, H]; LY, LY are sets of positive definite matrices G and H that lie within a
unit circle.
The Lagrange function is constructed in the form

L(G, H,u) =po(G, H) + u11(G) + u2002(G) + uzps(H)
+usgps(H), u;>0,i=1,4;
01(G) =Amax(G) =1, 92(G) = = Amin(G),
03(H) =Amax(H) =1, @a(H) = = Amin(H) .

Theorem 10. For a function po(G, H) to reach its minimal value, it is necessary
and sufficient for the point (Go, Ho,up), ud = (u?,u3,ul, ul) to be a saddle point
of the Lagrange function.

The following theorem provides constructive conditions for finding matrices Gy
and Hy such that the Lyapunov-Krasovskiy functional from a given class resolves
a stability question.
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Theorem 11. The Lyapunov-Krasovskiy functional with matrices Go, Hy resolves
a problem of stability within a given class of functionals (i.e. it is the optimal
functional in a given class) if and only if the vector ul = (u9,u9,ul, u}) ewists
such that

1. A gradient set RY of the Lagrange function L(G,H,u) on variables (G, H) at
the point Go, Ho,uo contains a pair of zero matrices, i.e. (6,60) € RY.
2. Conditions of additional non-stiffness hold:

ulp1(Go) =0, udpa(Go) =0, ufps(Ho) =0, ufps(Ho) =0 .

3 Lyapunov Function Method with Razumikhin Condition

Proofs of main Lyapunov’s theorems are based on estimate of a speed vector
direction at the moment x(t) on level surfaces v(z,t) = « of the Lyapunov function
v(x,t). In other words, the sign of 0(x,t) is studied, where

WD _ DD | gradTofa) 0f )2t 7)) . ()
For systems with argument deviation this expression is a functional that de-
pends on the previous history x(t — 7). On the basis of the stability definition
we can assume that points lie inside the area limited by level surfaces before
points of the previous history leave the level surfaces. In other words, the condi-
tion v(z(t — 7),t — 7) < v(z(t),t) holds.
B. S. Razumikhin proposed to find the estimate of functional (7) not for all
curves that correspond to solutions x(¢) of the system, but only for those that
leave areas limited by level surfaces, i.e. v(x(s), s) < v(z(t),t), s<t.

Theorem 12. Let for system (1) a continuously differentiable function v(z,t)
exist and satisfy the conditions:

1. af|a]) < v(e,t),
2. W <0 for curves z(t) that satisfy v(z(s),s) < v(z(t),t), s<t.

Here a(r) is a continuous non-decreasing function positive for all v > 0 and
a(0) = 0. Then the zero solution x(t) = 0 of the system (1) is stable according to
Lyapunov.

Theorem 13. Let for the system (1) a continuously differentiable function v(z,t)
exist and satisfy the conditions:

L a(lz|) <wv(z,t) < b(|z]),
2. % < —c(|z(t)]) for curves x(t) that satisfy v(xz(s),s) < v(z(t),t), s<t.
Here a(r), b(r), c(r) are continuous non-decreasing functions positive for all r > 0

and equal to zero at r = 0. Then the zero solution x(t) = 0 of the system (1) is
asymptotically stable.
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3.1 Asymptotic Stability of Systems with One Delay

Suppose that the system without deviation (3)
z(t) = (A+ B)x(t) (8)

is asymptotically stable. Stability investigation is performed using Lyapunov func-
tion in the form v(z) = T Hz, where H is a solution of the equation

(A+B)'H+H(A+B)=—-C . (9)

Here C is an arbitrary positive definite matrix.
Denote ¢(H) = Amax(H)/Amin(H), where Amax(®), Amin(®) are maximal and
minimal eigenvalues of the matrix H [9,10].

Theorem 14. Let the system (8) be asymptotically stable. If there exists a positive
definite matriz H, which is a solution of (9), and if the inequality

Amin(C) — 2|HB|(1 + /o(H)) >0 (10)

is satisfied, then the system (3) is asymptotically stable for an arbitrary T > 0.
Moreover, for an arbitrary solution x(t) of the system (3) the condition |x(t)| < €,

t > 0 holds only if ||z(0)|- < d(g), where 6(e) =e/+\/p(H) .
Conditions of the Theorem 14 provide exponential decay of solutions of the system

(3)-

Theorem 15. Let the system (8) be asymptotically stable. If a positive definite
matriz H, which is a solution of the equation (9), exists and if an inequality (10)
holds, then for solutions x(t) of the system (3) the following inequality holds

2(t)] < Vo) [2(0)]|, exp{—~t/2}, t>0,
where
— {2 lnfl [Amin(c) — 2|HB| )‘maX(H) }1
) AHBIoH) | Auin(C) — 2/HB|(1+ /o (l))

Let the system (8) be asymptotically stable, but there is no such H that satisfies
the inequality (10).

Theorem 16. Let the system (8) be asymptotically stable. If T < 1, where
Amin(cy)
T0 = )
2(|Al+ |B)IHB|\/¢(H)

then the system (3) is also asymptotically stable. Also |xz(t)| <e, t> 0, only if
|z(0)]|- < d(e, T), where

3(e,7) = (1 +[Blr) " exp{~|Alr}e/ /o (H) .

(11)
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Theorem 17. Let the system (8) be asymptotically stable. If T < 19, where 1y is
defined in (11), then the following inequality holds

|AM<{ ) (1+ [ BI7)[2(0) |, exp{lAlr}, 0<t<m,
Vo) (1+ B0, exp{|Alr —t/2}, > 7,

where

B (1_1) )\max(H)_ (I—=7/710)T]"
TEUT S (@) In(r/70)
3.2 Estimation of Delay Influence on System Solution

A system in the form
&(t) = Az(t) + Ba(t — 7) + Q(z(t), z(t — 7)) (12)
is called “perturbed” to (3) [11].

Theorem 18. Let the system (8) be asymptotically stable and let there exist a
positive definite matriz H such that it is a solution of the equation (9) and the
inequality (10) holds. Then for an arbitrary solution xg(t) of the system (12) the
following holds: |xq(t)| < e, t >0, if |zg(0)||r < d(e) and |Q(zxq(t),zo(t —
)| < n(e), where

Amin(C) = 2|HB|(1+ Vo(H))
2|H|\/(H)

Let there be no such matrix H that satisfies the inequality (10).

o(e) =e/Ve(H), nle)=

Theorem 19. Let the system (8) be asymptotically stable. Then if T < 1y, where
7o is defined in (11), the following holds for a solution xq(t) of the system (12):
o) <=, >0, only if |2(0)]| < 6(z,7), and |Q(aq(t) zq(t — 7)) < n(e,7),
where

3(e,7) = (1= QA +[Blr)~" exp{—|Alr}e/Vp(H),

T7) = min £€_‘A‘T )‘min(c)(l_T/To) c
n(e,7) = {T " 2(|HB|r +|H]|) } p(H)

3

where 0 < ¢ < 1 is an arbitrary fized constant.

Let us estimate the maximum deviation 7 = Tyax, such that the divergence
|x(t) —zo(t)] <&, t> 0 holds. Denote x¢(t) to be a solution (8), and

q=|B(A+ B)l[z(0)] -
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Theorem 20. Let the system (8) be asymptotically stable, and let there exist H
— a solution of (9) — satisfying (10). Then for an arbitrary e > 0, § < e/+/@(H)
the following is true: |z(t) — xo(t)] < &, t > 0 only when ||z(0) — 20(0)||, < 9, and
T < Tmax, where

o Amin(C) — 2|HB|(1 + \/SO(H))6
e 2|H|qp(H) '

Let us introduce the following notations

My =1-=06v(H) /e, My=|A|l+|B|\/o(H)d/e,
Nl - E)\mm(c)/@(H)qv N2 = |H| + gAmin(C)/2(p(H)qT0'

Theorem 21. Let the system (8) be asymptotically stable. Then for any € > 0
and § < e/+\/p(H) we have |x(t) — xo(t)] <&, t> 0 only if [|[£(0) —zo(0)||- < I
and T < Tmax, where

-1
Tmax = Min {2M1 |:\/M22 +4Myp(H)q/e + Mz} ,
-1
Ny |:\/N22+2N1|HB|+N2:| } .

3.3 Absolute Stability of “Direct” Control Systems with Delay

Consider the following system

{js(t) = Axz(t) + Ba(t — 7) + bo f(o[t]) + b f (o[t — 7)), 13)

olt| =clzt) +cFat —71) .

Function f(o) satisfies the Lipshitz condition with a constant L and a sector (0, k);
ie.

f(o) (Ko — f(0)) >0 . (14)
Lyapunov function is used in the form

o(z)
v(x) zsr:THx—i—ﬁ/ fde, o(x) =clz, c=co+acr .
0

Matrix H is found from the equation (9). For the function v(z) the following
condition holds:

Nin (Al < 0(@) < Ain ()],
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where
(I — )‘min(H)v B =0,
Amin(H) = {)\min(H+ﬁkccT/2), f<0;
Amax(H) = {Amaxuf + Bhec” /2), 20,
Amax(H), B<0 .

Definition 22. The system (13) is absolutely stable if the solution z(t) = 0 is
stable for an arbitrary function f(o) that satisfies (14).

Denote
P(H) = Amax(H) /Aumin(H),  p1 = 2(|HB| + L|Hbo||e1| + LI Hby|co),
p2 = |B¢" Bl 4 B¢ bo| L|er| + [B¢™ b1 |Llcol, b= by + by,
@ =2L|Hbl|c1|, g2 =18 bi|Liler|, ¢ =co+ e,
—[(A+BTH+HA+B)] : —[Hb+ (B(A+ B)T + E)c/2|

—(p1+ @1+ (p2 4 q2)/287)

6 X(1+ /(1)

—[Hb+ (B(A+ B)T + E)e/2]" @ 1/k—BbTc— (p2 + q2)&*

I 2 x(1+ 1/ @(H))/2

Theorem 23. Let matriz H and a parameter 3 be such that Ayin(H) > 0, and let
there exist such & that Cy is positive definite. Then the system (13) is absolutely
stable for any T > 0. In such case |z(t)] < e, t >0 only when ||z(0)|, < d(e),

where () = /1) @(H).

When conditions of the theorem hold, solutions of the system decay.

Theorem 24. Let matric H and a parameter 3 be such that Amin(H) > 0 and
C1 exists and is positive definite. Then for solutions x(t) of the system (13) the
following holds

()] < \/p(H)[(0)l|2- exp{—t/2}, t>0,
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where

. Y1 Amin(C1)
Y = min ~ =72 (>
71)\max (H) + )\min(cl)

2
’yl:—ln{
-

— (p1+p2)

\/[(pl +p2) + 2(q1 + ¢2)]2 + min(C1) (@1 + g2)/\/ (H)

/2(Q1+(J2)},

Introduce the following designations

M(0) = [A] + | B[ |K[(|bo] + [b1])(|co| + |e1]),
N(0) = p1 +2q1 + v/ (p1 + 2¢1)2 + (p2 + 2¢2)2,

—[(A+B)TH+H(A+B)] : —[Hb+ (B(A+ B)T + E)c/2]

—[Hb+ (B(A+ B)T + E)c/2|T 1/k—pbTec

Theorem 25 ([13]). Let matriz H and a parameter (3 be such that Amax (H) > 0,
and let Cy be positive definite. Then, when T < Ty, where

T0 = 2Amax(02) 7 (15)

M(0)N(0)\/e(H)

the system (13) is absolutely stable. Moreover, |z(t)] < e, t > 0 if ||z(0)]2r <
0(e, T), where

5(e,7) = [(1 4+ Rr)e"T) 2 /\/o(H)

Theorem 26. Let matriv H and a parameter 3 be such that Amin(H) > 0 and
Cy is positive definite. Then if T < 19, where 1o is defined in (15), the following
inequality holds for solutions z(t) of the system (13)

] < {\/ )2(0)]|2r (1 + Rr)2exp{2Er}, 0<t< 27,

v/ o(H)||z(0)||2-(1 + RT)? exp{2LT — ~t/2}, T > 27,

where

’71/\~min(C~'2)(1 - /7o)
'YlAmax(H) + )\min(CQ)(]- - 7—/7—0) ’
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and vy 18 a root of the equation

1= [M(MN@M(0)N(0)] e =0,
M (v) = |A| + |B|e"™/? + K (|bo| + [ba]e?™/?)(|co| + le1]e?7/?),

N(v

) =
) = (p1+2q1€77/?) + \/ (1 +2q1€77/2)% + (p2 + 2g277/2)2,
R = |B| + K(|bollex| + |b1[eo| + [br]|ea]),

L = [A] + Klbol[col -

3.4 Differential Systems with a Quadratic Right-Hand Side
Difference-differential equation with a quadratic right-hand side
@(t) = Az(t) + Bx(t — 7) + XT(t)Dyx(t) + X7 (t) Doz (t — 7)
+X(t —7)Dsx(t — 1) (16)

recently became very popular. Here X (t), D;, i = 1,3 are rectangular n? x n ma-
trices in the form

D] ={Daj,Daj,...,Dyj} .
Here Xj(t), where k = 1,n, are quadratic matrices that have a vector x(t) =

(21(t), 22(t),...,7,(t))T in place of a kth column, and other elements are zero.
D;; are symmetric matrices that define quadratic ith rows.

Theorem 27. Let there exist such a matriz H that (10) holds. Then the solution
x(t) = 0 of the system (3) is asymptotically stable at any 7 > 0. The sphere Ur
that lies in the area of asymptotic stability has the radius

Amin (C) — 2|HB|(1 + /¢
2)\max(H)Zz 1|D |(\/ ( ))l

For solutions z(t) from the sphere Ug the following convergence estimate holds:

Hx( )|| [1—eXp{ %‘/2}]

’7_[ mm( )_2|HB| ]-+ \/ max

Theorem 28. Let the system (8) be asymptotically stable. Then for T < 19, where
7o is denoted in (11), solution x(t) = 0 of the system (16) will also be asymptoti-
cally stable. For such solutions x(t) that satisfy the condition ||z(7)|» < R(, 0 <
¢ < 1 the following convergence estimate holds:

t>0,

lz(®)ll-, 0<t<m,

()] < 4 Rey/o ) la(r)l- exp{=7t/2)
T~ (r) - [—exp{—7/2}]

t>71 .
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Here
)\min(c)(]- - T/’T())
253, [[HBID(v/PTH) )+ Amax ()| Di| (/o) )|

R:

)

v 18 a solution of a special equation.

3.5 Differential Systems with Rational Right-Hand Sides

Recently developed mathematical models of ordinary differential equations with
rational right-hand sides were found adequate for description of various models in
biology and medicine. The systems have the form [15,10]

i(t) = [E+ X (t)D1 + X (t — 7) Do) " [Ax(t) + Ba(t — 7)]. (17)

Theorem 29. Let there exist a symmetric positive definite matrix H that satisfies
(10). Then the solution x(t) = 0 of the system (17) is asymptotically stable for an
arbitrary delay T > 0. The asymptotic stability region contains the ball Up = {z :
|z| < R}, where

R Pmin(C) = 2[HB|(1 + v p(H) )]/ ¢(H) .
(ID1] + [D2[v/@(H) ) [Amin(C) = 2[HB[(1 + v/ ¢(H) )] + 2|H[(|A] + | B]\/¢(H) )]

Theorem 30. Let the system (8) be asymptotically stable. Then for all T < 79,
where

0 = Amin (C)(1 — C)S .
2(1A1 + |BDIH|V o (H) [| Bl + (|D2|Ax| = [ D1]|B]) R(]

Then the solution x(t) = 0 of the system (17) is asymptotically stable. The asymp-
totic stability region contains a ball with the radius

P { ! Auin (C)/ /() } |

(I1D1] + | D2|)y/o(H) " 2IHB| + Amin(C)]| D1 + Do
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Abstract. In this paper we give a survey on the theory of quadratic func-
tionals. Particularly the relationships between positive definiteness and the
asymptotic behaviour of Riccati matrix differential equations, and between
the oscillation properties of linear Hamiltonian systems and Rayleigh’s
principle are demonstrated. Moreover, the main tools form control the-
ory (as e.g. characterization of strong observability), from the calculus of
variations (as e.g. field theory and Picone’s identity), and from matrix
analysis (as e.g. I'Hospital’s rule for matrices) are discussed.
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1 Introduction

This article presents a survey on the theory of quadratic functionals as described
in a recent book by W. Kratz [13]. This theory is based mainly on the work by
M. Morse and W.T. Reid (see [16] and [18]). We introduce the necessary notions
and formulate the central results, but without any proofs. The setup of the paper
is as follows.

In the next section we introduce the necessary notation and basic concepts,
namely: We consider quadratic functionals for state and control functions, which
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satisfy a linear differential system (called the equations of motion), and for which
the state function satisfies additionally some linear and homogeneous boundary
condition. Classical methods of the calculus of variations lead to a self-adjoint
eigenvalue problem consisting of a linear Hamiltonian system and boundary condi-
tions (including the corresponding Euler equation and the natural boundary con-
ditions). These eigenvalue problems contain e.g. the well-known Sturm-Liouville
problems. The study of oscillation properties of the Hamiltonian system requires
the concept of conjoined bases and their focal points, which includes in a certain
sense the basic notion of disconjugacy. Moreover, the central notions of controlla-
bility and strong observability (or observability with unknown inputs) from control
theory play a key role in the theory as well as Riccati matriz differential equations
corresponding to linear Hamiltonian systems.

In Section 3 we formulate the main results concerning the positivity of quad-
ratic functionals. Theorem 4 states a Reid Roundabout Theorem, which includes
e.g. the well-known Jacobi condition from the calculus of variations as a special
case. Theorem 5 concerns the positivity of a quadratic functional depending on
a parameter. It states essentially that the positivity of the functional for small
values of the parameter is equivalent to a certain asymptotic behaviour of the cor-
responding Riccati equation, and that it is also equivalent to strong observability
of the underlying linear system.

In Section 4 we present in Theorem 7 the central oscillation theorem for Hamil-
tonian systems. The next Theorem 9 states the basic properties of the correspond-
ing eigenvalue problem, i.e., existence of eigenvalues, Rayleigh’s principle, and the
expansion theorem.

Finally, we describe in Section 5 the main tools for the proofs. These tools in-
clude results from the calculus of variations (as e.g. Picone’s identity), from matrix
analysis (as e.g. properties of monotone matrix-valued functions), from linear con-
trol theory (as e.g. a canonical form for controllable systems), and from functional
analysis (Ehrling’s lemma). We formulate explicitly two basic results, namely a
substitute of ’'Hospital’s rule for matrices in Theorem 10 and a characterization
of strong observability for time-dependent systems in Theorem 11.

2 Notation and basic concepts

First we introduce quadratic functionals
b @) ¢ (=@
L T T —Irla —xla
F(z) = /{x Czx+u Bu}(t)dt+ ( (b) ) S1 < (b) > , (1)
and bilinear forms

(.1 = /b {7 o)t , (r.y) = <x,y>o+(‘j((;))Tso(‘j((;)) @
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where z (or (z,u)) is (A, B)-admissible , i.e., the so-called equations of motion
& = Az + Bu hold on 7 := [a, b] for some control u with Bu € Cs(Z) (i.e., Bu is
piecewise continuous on 7), and where it satisfies boundary conditions of the form

(;?2?) €V, we write z € R, and where the same holds for y. Throughout we

impose the following assumptions on the given data:

(A) A(t), B(t),C(t),Co(t) are real n x n-matrix-valued functions, which are piece-
wise continuous on R, B(t),C(t),Co(t) are symmetric, and B(t),Co(t) are
non-negative definite (we write B(t) > 0, Co(t) > 0) for t € R. V C R?" is
a subspace of R?", Sy and S; are real and symmetric 2n x 2n-matrices, and
So > 0.

Let Ry, S> be 2n x 2n-matrices, such that V = Im RI and SoRY = 0,
rank (R, S2) = 2n (see [13, Corollary 3.1.3]). We put

Rl(/\) = RQ(Sl — /\SQ) +Sy , Ry:=R; (0) (3)

for A € R. By Im, rank, ker we denote the image, rank, kernel of a matrix, and
denotes the identity matriz of corresponding size.

The pair (z,u) is stationary for the functional F if it satisfies the natural
boundary conditions and the Euler equations it = Cx— AT w. These Euler equations
lead together with the equations of motion to the linear Hamiltonian system

& =Ax+Bu , 0= Czx— ATu, (H)

and the natural boundary conditions together with the given boundary conditions
R lead to the self-adjoint boundary conditions (B)) below with A = 0.
We need the following basic notions (see [13]).

Definition 1.

(i) (X,U) is called a conjoined basis of (H), if X (¢),U(t) are real n X n-matrix-
valued solutions of (H) with

rank (X7 (), UT(t)) =n , XT@®)U®#)-UT#)X(t) =0 on R.

(ii) Two conjoined bases (X1,U;) and (X2,Uz) are called normalized conjoined
bases of (H) if X{'(t)Us(t) — UL (t)Xo(t) = I on R; and (X1,U1), (Xo, Us)
denote the special normalized bases of (H), which satisfy the initial conditions

Xi(a) = Uz(a) = 0 , Ui(a) = —Xs(a) = 1,
and then (X;,0U;) is called the principal solution at a .

(iii) A point tg € R is called a focal point of X (or (X,U)) for a conjoined basis
(X,U), if X(to) is non-invertible, and the dimension of the kernel of X (¢o) is
called its multiplicity.
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(iv) The pair (A, B) is called controllable on 7, if & = —AT (t)v, BT (t)v(t) = 0 on
some non-degenerate interval J C J always implies that v( ) =0on J (see
also [6, Definition 1.2.4] for “uniformly controllable”).

(v) The triple (A4, B, Cy) (or the linear system

= Az+Bu , y=Chx (LS)

with state x, input u, and output y) is called strongly observable on J if
& = A(t)x + B(t)u, Co(t)z(t) = 0 on some non-degenerate interval J C J for
some function u with Bu € Cs(J) always implies that z(t) =0 on J.

Given any conjoined basis (X,U) of (H) there exists another conjoined basis
(X2,Us) such that (X1 = X,U; = U), (X2,Us) are normalized conjoined bases
(see [13, Proposition 4.1.1]). By [13, Theorem 4.1.3] controllability of (4, B) is the
same as saying that the focal points of every conjoined basis of (H) are isolated.
Obviously, strong observability of (A4, B, Cy) means that the bilinear form (-, -)g
is an inner product on the space of all (A, B)-admissible functions. Moreover, it
is well-known (see [19] or [13]) that, for any conjoined basis (X,U) of (H), the
quotient Q(t) := U(t)X ~1(t) satisfies the Riccati matriz differential equation

Q+ATQ+QA+QBQ-C =0, (R)
whenever X (t) is invertible.

The investigation of extremal values if the so-called Rayleigh quotient R(x) :=
F(z)/{x,z) leads to functions x and reals A, where the functional

F(z,\) = F(x) — Mz, x) (4)

is stationary. Hence, these values A\ are the eigenvalues of the eigenvalue problem
(&), which consists of the Hamiltonian system

= Az +Bu,u = (C—\Co)z — ATu, (Hy)

and of the 2n linear and homogeneous boundary conditions

R\ (‘5{3) + Ry ( Z((g ) — 0, ie (z,u) € R(N) . (B)

Note that (H)=(Hy), and that (z,u) € R(\) implies that = € R. Moreover, as
above, there corresponds to (H)) a Riccati equation, namely:

QO+ATQ+QA+QBQ—-C+)XCy = 0. (Ra)

Remark 2. If the matrix B(t) is positive definite for ¢ € Z, then the functional F
and the equation of motion, i.e., u = B~1(# — Ax), reduce to a quadratic func-
tional occurring as second variation in the classical calculus of variations, which
satisfies the strengthened Legendre condition. Moreover, our eigenvalue problems
(&) include the self-adjoint Sturm-Liouville problems of even order as a special
case, where e.g. rank B(t) = rank Cy(t) =1
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3 Positivity

In this section we derive criteria for the positive definiteness of the functionals
F(-) and F(-, A).

Definition 3. The functional F is called positive definite, we write F > 0, if
F(x) > 0 for all (A, B)-admissible = with z € R and z(t) # 0 on Z.

Our first result includes the classical Jacobi condition from the calculus of
variations, and it is often called “Reid Roundabout Theorem” (see [1], [2], [4], [7],

[15])-

Theorem 4. Assume (A), and suppose that the pair (A, B) is controllable on T.
Then F > 0 if and only if the following two assertions hold:

(i) X1(t) possesses no focal point in (a,b].

(ii) The matriz M := Ra{S1 + MY} RY is positive definite on Tm Ry, where the
matriz M is defined by

N XX, X[
M = ((X—l—l)T ﬁle_1> (b) . (5)

This result is [13, Theorem 2.4.1]. Note that the matrices M and M are sym-
metric and that assertion (ii) is empty (i.e., always satisfied), if Ro = 0. The
connection between the Hamiltonian system (H) and the Riccati equation (R)
yields quite easily that the assertion (i) is equivalent with:

(i) The Riccati equation (R) possesses a symmetric solution @Q(¢) on Z.

Moreover, in the case of so-called “separated boundary conditions” there is an-
other result [I3, Theorem 2.4.2], which uses only one conjoined basis (rather
than (Xi,U1) and (X2, Usz) as above) depending on the boundary conditions (see
also [5]).

Our next result concerns the positivity of F(-, A) for sufficiently small values
of A, and it is contained in the recent paper [15, Theorem 2]. It requires additional
smoothness assumptions on the given data, i.e., for n > 2,

AeC™3R), BeC™3R), Cy e C*"%(R). (A1)

Theorem 5. Assume (A), (A1), and suppose that the pair (A, B) is controllable
on R. Then the following statements are equivalent:

(i) The linear system (LS) is strongly observable on R.
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(ii) For all non-degenerate intervals T = [a,b] and symmetric matrices Qo the
solution Q(t; \) of (Ry) with the initial condition Q(a;\) = Qo exists on T,
if X is sufficiently small, and

Alirn Q(b;\) = oo
(i.e., all eigenvalues of the symmetric matriz Q(b; \) tend to infinity as A —
—0).

(iii) For all non-degenerate intervals T = [a,b], subspaces ¥V C R?", symmetric

matrices S1 and So with So > 0, there exists \g € R such that (see (4))

F(,A) >0 forall X<Xy,
and then, moreover,
min{R(z) = F(z)/(x,z) :z is (A, B)-admissible , z € R, x # 0}
exists.

Remark 6. The assertion (iii) has the following interpretation in terms of the “op-
timal linear regulator problem” in control theory (see [10]), namely:

For given data the following LQ-problem with output energy constraints possesses
a minimum. Minimize the quadratic functional F(z) for (A, B)-admissible z € R
under the additional “output energy” constraint (z,z) = 1.

4 Oscillation and Rayleigh’s principle

In this section we formulate the main results on the oscillation of solutions of
the Hamiltonian system (H) and on the eigenvalue problem (&). The oscillation
theorem follows immediately from [13, Theorem 7.2.2] by using assertion (ii) or
(iii) of Theorem 5.

Theorem 7 (Oscillation). Assume (A), (Al), and suppose that the pair (A, B)
is controllable on T and that the linear system (LS) is strongly observable on T.
Let (X,U) be any conjoined basis of (H), such that X (a) and X (b) are invertible.
Then

ny+ng = ng+n,

where ny denotes the number of focal points of X (including multiplicities)
in (a,b) ;
ng denotes the number of eigenvalues (€) (including multiplicities),
which are less than zero; and where

ng denotes the number of negative eigenvalues of the symmetric
3n x 3n-matric M, which is defined by
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A —X"Ya) —X~1(b)
M =Ry | (X HT(a) -U(a)X a) 0 R+ RIRT
—(XH"() 0 Ub)X~1(b)
where Ry := < ) : (0 }g , A= X"Ha)Xz(a) — X71(b) X2(b)

with conjoined baszs (X2, Usz) such that (X,U) and (X2,Us) constitute normalized
conjoined bases of (H).

Remark 8. If the matrix X (a) or X (b) is not invertible, then the same result
holds but with a more complicated matrix M, the definition of which needs more
notation (see [13, Theorem 7.2.2]).

By using a generalized “Picone identity” [13, Theorem 1.2.1] this oscillation
theorem is the main tool to derive Rayleigh’s principle for our eigenvalue (&) (see
[13, Theorem 7.7.1 and Theorem 7.7.6]), namely:

Theorem 9 (Rayleigh’s principle). Assume (A), (Al), and suppose that the
pair (A, B) is controllable on T and that the linear system (LS) is strongly observ-
able on I. Then the following statements hold:

(i) There exist infinitely many eigenvalues Ay, of the eigenvalue problem (&) with
A — 00 (let —o00 < A1 < Ay < -+ denote these eigenvalues including multi-
plicities with corresponding orthonormal eigenfunctions (x1,u1), (x2,ua),. .. ,
so that {xk, x¢) = dke).

(ii) Rayleigh’s principle holds, i.e. for k=0,1,2,... ,
F(x)

A1 = min{R(x) = @) .z is (A, B)-admissible ,x € R , x # 0,

and {(x,z,) =0 forv=1,... ,k}.

(iii) The expansion theorem holds, i.e.

[e’s) k
g Ty, )T, , d.e., lim Hx — E (xy, 2)x,
— k—oo

v=1

207

for all (A, B)-admissible = with x € R, where || - | = /-, ).

5 Tools

In this section we discuss the main tools for the proof of our theorems cited above.
As already mentioned in the previous section a generalization of an identity
due to Picone [17] (see also [21]) is the basis of the proof of Rayleigh’s principle,
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i.e., Theorem 9, given in [13]. This extended version of Picone’s formula can be
derived from field theory (see e.g. [18]) as discussed in [13, Section 1.3].

The basic tools for the proof of the oscillation theorem, i.e., Theorem 7, come
from matriz analysis (see [13, Chapter 3]). These results concern in particular limit
and rank theorems for monotone matrix-valued functions (see [3], [L 1]). The basis
for the limit theorem is a substitute of I’'Hospital’s rule for matrices [7, Theorem 1],
namely:

Theorem 10. Suppose that X,U are real n X n-matrices such that it is fulfilled
rank (XT,UT) =n and XTU = UTX. Then

lim X(X +SU)™ =0,
S—0+

where S — 0+ stands for S — 0 and S > 0.

This theorem together with monotonicity properties of the Riccati matrix dif-
ferential equation (R) [13, Section 5.1] leads to the asymptotic behaviour of solu-
tions of (R) (see [9] or [13, Chapter 6]).

Moreover, there are needed results from linear control theory. The asymptotics
of Riccati equations requires, besides the results from matrix analysis above, in
particular a certain canonical form of controllable pairs. While the Reid Round-
about Theorem, i.e., Theorem 4, may be proven by using mainly Picone’s identity,
the proof of Theorem 5 given in [15] depends essentially on two results. The first
result is the following characterization of strong observability for time-dependent
systems [14, Theorem 2].

Theorem 11. Assume (Al). Then the linear system (LS) is strongly observable
on some interval I if and only if

rank S(t) = n + rank T'(¢)

fort € T except on a nowhere densQe subset of T, where the matriz-valued func-
tions S : R — R» X" T : R — R* *™"=1Y gre defined as follows: First denote
recursively Cy = Ci(t), B, = B, (t) by

Cy = Cy,Chyy = C,+C A for p=1,...,n—1,

By, = CoB for 0<u<n—-1,
BH+110 = C#+1B + B#O fOT 1 S 1% S n—1 y
But1y = Buy—1+ B for 1<v<pu<n-—1;

and (in block form) S := [Q,T] with

Ch 0 0o ... 0
C12 B10 0 0
Q e 03 , T = B20 B21 eee 0

Cn anl,O anl,l e anl,n72
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This result reduces to [12, Theorem 2] or [13, Theorem 3.5.7] for time-invariant
systems. In case B = 0, the theorem gives a characterization of controllabil-
ity /observability (see [14, Theorem 1] and [6, Theorem 1.3.2 and Theorem 1.4.4]).

The second tool for the proof of Theorem 5 is a result from functional analy-
sis, namely an application of the so-called Ehrling lemma (see [20, Lemma 8] or
[3, 8.3]).
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Abstract. The paper presents a review of some recent results on unique-
ness of invariant measures for stochastic differential equations in infinite-
dimensional state spaces, with particular attention paid to stochastic par-
tial differential equations. Related results on asymptotic behaviour of solu-
tions like ergodic theorems and convergence of probability laws of solutions
in strong and weak topologies are also reviewed.
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1 Introduction

The aim of the present paper is to review some recent results on uniqueness of
invariant measures (that is, strictly stationary solutions) for nonlinear stochastic
evolution equations (or, more generally, for stochastic differential equations in
infinite-dimensional state spaces). Related asymptotic and ergodic properties of
solutions like convergence of their probability laws to the invariant measure and
ergodic theorems are also discussed.

The paper is divided into three parts: In Section 2, some existing results on
strong and weak asymptotic stability of the invariant measure and its ergodic
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properties are recalled. By the strong asymptotic stability we mean convergence
of probability laws of all solutions to the invariant measure in the norm defined
by total variation of measures while the weak asymptotic stability means an anal-
ogous convergence in the weak (narrow) topology of the space of measures. It is
obvious that both strong and weak asymptotic stability imply uniqueness of the
invariant measure. Sections 3 and 4 contain more precise descriptions of some
methods of proofs used in the papers listed in Section 2 for the respective cases
of strong and weak asymptotic stabilities. In order to illustrate those methods,
some typical statements and results are given. Note that the problem of existence
of the invariant measure is not treated in the present paper; see for instance the
monograph [20] by G. Da Prato and J. Zabczyk and the references therein.

It should be pointed out that the statements contained in Sections 3 and 4 are
not always formulated in full generality. The authors’ intention was to discuss some
basic mathematical tools available and to avoid technical complications as much
as possible. Some generalizations, improvements and applications of the presented
results are referred to subsequently.

2 Review of existing results

A standard possibility to show uniqueness as well as the strong asymptotic stability
(or the strong mixing property) of an invariant measure for a finite-dimensional
nondegenerate stochastic differential equation is to utilize the usual correspondence
between SDE’s and PDE’s; under suitable conditions (including, in particular,
a sufficient nondegeneracy of the diffusion matrix of the SDE) the transitional
densities coincide with the fundamental solution to a linear parabolic PDE (the
Kolmogorov equation), which yields the strong Feller property (SFP) and the
(topological) irreducibility (I) of the Markov process defined by the stochastic
equation. Then the classical results of the ergodic theory of Markov processes, as
developed by J.L. Doob, G. Maruyama and H. Tanaka, R.Z. Khas’'minskii and
others (see e.g. [21], [48], [37], [22]) and later extended to more general state spaces
(see the references in Section 3 and, in particular, Theorem 4), can be applied to
obtain uniqueness of the invariant measure (provided it exists) as well as the the
strong asymptotical stability.

For infinite-dimensional state spaces such mathematical tools are not easily
available; the Lebesgue measure does not exist and equivalence of measures is in a
sense a ‘“rare” event (see, for instance, the discussion following Proposition 2 and
the example at the beginning of Section 4). On the other hand, in the linear case
when the transition probabilities are Gaussian measures it is possible to verify by
direct computation (cf. Proposition 1) that in some important examples (typically,
stochastic parabolic or parabolic-like equations) the strong asymptotic stability
takes place.

There are several methods which have been used to prove similar results for
nonlinear infinite-dimensional stochastic systems. At first, let us mention the ap-
proach based on verification of the strong Feller property and irreducibility of the
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induced Markov process which has been used in numerous papers that have ap-
peared in recent years. We describe this method in detail in Section 3 while here we
restrict ourselves to some bibliographical remarks. In early papers by B. Maslowski
and R. Manthey ([50], [44]) the SFP has been proven via finite-dimensional ap-
proximations for semilinear systems under rather restrictive assumptions. Also, a
controllability method to prove (I) was developed there. Those results were further
extended by B. Maslowski in [52], in particular, certain smoothing properties of
mild solutions to the infinite-dimensional backward Kolmogorov equation proven
by G. Da Prato and J. Zabczyk ([15], see also [18]) were utilized to get the SFP
for reaction-diffusion equations with additive noise. Alternatively, under differ-
ent set of assumptions, the problem of equivalence of transition probabilities has
been solved by means of a Girsanov type theorem in [51] and [52], cf. also [27]
for an analogous but more difficult argument applied to the stochastic quanti-
zation equation. Let us mention that infinite-dimensional Kolmogorov equations
have been treated very recently by many authors, their link to invariant measures
of fairly general SPDE’s was investigated in depth by A. Chojnowska-Michalik,
B. Goldys and D. Gatarek, see [3], [28].

Another way of proving the SFP has emerged in the paper [11] by G. Da Prato,
K.D. Elworthy and J. Zabczyk where a formula for directional derivatives of a
Markov transition semigroup involving the L?-derivative of the solution with re-
spect to initial condition has been derived (cf. Proposition 9). This approach has
been later extended by S. Peszat and J. Zabezyk [60] to be applicable to stochastic
parabolic equations with multiplicative noise term, cf. also the already cited paper
[28]. It also turned out to be useful in asymptotic analysis of various important
particular systems studied in physics and chemistry, like stochastic Burgers and
Navier-Stokes equations or stochastic Cahn-Hilliard equation (cf. [12], [10], [24] or
[23)).

Tools from the Malliavin calculus were employed to establish the regularity of
the transition semigroup (in particular the SFP) by M. Fuhrman in [26] (cf. also
[14)).

Let us briefly mention some other methods of proving the strong asymptotic
stability of invariant measures. S. Jacquot and G. Royer [36] used a general theory
of Markov operators to prove geometric ergodicity (i.e. strong exponential stability
of an invariant measure) for a particular but important stochastic parabolic equa-
tion. C. Mueller in [59] used an approach based on coupling techniques to prove
strong asymptotic stability of the invariant measure for a nonlinear heat equation
with multiplicative noise, defined on a circle (uniqueness of the invariant measure
for this case had been proven earlier by R. Sowers in [62] by establishing suitable
asymptotic stability of paths).

Very little seems to be known in the case of nonautonomous SPDE’s, where the
standard methods of ergodic theory are no longer available. A lower bound mea-
sure method developed in context of statistical analysis of deterministic dynamical
systems has been used by B. Maslowski and I. Sim&o in [57] to investigate the limit
behaviour (in variational norm) of Markov evolution operators corresponding to
nonautonomous stochastic infinite-dimensional systems (cf. also a methodologi-
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cally related paper [34]). Simulated annealing for stochastic evolution equations
has been studied by S. Jacquot, see e.g. [35] where references to previous papers
of the author can be found.

Results on the strong asymptotic stability, when available, usually provide us
with a fairly complete description of the qualitative behaviour of solutions to the
considered SPDE’s. On the other hand, many stochastic equations with reasonable
long-time behaviour can be never treated using the tools described above. So we
shall discuss now methods for investigating the weak asymptotic stability that
apply to different classes of SPDE’s, including those with a degenerate noise.

As is known from the finite-dimensional case, uniqueness of an invariant mea-
sure may be obtained as a consequence of pathwise stability of the process, which,
in turn, is often investigated by means of well developed Lyapunov techniques (see
e.g. [38]). The Lyapunov functions methods were extended to semilinear SPDE’s
by A. Ichikawa in [32] (see also [31] for slight modifications), who found suffi-
cient conditions for uniqueness, and further strengthened in [49] to yield stability
as well. Later, these methods proved themselves applicable to nonhomogeneous
boundary value problems for stochastic parabolic equations ([53], [54]). G. Leha
and G. Ritter developed a rather general Lyapunov approach for establishing exis-
tence, uniqueness and attractiveness of invariant measures for Markov processes in
topological spaces, that covers also some classes of stochastic infinite-dimensional
differential equations (see [12], [43]). A recent paper [4] on uniqueness of an invari-
ant measure for a stochastic parabolic variational inequality is virtually based on
the same technique. We discuss the Lyapunov method in some detail in Section 4.

A special attention must be paid to the dissipativity method (sometimes also
called “the remote start method”) since most of recent results on invariant mea-
sures for SPDE’s (both abstract theorems and results about important particular
equations) seem to have been obtained using this procedure. The method was

developed by G. Da Prato and J. Zabczyk in [16], [17], [19] for equations with
additive noise and by them together with D. Gatarek in [13] for the multiplicative
noise case; see the monographs [18], Chapter 11.5, [20] for a systematic account.

(We list here only papers dealing with uniqueness and weak asymptotic stability,
not the copious articles concerning applications of the dissipativity method to ex-
istence of invariant measures.) More factual description of the method is provided
in Section 4.

Finally, we are going to list briefly other papers containing related results.
R. Marcus in the early papers [15], [16], [17] considered stochastic parabolic equa-
tions with an additive noise under rather restrictive hypotheses and sketched a
proof of the weak asymptotic stability of an invariant measure (using a proce-
dure that can be viewed as a variant of the remote start trick). In particular,
he investigated the case of the drift term having a potential, when the invariant
measure may be given explicitly, see also [40] and [25] for uniqueness results in
this direction. (These results are now partly covered by those based on the equiv-
alence of transition kernels.) I. D. Chueshov and T. V. Girya proved existence and
weak asymptotic stability of an invariant measure as a consequence of their re-
sults on inertial manifolds for parabolic SPDE’s driven by additive noise ([9], [30]).
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Uniqueness and stability theorems on invariant measures for semilinear stochas-
tic parabolic equations, proved in the framework of the variational approach to
SPDE’s, can be found in [33] and [29], see also the book [65], §XII.7 and the
references therein.

An analytic approach to invariant measures for infinite-dimensional stochastic
systems, using logarithmic Sobolev inequalities (see the surveys [64] or [67] for
references) or Dirichlet forms techniques (see [6], [5], [1], [7]), has found many
applications to lattice systems (cf. e.g. [2], [3]). Applications to stochastic partial
differential equations are up to now less frequent, see, however, the papers [58] and
[39] in which ergodic properties of invariant measures for SPDE’s are dealt with
by means of Dirichlet forms.

3 Strong asymptotic stability

In the present section, some basic results on uniqueness, ergodicity and strong
asymptotic stability of an invariant measure for stochastic evolution equations are
listed and basic methods of their proofs are explained. By the strong asymptotic
stability we understand convergence of probability laws of all solutions to a given
stochastic evolution equation to the corresponding invariant measure in norm de-
fined by the total variation of measures. In what follows, we denote by ||l the
total variation of a signed measure ¢ and by A(m,U) the Gaussian measure with
mean m and covariance operator U.

We start with the linear equation in which case the problem of strong asymp-
totic stability is in a sense much simpler than for the nonlinear equation. How-
ever, some “typical” difficulties (as well as differences between finite- and infinite-
dimensional stochastic equations) can be seen already in that case.

Consider a linear stochastic equation of the form
dZ, = AZ, dt + dWy, (1)

in a real separable Hilbert space H = (H, (-, ), ||-||) where A : Dom(A) C H — H
is an infinitesimal generator of a strongly continuous semigroup (eAt, t > 0) on
H, W, is a Wiener process on H defined on a probability space ({2, F, P) with
an incremental covariance operator Q € L(H). The operator ) is not necessarily
nuclear (which means that W; may be just cylindrical, not really H-valued, Wiener
process). In the sequel we shall assume

T
| @2 fgar < o @)

for some T > 0, where || - ||as stands for the Hilbert-Schmidt norm of an operator
on H. It is well known that under the condition (2) the equation (1) has for any
initial datum Zy = x € H a unique mild solution defined as a continuous H-valued
process satisfying the variation of constants formula

t
Zy = ey + / AT AW, t>0, (3)
0
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whose transition probabilities P;(z, -) are Gaussian measures N (e*z, Q;) for t > 0,
x € H, where

t
Qt :/ €ATQ€A*T dr
0

is a nuclear operator (cf. [18] for basic results on the semigroup theory of stochastic
evolution equations). An invariant measure p* for the Markov process induced by
the equation (1) exists if and only if

sup Tr Q; < oo (4)
>0

in which case p* = N (0, Qs ), Wwhere Qo = limy_, o Q. In general, it can happen
that p* is not the only invariant measure; the problem of uniqueness and char-
acterization of all invariant measures has been treated in [66] (see also [18] and
the references therein). As far as the strong asymptotic stability is concerned we
expose the following result the proof of which can be found in [49] (for simplicity,
we consider only the case @ > 0):

Proposition 1. Assume (2) and let K be a linear subspace of H such that

ez € Im( i/Q), t>to(xz) >0 (5)
and
lQ el — 0, oo, (6)
for x € K. Then
IlPe(, ) = Py, )l — 0, ¢ — o0 (7)

for each x,y € K. If, moreover, (4) holds true and pu*(K) =1 then
1P, ) — il — o0, t— o0 (8)

for any x € K. In particular, pu* is the only invariant probability measure concen-
trated on K.

In particular examples, the condition (5) can be usually verified for tg = 0 (or
for some ty independent of ) and for X' = H. In this case the assumptions of
Proposition 1 can be simplified as follows:

Proposition 2. Assume (2) and (4) and let
Im () C Im(Q;?) 9)

be satisfied for t > 0. Then (8) holds true and, in particular, pu* is the only invari-
ant probability measure for the problem (1).
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Note that Proposition 1 has been proven in [419] by direct computation using the
Cameron-Martin formula for density of a Gaussian measure while Proposition 2 is
a corollary of a more general statement given below (Theorem 4). The assumption
(9) is an if and only if condition on the Gaussian transition probabilities P;(z, -)
to be equivalent (i.e., mutually absolutely continuous) for ¢ > 0, as can be seen
easily by the Hajek-Feldman theorem. In some cases, (9) can be shown to be a
necessary condition for the strong asymptotic stability (8) (see the example at
the beginning of Section 4) and since it is rather restrictive (for example, the
semigroup e4! satisfying (9) is necessarily Hilbert-Schmidt) it can be expected
that the cases when the strong asymptotic stability takes place in the infinite-
dimensional space H are rather “rare”. However, it turns out that parabolic and
parabolic-like stochastic equations with enough nondegenerate diffusion term are
natural field for applications of Propositions 1 and 2 as may be seen from the
simple example below.

Example 8. Assume that A is self-adjoint, negative, and has compact resolvent
and denote by {e;};>1 the orthonormal basis of H such that

Aej = —Qj €y, (10)

where 0 < aj — 00, j € N. Assume that A, @ are such that for some 0 < A; <
Ao < 00, we have

Qej = Ajej, jeN. (11)

Then it is easy to check that the conditions (2) and (4) are satisfied if
= < oo, (12)

which is sufficient for the mild solution Z; of the equation (1) and the corresponding
invariant measure p* to exist. The condition (9) verifying the strong asymptotic
stability is now equivalent to the requirement that the sequence

T

{i‘— exp(—2o<¢t)}ieN (13)

is bounded for each ¢ > 0.
In particular, the process Z; in the present example can represent a solution
to a linear stochastic parabolic equation like, for instance, the equation

ou 0%u

a(ta 5) = 8—52@’5) +n(tvf)’ (tvf) € IRJr X (O’ 1)7 (14)

with an initial condition w(0,&) = z(€), £ € (0,1), and the Dirichlet boundary
conditions u(t,0) = u(t,1) =0, t € Ry, where 7 is a space-dependent noise, white
in time. This can be achieved by the particular choice H = L?(0,1), and A = g—;
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with Dom(A4) = H}(0,1) N H?(0,1). Now (13) can be viewed as a condition on
the noise term (the covariance operator @) for the strong asymptotic stability to
hold. For example, if ) represents a noise white in both space and time then we
can take for @ the identity I and (13) is satisfied.

Our next aim is to describe a method based on the general ergodic theory of
Markov processes that allows to prove the strong asymptotic stability (and, also,
ergodic theorems) for nonlinear stochastic evolution equations. We shall utilize an
abstract result stated in Theorem 4 below which was obtained independently by
Stettner [63] and Seidler [61].

Theorem 4. Let ((Xi)t>0, (Pa2)zer) be a Markov process in a Polish space H
with a transition probability function Pi(x,-), t > 0, x € H, having an invariant
probability measure p*. Assume that all the measures Pi(x,-), t > 0, x € H, are
equivalent. Then

(i) for each bounded Borel function ¢ : H — R and every v € H we have

e B \
lim T/o qu(Xt)dt—/quSd,u P,-a.s. (15)

(i) for every x € H we have
IlP:(z, ) = gl — 0, ¢ — oo (16)
In particular, both (i) and (i) imply that the invariant measure p* is unique.

The assertion (15) is known as the pointwise ergodic theorem (or the strong
law of large numbers). As mentioned above, the condition (9) is an if and only
if condition for the equivalence of transition probability functions for the linear
equation (1). The simplest nonlinear case into which Theorem 4 can be applied
is the one allowing reduction of the nonlinear problem to a linear one by means
of a Girsanov type theorem. We shall present a simple result of this type now.
Consider a stochastic semilinear equation

dX, = AX,dt + f(X,)dt +dW,, (17)

in the Hilbert space H, where A and W have the same meaning as in the equation
(1) and f: H — Im(Q'/?) satisfies

Q™2 (f(x) = Fy)|l < Kz — ]| (18)
fora K < oo and all z,y € H.

Theorem 5. Assume (2), (9) and (18). Then Py(z,-) and P,(z,-) are equivalent
measures for every t >0, x € H, where P and P denote the transition probability
functions for the solutions of the equations (17) and (1), respectively. If, more-
over, there exists an invariant measure p* for the equation (17) then the strong
asymptotic stability (16) holds true.
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Theorem 5 can be proven as a corollary of Theorem 4; note that (9) yields
the equivalence of measures }5,5(;3,-) for t > 0, x € H, and the equivalence
Pi(z,-) ~ Pi(z,-) follows from the Girsanov theorem. The condition (18) appears
here because the Girsanov factor has the form

exp{/OT<Q—%f<zt),th> - %/OT||Q—%f<Zt)Hth} (19)

for T > 0 (cf. [18]). Theorem 5 can be generalized to cover also nonlinear terms
which are not Lipschitz continuous or even only densely defined in H (cf. [52], [18]).
The main disadvantage of this approach is that the inclusion Im(f) C Im(Ql/ 2) is
required which makes the abstract results easily applicable only if @ is boundedly
invertible, that is, just for a cylindrical Wiener process W (typically it can repre-
sent a space-time white noise; see however [56] for examples of stochastic parabolic
equations in which a nonlinear term of the form Q/2f occurs in a natural way in
the drift part of the equation).

For equations of the form (17) where the covariance @ is “too degenerate”
for the Girsanov theorem to be applied, it is sometimes possible to verify the
equivalence of transition probability functions by means of Lemma 6 below which
holds true even if the state space H is an arbitrary Polish space. Recall that
a Markov process is called strongly Feller if its transition probability function
P,(z,I") is continuous in the variable x for each fixed ¢t > 0 and every Borel set I’
in H. Furthermore, the Markov process is called irreducible if P;(z,U) > 0 holds
for each t > 0,z € H and U # 0, U open in H.

Lemma 6. Assume that a Markov process is strongly Feller and irreducible. Then
the measures Py(x,-) are equivalent fort >0, v € H.

Note that both the strong Feller property and irreducibility are of independent
interest (for example, to investigate recurrence of the process, cf. [55] and [61]).

In the rest of the section we shall illustrate some methods which allow to verify
irreducibility or the strong Feller property for stochastic evolution equations. At
first we describe a method based on an argument of approximate controllability for
a deterministic evolution equation, which yields the irreducibility property for the
corresponding stochastic evolution equation. We again shall illustrate the method
in the simple case (17) where A and W are as above and f : H — H is assumed
to be Lipschitz continuous. Note that the mild solution to the equation (17) with
initial condition Xg = x € H (which exists and is unique in this case) can be
written X, = u(t,x; Z), t > 0, where Z solves the linear equation (1) with initial
condition Zy = 0 and u(t, x; ¢) is the solution of the integral equation

ult,w;¢) = et + /t AT f(ur w3 9)) dr + ¢(t), te[0,T],  (20)
0

with ¢ € Co([0,T]; H) := {g € C([0,T]; H); g(0) = 0}. The method consists in
finding a suitable space X of trajectories such that the paths of the Gaussian
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process Z belong a.s. to X, Z induces a full Gaussian measure (that is, a mea-
sure whose closed support is the whole space) in X, and u(-, z; ¢,) — u(-, ;)
in C([0,T); H) as ¢, — ¢ in X. The irreducibility of the transition probability
function P;(z,-) for the equation (17) follows easily. If the nonlinear term f is
(globally) Lipschitz continuous on H it is natural to take X = Co([0,T]; H) and
it only remains to find conditions under which the measure induced by Zin X
is full. Since the closed support of a Gaussian measure is just the closure of its
reproducing kernel we have a following result:

Theorem 7. Define a mapping K : L*(0,T; H) — Co([0,T]; H) by

t
Kap(t) ::/0 A=Y 2 (r)dr,  t e [0,T).

If f 4s Lipschitz continuous and Im(K) is dense in Co([0,T]; H) then the transition
probability function Pi(x,-) corresponding to the equation (17) is irreducible.

Theorem 7 is a particular case of a result proven in [52] for the case of non-
Lipschitz and densely defined nonlinear terms f, which is applicable to stochastic
reaction-diffusion equations. More sophisticated versions of this method have been
applied, for example, to stochastic Burgers equation [12], stochastic Cahn-Hilliard
equation [10] and stochastic Navier-Stokes equation [24], [23].

Now we focus our attention on the strong Feller property of solutions to stochas-
tic evolution equations. The usual procedure of verification of the strong Feller
property in the finite-dimensional case utilizes the smoothing properties of the
Kolmogorov equation. A similar theory for Kolmogorov backward equation in in-
finite dimensions is being developed in recent years ([18], [8], and others). The
main tool to prove both existence and uniqueness of solutions and the required
smoothing properties is the concept of mild solutions to the backward Kolmogorov
equation, which we shall recall now. Basically, we follow the paper [3]. Assume
(2), (4) and let p = N(0,Qx) be the invariant measure for the linear equation
(1) and T} its Markov transition semigroup considered on the space L?(H, i), i.e.,
Tip(z) = Ex¢(Z;), t > 0,2 € H, ¢ € L*(H, ). Further, denote by P; the Markov
transition semigroup defined by the nonlinear equation (17). Analogously to the
finite-dimensional case it can be expected that, under suitable conditions, the
semigroup P; corresponds to solutions of the mild backward Kolmogorov equation

u(t, ) = Tt¢+/0t Ty o(f, Du(s,))ds, &> 0, (21)

where D denotes the Fréchet derivative. A precise statement is formulated now
(Cy(H) and C}(H) denote the space of bounded continuous functions on H and
its subspace of functions having bounded and continuous Fréchet derivative on H,
respectively).
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Theorem 8. Let f be bounded and continuous, assume (2), (4), (9) and

T
/0 HQt_l/QeAtHL(H) dt < oo (22)

for some T > 0. Then for every bounded Borel function ¢ on H there ezists a
unique solution u to (21) and u(t,-) € CL(H), t > 0. Moreover, u(t,z) = Pié(z) =
E.0(Xy), t >0,z € H, provided ¢ € Cy(H). In particular, we have

1Pe(, ) = By, )l <@z =yl ¢>0, z,y € H, (23)

where y(t) := sup{||DP¢(2)||; 2 € H, ¢ € Cpo(H), |¢| < 1} < 00, hence the strong
Feller property holds true.

For the proof see [8] or (in certain earlier version) [18], [15]. The assumption
of boundedness of f is not always essential for the strong Feller property and can
be weakened by suitable truncation procedures (see [52], [28]) so that stochastic

parabolic equations with polynomial-type nonlinearities could be included. The
important assumption is (22) which is further strengthening of (9) and means
certain “nondegeneracy of the noise” which, of course, is needed (even in finite-
dimensional state space) for the strong Feller property to hold. It can be shown
([L5]) that if the covariance @ is boundedly invertible then (22) is satisfied.

Theorem 8 is applicable only to equations with additive noise (if the diffusion
term is a constant operator). Now we shall mention another method of establishing
the strong Feller property, which is useful also in the case of multiplicative noise.
The method was developed in [11] and is based on the so-called Elworthy formula
which we present in the simple case of equation (17) where @ is assumed to be
boundedly invertible and f is Lipschitz continuous and Gateaux differentiable on
H with the Gateaux derivative continuous as a mapping from H into the space
L(H) endowed with the strong operator topology.

Proposition 9. Under the above hypotheses, we have that Py € C1(H) for each
t >0, ¢ bounded Borel, and

<DPt¢(x)7 h’> = %Ez (QS(Xt)/O <Q_1/2X;17dW9>) (24)

holds for x,h € H, where X' denotes the directional derivative in the L?-sense of
the solution Xy to (17) in the direction h € H.

For the proof see [11]. The usefulness of the formula (24) lies with the fact that
it allows to estimate the value of ||DP.¢(x)| for a fixed ¢ > 0, independently of
¢ € Cp(H), |¢| <1 and the strong Feller property follows in the same way as in
(23).

In fact, the method is applicable to more general cases as well as to some
special equations which are rather difficult to handle (usually it is possible to use
suitable approximations of the equation, which can be typically finite-dimensional
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approximations or approximations by smooth nonlinearities). Thus, in [60] the
strong Feller property has been proven for stochastic semilinear equations with
multiplicative noise (with boundedly invertible diffusion coefficients). In [12] and
[10] the stochastic Burgers and Cahn-Hilliard, respectively, equations are treated.
The 2-dimensional stochastic Navier-Stokes equation is dealt with in [24] and [23].
In all those cases the limit and ergodic properties of solutions listed in Theorem 4
are proved in respective state spaces.

4 Weak asymptotic stability

However efficient are the methods of investigating the long time behaviour of
Markov processes based on the strong Feller property, they are relevant for a rather
limited class of equations that are, roughly speaking, subject to a sufficiently non-
degenerated noise. But such a nondegeneracy is necessary neither for the existence,
nor for uniqueness and attractiveness of invariant measures. To indicate what may
happen, let us consider a simple linear equation

dZ = AZ dt + dW (25)

in a separable Hilbert space H, where W is a Wiener process in H with a covari-
ance operator Q and A : Dom(A) — H is a self-adjoint operator. Assume that
the hypotheses (10)—(12) of Example 3 are satisfied. Denote by P = P;(x,-) the
transition function of the Markov process defined by (25). As above we set

t
Q= / e Qe dr, 0<t < 0.
0
If (9) holds, that is

Im(e?) C Im(Q;"%) for each ¢ > to (26)

for a to > 0, then the kernels P;(z, -) are strong Feller and the theory discussed in
Section 3 applies, so let us assume that (26) is violated. (Note that this is possible
only in the “degenerate” case when @ is noninvertible, cf. [18], Remark B.9.) Then
we can always find an zg € H satisfying

ezo ¢ Im( tl/Q) for every ¢t > 0. (27)

The semigroup (e?) is exponentially stable, so there exists a unique invariant
measure p* for (25), namely p* = N (0, Q), see e.g. [18], Theorem 11.11(ii). At
the same time, P;(z¢,-) = N(ezg, Q;), hence the measures P;(w,-) and u* are
mutually singular according to (27) and the Hdjek-Feldman theorem (cf. e.g. [41],
Theorems I1.3.1 and I1.3.4). This implies ||P:(zo,-) — p#*|| = 2 and the measures
Pi(x0,) cannot converge to the invariant measure in the total variation norm.
Moreover, we see that nor the weaker assertion

tlim P(z9,B) = p*(B) for any B C H Borel (28)
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holds true. Indeed, we know that there are Borel sets A,, n > 1, such that
p(An) = 0, Py(z0,An) = 1, so setting B = |J,,~; An we obtain a counterex-
ample to (28). -

On the other hand we have

Py(y,-) tw—> p" foranyy e H
—00
by [19], Proposition 3.1, or [18], Theorem 11.11(i), therefore the invariant measure
is globally asymptotically stable with respect to the narrow convergence. Here-

after, we denote by —— the narrow (or weak) convergence of finite (signed) Borel
measures on H, that is,

’u,aw—*>/L if and only if /fdya—>/fdu Vi eCy(H).
H H

In finite-dimensional spaces, Lyapunov functions techniques are the basic tool
for investigating stability properties of solutions to SDE’s. A. Ichikawa [32] em-
ployed such an argument to establish uniqueness of an invariant measure for
stochastic evolution equations, and later the procedure was extended to yield at-
tractiveness as well, see the discussion in Section 2 above. The proofs based on
Lyapunov functions have usually a lucid structure and lead, in a straightforward
manner, to sufficient conditions for stability in terms of the coefficients of the
equation. The known sufficient conditions, however, may be often too restrictive
to cover interesting models. Furthermore, It6’s formula is not directly applicable
to mild solutions of stochastic partial differential equations, nontrivial approxi-
mations are needed, and the class of admissible Lyapunov functions may be too
narrow for useful applications, in particular if the Wiener process is cylindrical.
Hence we content ourselves with stating a single typical result.

Let us consider a stochastic evolution equation

in a separable Hilbert space H, where A : Dom(A) — H is an infinitesimal
generator of a Cy-semigroup on H, W is a Wiener process in another (real, sepa-
rable) Hilbert space U, with the covariance operator @ nuclear, and the mappings
f+:H — H,o: H— L(U,H) are globally Lipschitz continuous. Denote by
C?(H) the set of all real valued functions on H having continuous the first and
second Fréchet derivatives.

Theorem 10 ([49], Corollary 2.3). Let there exist a function V € C*(H) sat-
isfying:
i) V(0) =0 and

inf V(y) >0 for anyr > 0;
llyll=r

i1) for some k < 0o, p > 0 and any y € H we have

V(y) + 1DV + 1DV ()l < k(1 + [ly]7);
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iii) there exists a > 0 such that

(DV (2 —y), Az — Ay + f(z) = f(y))
+ 3T (0(a) — 00) DV (& — 1) (0(x) — 0 (1))@} < ~aV(z —)

for all z,y € Dom(A).
Then

(Pi(w,-) = Pu(y,)) ———0

t—o00

for any x,y € H.

In particular, if there exists an invariant measure for (29) then it is globally
asymptotically stable for the narrow convergence and, a fortiori, unique.

According to Corollary 2.8 in [49], the hypotheses of Theorem 10 are fulfilled
with the natural choice V = || - ||P (for a suitable p > 0), provided

(Az,x) < B|lz||* for a 8 € R and every z € Dom(A),
Q"2 (o(2) = o(y) (& —y)|| = alle —y|? foran a >0,

and
. 1o, 2 2
B+ Lip(f) + ELlp(U) Tr@ < o,
Lip(7) denoting the Lipschitz constant of a mapping 1.

As we have explained in Section 2, most of the recent results on the weak
stability have been obtained by the “dissipativity method” of G. Da Prato and
J. Zabczyk. To show the core of the method, we sketch here a proof of one of their
results concerning a stochastic partial differential equation

dX = (AX + f(X))dt + o dW (30)

with an additive noise in a separable Hilbert space H. We assume that W is
a standard cylindrical Wiener process in a Hilbert space U, o € L(U, H), and
A :Dom(A) — H is a closed linear operator. To state the other hypotheses, we
need a few additional definitions. If E is a Banach space, we denote by 9|z| g
the subdifferential of the norm || - || at the point € E. We say that a mapping
v : Dom(y) C E — F is dissipative, provided for any z,y € Dom(+y) there exists
z* € d||x — y||g such that
2% (y(z) = v(y)) 0.

A dissipative mapping « is called m-dissipative, if Im(Al —~) = E for a A > 0.
Let G C FE be a subspace, a part ¢ of the mapping v on G is defined by

Dom(yg) = {z € Dom(y) N G; v(z) € G}, ~g =~ on Dom(yg).
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For completeness, we list here assumptions under which there exists a unique
(generalized) mild solution of the equation (30) for any initial condition X (0) =
x € H, and (30) defines a Feller Markov process in H. We suppose:

1) There exists n € R such that the mappings A —nl and f —nl are m-

dissipative on H.

2) There ezists a reflexive Banach space K densely and continuously imbed-

ded in H, and (A —nl)k, (f —nl)k are m-dissipative on K.

3) Dom(f) 2 K and f maps bounded set in K into bounded sets in H.

4) The process

t
Wa(t) = / A G AW (r), 1> 0,
0

is Dom(fk )-valued, with paths continuous in H, and

s[up ]{||WA(t)||K + ||f(WA(t))||K} < oo almost surely
te[o,T

for every T > 0.
Let us note that the introduction of an auxiliary space K is inevitable as interesting
nonlinearities f are not defined (or do not behave well) on the basic state space
H (compare Example 12 below).

Now we are prepared to state a theorem on existence and stability of an in-
variant measure (see Theorem 2.3 in [19], cf. also [20], Theorem 6.3.3).

Theorem 11. Let there exist wi,ws € R such that w = w1 + ws > 0 and the
mappings A+ w11, f+ wel are dissipative on H. Suppose that

sup B{[Wa(t) 1 + 1/ (Wa(®)11} < oc.

Then there exists a unique invariant measure p for (30) and for any y € H we
have X
Pt (ya ) tW—> M-
—00

Moreover, there exists a constant L < oo such that

MlgdPt(y,-)—/Hgdu‘ < L(1+ ||y]|)e "/*Lip(g) (31)

for anyy € H, t > 0 and any bounded Lipschitz function g : H — R.

The procedure used in the proof, that is known as the “remote start method”,
yields in the present case existence and uniqueness of the invariant measure at the
same time. We shall consider the equation (30) on the whole real line R, that is,
we shall work with solutions to

dX; = (AX; + f(Xy)) dt + o dW, (32)
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where
— >
W(t) = W), t>0,
Y(-t), t<0,

Y being a standard cylindrical Wiener process independent of W. Denote by
X(t;s,y), t > s, the unique solution of (32) with the initial datum X(s;s,y) = y.
First, we derive an a priori estimate

E|X (& s, y)l < c+yll (33)

valid for all s < 0, ¢ > s, y € H. Setting

U(t)=X(t;s,y) — /t eA(t_T)UdW(T)

S

we see that ¥ pathwise solves the equation

t —
% = AV + f (w +/ eA<”>adW(r)> , Y(s) =y.

Using the dissipativity hypothesis of Theorem 11 one easily finds that

)

i< —ivol+ o [ o)

which yields the desired estimate (33).
Analogously, for v < s < 0 one arrives at an estimate

E|X(t;s,y) — X(o,y)|| < e U2yl +¢), t>s, (34)

and it follows that the net {X(0;s,y), s <0} is Cauchy in L'(§2; H) as s — —o0.
Let p € LY(£2; H) be its limit, then the law u of p is an invariant measure for
(30): The L'-convergence obviously implies the narrow convergence, therefore (P;*
denoting the adjoint Markov semigroup)

P, = Pi(y, ) = Law(X (t;0,y)) = Law(X (0; —t, y)) tw—> Law(p) = p,

——+00

and, since the Markov process solving (30) is Feller, we obtain
Pip=P;( Jim P/3,) = Jim Pyb, = p

for any s > 0. The estimate (31) on the speed of convergence now follows from
(34) in a straightforward way.

A similar theorem holds for equations with multiplicative noise, that is, for
equations of the form (29), where W is now assumed to be a standard cylindrical
Wiener process, see [13], Theorem 1, and [20], Theorem 6.3.2. We shall not cite
the result precisely, let us only note that in this case the dissipativity assumption
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includes also the Yosida approximations A, = nA(nl — A)~! of the operator A
and reads as follows:

(Al —y) + f@) = f(y), 2 —y) + o(2) — oy fis < ~wllz —y]?

foraw >0 and any x,y € H and n € N.

We finish this section with an example which is very particular case of the
example discussed in [19], Section 4, and in [20], §11.4, this example being based
on Theorem 11.

Ezample 12. Let us consider a stochastic parabolic equation
dX(t,&) = {(A— )X (t,&) + f(X(t,€)}dt +dW(t,§), E€R, t>0, (35)

where a > 0 and W is a standard cylindrical Wiener process in L?(R). Assume that
f:R— R, f= fo+ f1, fo being (globally) Lipschitz continuous, £ — f1(£) + b
is a continuous decreasing function for a b € R, and

[f1(O] < c(1+[€7)

for some p > 1, ¢ < oo and every £ € R. (For example, if f; is an odd degree
polynomial with a negative leading coefficient,

2k
f&) ==+ Y a;¢,

Jj=0

then the assumptions are satisfied.) Under the above hypotheses, there exists a
unique (generalized) mild solution of (35) in the weighted space L?(R;e™*I¢l d¢),
for any s > 0. Moreover, suppose that f; is decreasing and

a — Lip(fo) > 0.

Then there exists 3 > 0 such that for any s € ]0, 5[ the Markov process de-
fined by (35) in the space L?(R; e~ *I¢l d¢) has a unique invariant measure, and an
estimate of the type (31) holds for any w € ]0,2(a — Lip(fo))[-
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Suppose that G C R™ (m > 2) is an open set with a non-void compact bound-
ary OG such that 0G = 9(cl G), where cl G is the closure of G. Fix a nonnegative
element A of C’'(OG) (the Banach space of all finite signed Borel measures sup-
ported in OG with the total variation as a norm) and suppose that the single layer
potential 2\ is bounded and continuous on dG. (In R? it means that A\ = 0. If
G C R™,(m > 2),0G is locally Lipschitz, A = fH, where H is the surface measure
on JG and f is a nonnegative bounded measurable function, then U\ is bounded
and continuous.) Here

Uv(x) = he(y) dv(y),
R

* Supported by the Grant No. 201/96/0431 of the Czech Grant Agency (Prague)
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where v € C'(0G),

he(y) = (m —2)" A7 o — y|>~™ for m > 2,

A og |z —y| 7! for m = 2,

A is the area of the unit sphere in R™.
If G has a smooth boundary,u € C!(cl G) is a harmonic function on G and

0]

au + fu =g on 0G,

on
where f, g € C(0G) (the space of all bounded continuous functions on G equipped
with the maximum norm) and n is the exterior unit normal of G then for ¢ € D
(the space of all compactly supported infinitely differentiable functions in R™)

bg dHp—1 = /Gv ¢V udHm+ | ¢fudHpm 1. (1)

oG oG

Here Hj, is the k-dimensional Hausdorfl measure normalized such that Hj is the
Lebesgue measure in R*. If we denote by H the restriction of H,,_; on dG and
by N%u the distribution

(¢, NGu) = /G Vo -Vu dH,, (2)

then (1) has the form
NCu + fuH = gH. (3)

Here N%u is a characterization in the sense of distributions of the normal derivative
of u.

The formula (3) motivates the following definition of the solution of the Robin
problem for the Laplace equation

Au=0in G,

N+ ul = p, @
where p € C'(0G) .

We introduce in R™ the fine topology, i.e. the weakest topology in which all
superharmonic functions in R™ are continuous. This topology is stronger than the
ordinary topology.

If w is a harmonic function on G such that

/H|Vu| dHp < 00 (5)
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for all bounded open subsets H of G' we define the weak normal derivative N%u
of u as a distribution

(o, NCu) = / V- VudHn,
G

for p € D.

Let u € C'(0G).Now we formulate the Robin problem for the Laplace equation
(4) as follows: Find a function u € L'()\) on cl G,the closure of G, harmonic on
G and fine continuous in A-a. a. points of G for which Vu is integrable over all
bounded open subsets of G and N%u + u) = p.

The single layer potential v, where v € C'(JG), has all these properties and if
we look for a solution of the Robin problem in the form of the single layer potential
we obtain the equation

NSUv + UV = p.

It was shown by J. Kral for A = 0 (see [10]) and independently by Yu.D.
Burago, V. G. Maz'ya (see [2]) and by I. Netuka ([20]) for a general A that N“Uv+
(UV)X € C'(0Q) for each v € C'(OG) if and only if V& < oo,where

VE = sup v%(z),
z€0G

v (z) = sup{/ V¢V hy dHm; ¢ € D, |¢| < 1,spt ¢ C R™ — {z}}.
G

There are more geometrical characterizations of v“(x) which ensure V¢ < oo for
G convex or for G with G C U¥_, L; where L; are (m — 1)-dimensional Ljapunov
surfaces (i.e. of class C17%). Denote

0.G = {z € R™;dg(z) > 0,dpm_c(z) > 0}

the essential boundary of GG, where

- . Ho (M O U (z;7))
(@) =l = )

is the upper density of M at x, U(x;r) is the open ball with the centre z and the
radius . Then

1
ve(z) = — n(0,x) dHm-1(0),
A oU(0;1)

where n(6, z) is the number of all points of 9.GN{zx+t8;t > 0} (see [7]). It means
that v¥(z) is the total angle under which G is visible from the point x. This
expression is a modification of the similar expression in [9]. Let us recall another
characterization of v“(z) using a notion of an interior normal in Federer’s sense.

If z € R™ and 0 is a unit vector such that the symmetric difference of G and
the half-space {z € R™;(x — z) - § > 0} has m-dimensional density zero at z
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then n%(z) = 6 is termed the interior normal of G’ at z in Federer’s sense. (The
symmetric difference of B and C is equal to (B — C) U (C — B).) If there is no
interior normal of G at z in this sense, we denote by n(z) the zero vector in R™.
The set {y € R™;|n%(y)| > 0} is called the reduced boundary of G and will be

denoted by 0G. Clearly 0G C 9.G. R
If Hyn—1(0.G), the perimeter of G, is finite, then H,,_1(0.G — 0G) = 0 and

VO (z) = / 106 (y) - Vo ()] dHom1 (1)
oG

for each x € R™.

If G has a piecewise-C't® boundary, then V& < oo. But there is a domain G
with C* boundary and V¢ = oo (see [18]). On the other hand there is a domain G
with V¢ < oo and H,,(0G) > 0. So open sets with a locally Lipschitz boundary
and open sets with V¢ < oo are incomparable.

Suppose now that V¢ < co.Then the operator

v = NYUv) + (Uv)A

is a bounded linear operator on C'(0G) and

Tv(M) = /(%;OM Uv dX\ + /BGmM da(z) dv(x) —

/ / n%(y) - Vhe(y) dHm_1(y) dv(z).
oG JOGNM

The Robin problem N (Uv) + (Uv)\ = p leads to the equation
TV = [i.

Denote by H the restriction of H,,_1 on dG. Then H(OG) < co. If X = fH,
v =hH € C'(0G), then

7(hH) = (ThYH,

where

Thiz) = 3h(@) = [ 1) - Vi @)hty) dH(w) + F@UH)z).

Theorem 1. Let the Fredholm radius of (1 — (1/2)I) be greater than 2, p €
C'(0G). Then there is a harmonic function u on G, which is a solution of the
Robin problem

NCu 4 ul = u, (6)
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if and only if u € C{(OG) (the space of such v € C'(OG) that v(OH) = 0 for each
bounded component H of ¢l G for which N(OH) = 0). If u € C{(OG) then there is
a unique v € C{(OG) such that

V=1 (7)

and for such v the single layer potential Uv is a solution of (6). If

g > 1 (VE + 1+ sup U\ (x)), (8)
2 z€dG

then

=2(5)5 0

n=0

and there are ¢ € (0,1), C €< 1,00) such that

(=) »

for p € C{(0G) and a natural number n. If X = 0 then

\ < Cqlul

v=p+Y (2r—I)"27)u (10)
n=0

and there are ¢ € (0,1),C €< 1,00) such that
127 = D"27)pl < Cq"|pl
for u € C4H(0G) and a natural number n.

Remark 2. The condition that the Fredholm radius of (7 — (1/2)I) is greater than

2 does not depend on A. In [15] it was shown that this condition has a local
character. It is well-known that this condition is fulfilled for sets with a smooth
boundary (of class C'*) (see [10]) and for convex sets (see [23]). J. Radon ([27])

proved this condition for open sets with “piecewise-smooth” boundary without
cusps in the plane. R.S. Angell, R.E. Kleinman, J. Krdl and W.L. Wendland
proved that rectangular domains (i.e. formed from rectangular parallelepipeds)
in R3 have this property (see [1], [12]). A. Rathsfeld showed in [28], [29] that
polyhedral cones in R? have this property. (By a polyhedral cone in R? we mean
an open set {2 whose boundary is locally a hypersurface (i.e. every point of 912
has a neighbourhood in 92 which is homeomorphic to R?) and 912 is formed by
a finite number of plane angles. By a polyhedral open set with bounded boundary
in R? we mean an open set {2 whose boundary is locally a hypersurface and 942 is
formed by a finite number of polygons.) N. V. Grachev and V. G. Maz’ya obtained
independently analogical result for polyhedral open sets with bounded boundary
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in R? (see [0]). (Remark that there is a polyhedral open set in R3 which has not a
locally Lipschitz boundary, for example G = {[x1, z2, z3]; |21| < 3, |22 < 3,-3 <
x3 < 0} U{[3t,ty2, tys];0 <t < 1,1 < |ya| < 2,0 < y3 < 1}. (The boundary of
this set is not a graph of a function in a neighbourhood of the point [0, 0,0].)) The
condition that the Fredholm radius of (7 — (1/2)I) is greater than 2 is fullfiled
for G C R?® with “piecewise-smooth” boundary, i.e. such that for each z € 0G
there are r(x) > 0, a domain D, which is polyhedral or smooth or convex or a
complement of a convex domain and a diffeomorphism v, : U(z;7(z)) — R? of
class C*® o > 0, such that ¢, (G NU(z;7r(z))) = Dy N (U(x;7r(z))) (see [15]).
N.V. Grachev and V.G. Maz’ya proved this condition for several types of sets
with “piecewise-smooth” boundary in general Euclidean space (see [3,1,5]).

Remark 3. Let the Fredholm radius of (7 — (1/2)I) be greater than 2. Then it
holds H,,,—1(0G) < oo and H is the restriction of H,,—1 on G. If A = fH,u =
gH € C'(0G), then v = h’H, where h € L' (H). If

1
B>=(VE+1+ sup U\(x)),
2 x€dG

then

- ﬁI—T)"g
h = =
S(55) 4
and there are ¢ € (0,1), C' €< 1,00) such that

[(57)s

for a natural number n and g € L'(H) such that gH € C5(OG) . If f =0, then

‘ < Cqlgl

h=g+ i(zT — I)"(2T)g

n=0
and there are ¢ € (0,1),C €< 1,00) such that
12T — I)*(2T)gll < Cq" gl
for a natural number n and g € L'(H) such that gH € C)(9G).
Now, let us concentrate on the Dirichlet problem for the Laplace equation

Au=01in G,

11
u = g on 0G, (1)

where g € C(0G) is a continuous function on the boundary of G. Looking for a
solution in the form of the double layer potential

Wf(z) = o F@)n®(y) - Vhe(y) dHum-1(y) (12)
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is a classical method. It was shown by J. Kral and independently by Yu. D. Burago
and V. G. Maz’ya that it is possible to define the double layer potential (12) on G
as a continuously extendable function on cl G for each density f € C(9G) if and
only only if V¥ < co. (This condition we obtained for the Robin problem, too.)
Under this condition n%(y) in the expession (12) is the interior normal of G at y
in Federer’s sense. If we look for the solution of the Dirichlet problem (11) in the
form of the double layer potential (12) with a continuous density on the boundary
of G we obtain the integral operator

Df(z) = (1 —da(x))f(z) + - F@)n(y) - Vha(y) dHm—1(y).
on C(OG). The adjoint operator of D is the operator corresponding to the Neumann
problem for the Laplace operator on the complementary domain to G. Noting that
the Fredholm radius of (D — 11) is equal to the Fredholm radius of (7 — (1/2)I)
we obtain as a consequence of the theorem for the Neumann problem the following
result:

Theorem 4. Let VY < oo, the Fredholm radius of (D — %I) be greater than 2. If
the set R™ — G is unbounded and connected and g € C(0G), then the double layer
potential

Wf(z) = ] (y)n(y) - Vha(y) dHm-1(y)

18 a solution of the Dirichlet problem for the Laplace equation with the boundary
condition g, where

o0
f=g+> (2D -1)2Dy.
j=0
The condition that the set R™ — G is unbounded and connected is necessary
for expressing the solution of the Dirichlet problem for the Laplace equation in
the form of the double layer potential for each boundary condition. If we want to
calculate the solution for an open set with holes we must modify a double layer
potential. Suppose now that the dimension of the space R™ is greater than 2. If
we look for a solution of the Dirichlet problem in the form of the sum of the single
layer potential and the double layer potential with the same density we obtain
the integral operator on the space of all continuous functions in dG the adjoint
operator of which is the operator corresponding to some Robin problem for the
Laplace equation on the complementary domain and we obtain the following result
as a consequence of the theorem on the Robin problem.

Theorem 5. Let m > 2,V < oo, the Fredholm radius of (D — 1I) be greater
than 2. If g € C(OG) then W f +U(fH) is a solution of the Dirichlet problem for
the Laplace equation with the boundary condition g, where

~(BL-V\"yg
f: < )_7
2(75) 5
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Vg = Dg+U(gH),

1
B> =(VE 414 sup UH(x)).
2 r€dG
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1 Introduction

Integral inequalities play an important role in the theory of differential, integral
and integrodifferential equations. One can hardly imagine these theories without
the well-known Gronwall inequality and its nonlinear version Bihari inequality [1].
However these inequalities are not directly applicable to integral equations with
weakly singular kernels of the form

x(t) = &(¢) +/0 K(t,s)f(s,z(s))ds, x € X, (1)

where X is a Banach space, K(t,s) : X — X is a linear operator satisfying the
condition

M
vl ve X, (2)

1Kt s)|| = =se
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fort > s 20, a > 0,M > 0 are constants, £, f are continuous maps. Such
equations appear e.g. in the geometric theory of parabolic differential equations.
Basics of this theory are described in the well-known book by D. Henry [4] (see
also the book by J. K. Hale [3]).

Many boundary value problems for parabolic PDEs can be written as a Cauchy
initial value problem

d—u—i—Au:f(t,u), u € X,

dt (3)

u(0) = up € X,

where X is an appropriate Banach space and A : X — X is a special linear
operator, so called sectorial operator (for the definition see [1, Definition 1.3.1]).
For any sectorial operator A there is a real number ¢ such that if Ay = A+4cl, where
I is the identity mapping, then Re 0(A4;) > 0 (i.e. Re A > 0 for any A € o(4;)
— the spectrum of the operator A;). One can define a fractional power A$ of A;
as the inverse of A7 := ﬁ Jooto e Atdt for a > 0. If X := D(A]) — the

domain of AY and [|z||o := ||A%z||,x € X%, then (X?,]|.|]lo) is & Banach space
(see [1]).

By [4, Theorem 1.3.4], if A is a sectorial operator then —A is the infinitesimal
generator of an analytic semigroup {e=*4},>(, Le~* = —Ae™'4 for t > 0 and if

Re 0(A) > b > 0 then
—tA a, —tA d _y
lle™ ulla == [|ATe™ ull < e [lull, ¢ >0 (4)

for any u € X%, where d > 0 is a constant.

Definition 1 (see [3] and [7]). Let A : X — X be a sectorial operator and
there is an a € (0, 1) such that the map f: Rx X* — X, (¢t,u) — f(t,u) is locally
Holder in ¢ and locally Lipschitz in u. A solution of (3) on the interval (0,7") (0 <
T < o0) is a continuous function w : (0,7) — X* with u(0) = up € X such that
the map f(.,u(.)): (0,T) — X,t — f(t,u(t)) is continuous, u(t) € D(A),t € (0,T)
and u satisfies (3) on (0,7).

By M. Miklavéic [7] a solution u(t) of (3) in the sense of Definition 1 coincides
with those solutions of the integral equations

t
u(t) = e~ Ay +/ e’A(t*S)f(s,u(s))ds, 0<t<T, (5)
0

for which w : (0,7) — X is continuous and f(.,u(.)) : (0,T) — X,t — f(t,u(t))
is continuous.
If Re 0(A) > b > 0 then from (4), (5) it follows that

—bt

ce t ebt
lu(®)lla < “—lfuol |+ de ™ / gy 1 o ) s, (6)
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If
If @ = Qllv]la,v € X, (7)
a(t) = Slluoll,v(t) = |[u(t)||«e” and ¢ = dQ, then (6) yields

v(t) < a(t) + C/o (t —s)PYu(s)ds, t € I = (0,T), (8)

where 3 =1—«, a > 0. By [4, Lemma 7.1.1]

t) < 9/0 E3(O(t — s))a(s)ds, t €1, (9)

where © = (cF(ﬁ))% JRs(2) =30 F(TZlT[‘f‘l)’ I' is the gamma-function and finally

Fite) = 255t

The estimate (9) is obviously complicated and it is obtained in [4] by an itera-
tive argument not applicable to the case of nonlinear integral inequalities. In the
paper [6] the author developed a new method of a reduction of the inequality (8)
as well as some nonlinear singular inequalities to the classical Gronwall and Bihari
inequalities, respectively. Using this method we shall analyze an inequality of the
form

Y(t) L alt) + b(t)/0 (t — )P 17 Lep(s)™ds, t € I = (0,T), (10)

where 0 < T £ oo and m > 1 with the aim to prove a stability theorem for the
equation (3).

2 Stability theorem

First let us formulate a consequence of a result by G. Butler and T. Rogers pub-
lished in [2] (see also [5, Theorem 1.3.8]) as the following lemma.

Lemma 2. Let a(t),b(t), K(t),¥(t) be nonnegative, continuous function on I =
0, 7)(0 < T £ o0),w : {0,00) — R be a continuous, nonnegative and nonde-
creasing function, w(0) = 0, w(u) > 0 for u > 0 and let A(t) = maxy<,<;a(s),
B(t) = maxy<4<; b(s). Assume that

W(8) < alt) + b(t /K ))ds, t € 1. (11)
Then
B(t) £ 27HR(A®) + B(t) /tK(S)dSL t € (0,T), (12)

where £2(v ) = fv do_ y > vy > 0,271 is the inverse of 2 and Ty > 0 is such

Vo w(o) ’

that 2(A(t) fo s)ds € D(227Y) for all t € (0, T4).
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Lemma 3. Let a(t), F(t),9(t),b(t) be continuous, nonnegative functions on I =
(0,7Y(0 < T £ ), >0,y > 0,m > 1 and ¥(t) satisfies the inequality (10).
Then the following assertions hold:

(1) If > %,'y>l—%forsomep>1 and & > 0 then
P(t) < D (1), (13)

where . (t) = Ay (t)7[1 — (m — 1):1<t &))@,

Z1(t,e) = A1 ()™ 1 B1(t,¢) fo 5)2ae2ames g,

A (t) = 227 maxg< <4 als)?

Ba(t,2) = 2 K(EL(E) mag . (o) MK (e) = s,

L(e) = %, 5+ l =1 andt €I is such that d.(t) is defined.
(2) Let 8=

Then

mforsomez§1,7>1—,%q, where k> 0,q =242 and let € > 0.

P(t) = e (2), (14)

where U (t) = Aa(t )%q[l—( —1)E3,(t, )]m’
Zo(t,e) = A ()™ 1 By(t, e fo F(s)r1emiresds,
Ay(t) = 2ra-t max< < a(s)",

Ba(t,e) = 27171 P(¢) maxy< < b(s)",

P(e) = (M()N ()%, M(e) = [£572 )7,
N(e) = [%]ﬁ,a = 1—ﬁ,p + E = 1,%—1—% =1,p,q,r, k > 1 and
t € I is such that W.(t) is defined.

":X

Proof. We shall repeat the same procedure as in the proof of [6, Theorem 4]
however instead of inserting ef.e™* into the integral on the right-hand side of (10)
and then applying the Cauchy-Schwarz and Hoélder inequality, respectively, we
shall insert ef.e~¢! there. More precisely, under the assumption of the assertion
(1) we obtain from (10) that

P(t) S alt) + b(t)[/o (t— 8)2ﬁ—262asds]%[/ 527*2F(s)26*2“¢(s)2md5]% <

0

< a(t) + b(t)e K () F| / 212 (5225 (s) M ds)

where K(e) = {2(52)@;_11) Using the Holder inequality with p,q > 1,% + % =1 we

obtain

1 t 1 1
O(t) < at) + b(t)e K ()3 / R e / F(s)293(5)2 ™ ds] %

0
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and since
" o) 1 T (y-2)
- —pes _ — —o
/()ste”ds—W/OG”pe do <

r(2y—-2p+1)
(pgr)y(Q’Y*Q];PJrl = L(E)

(2y=2)p+1>[2(1—5;) —2]p+1> 0, ie. I'((2p—2)p+1) is a positive number)
we have

W(t) < a(t) + b(t)e K (e) L(e) 77 | / F(s)21(s)2™ds] % (15)

Since (A1 + A2)" £ 277 1(A7 + A7) for any nonnegative real numbers A, Ay and
any real number r > 1 (see [6, (2), (3)]) we obtain from (15) that
B0 £ 2 a0 4 bR )R [ Py (s ],
° (16)
If
o(t) = e~ 29 ()29, ot) = 229 a(t)?9, d(t) = 229 b(t)29K () L(e) ¥, (17)

then (16) yields
v(t) S et) + d(t)/o F(s5)2220™m5y(5) M ds.

Now we can apply Lemma 2, where w(u) = u™, 2(v) = f;; % = f:) y "dy =

Lol — T, 027 2) = [(1—-m)z + v(l)_m]ﬁ and we obtain the inequality

U(t) § Qil[Q(Al (t)) + Bl(t,g) At F(S)2q62qmesds] _
=A@ = (m— 1) 3 (te)] 77,

where = (t,€), A1(t), B1(t,€) are as in theorem. From this inequality and (17) the
inequality (13) follows.
The proof of the inequality (14) is similar (see the proof of [6, Theorem 4]).

Theorem 4. Let A: X — X be a sectorial operator, Re o(A) >b >0, f be as in
Definition 1 and let

1F(twll = tn@llullg’s  m>1, k20 (18)

forall (t,u) € Rx X%, wheren : (0,00) — R is a continuous, nonnegative function.
Then the following assertions hold:



188 Milan Medved

(1) Let 0 < o < min{3, £ + 2p—m} for some p>1 and b > 0 be the number from

the inequality (4). Let the function
t
- t2qa/ U(S)Qquq[(lfm)bere]sds
0

is bounded on the interval (0,00) for some 0 < & < b, where 11—7 + % = 1. Let
u(t) be a solution of the equation (3) satisfying u(0) = ug € X<, where

t
(m — 1227 (elJuol )7 VK () L(e) (et / pae2al(i=mibrmelsgg < 1,
0

where

res-1) _ (v =2)p+1)
i L) =
(2¢)26-1 (2y-2)p+1
Then u(t) exists on the interval (0,00) and lims_, o ||u(t)||a = 0.
(2) Let % < o <min{l, £+ kqm} for some k > 1, where 6=1—a = HLZ, 221,
q=2z+2 and b > 0 is the number from the inequality (4). Assume that the
function

K(e) = 8=

t
i trqa/ n(s)rqerq[(lfm)bere]st
0

is bounded on the interval (0,00) for some 0 < & < b, where + + L = 1. Let
u(t) be a solution of the equation (3) satisfying u(0) = ug, where

t
(m = D2 o[y D Ple)era [ syt
0
<1 forrqg(m—1) even,
#1 forrqim —1) odd,

where P(e) is the number defined in Lemma 3. Then u(t) exists on the interval
(0,00) and lims—, o0 ||u(t)||a = 0.

Proof. Under the assumptions of theorem there exists a solution of the equation
(3) on an interval I = (0,7)(0 < T < o0) satisfying the condition u(0) = ug. This
solution satisfies the equation (5) and for a > 0 the inequality (6) is satisfied. This
inequality and the condition (18) yield

ce b s5n(s)
< —ot [ €s™n(s) m
()l = —5—Iluoll + ce /0 T—s)n llu(s)l[a/ds, t>0

and if 1 (t) = e’ 1%||u(t)||o then

(1) < a(t) + b(t) / (t — )51 F(s)p(s) ™ ds, (19)
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where a(t) = c||ug||,b(t) = ct®,B=1—a,k = 1 + K — am, F(t) = e =™0%(¢).

Let us prove the assertion (1). From the assumption it follows that o < %,
ie. f=1—a > % and —am > —n—ﬁ,i.e.’y: 1+Kx—am > 1—%. Thus
the assumptions of Lemma 3 are satisfied. By the assertion (1) of this lemma we
obtain that ¢ (t) < e*'®(t, ), where

B(t,e) = A1 (t)% [ — (m — 1)Zy (L, )] 77,
Ai(t€) = 2277 (clluo| )7,
t
Zilt,2) = 200 D(elfuo | 1 VK (1L [ gfapreaombeniegs
0
K(¢), L(¢) are defined in Lemma 3. Under the assumptions of theorem the function

&(t,¢) is bounded on the interval (0, 00). Since 1(t) = e?'t||u(t)||a, 0 < € < b, we
obtain that

6—(b—5)t
lu®lla & —5—2(t,¢)-
Thus the solution u(t) of (3) exists on the interval (0, c0) and lim;_,« ||u(t)|]o = 0.
From the assumption of the assertion (2) it follows that # =1—a < 2, —am >

kiq, ieey=14k—am>1-— kiq and thus the assumptions of the assertion

(2) of Lemma 3 are satisfied. Applying this lemma in the same way as in the proof
of the assertion (1) one can prove the assertion (2).

—K —

Remark 5. M. Miklavéic in his paper [7] proved that if for some 0 < w < 1
O<a<l,awp>1,v>1,C>0,|[t"Ae || S C, t 21,

1f@&2)ll = Cll[A%|P + (1 + )77, ¢ 20,

whenever ||A%z|| + ||z|| is small enough, then for small initial data there exist
stable global solutions. Moreover, if the space X is reflexive (in this case X =
N(A) ® R(A)), then there exists y € N(A) such that lim;—. ||2(t) — y||la = 0.
These results are obviously proved under different assumptions from those in our
theorem.
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1 Introduction

This paper establishes some fixed point theorems for multivalued condensing maps
with closed graph. In particular we obtain an analogue of (i). Ky Fan’s Fixed Point
Theorem, (ii). Leray-Schauder Alternative, and (iii). Furi-Pera Fixed Point Theo-
rem, for such maps. The need for new fixed point theory for closed multifunctions
arose out of the study of differential and integral inclusions (see [5,9] and their
references). If our operator is compact then a well known result (see [1, page 465])
implies that we may use fixed point theory for upper semicontinuous (u.s.c.) maps.
However a new theory is needed if our map is condensing and not compact. We ini-
tiated the study in [10,11]. This paper continues this study. In addition we simplify
some of the proofs in [10].

For the remainder of this section we describe the type of maps which we will
consider in section 2. Suppose X and Z are subsets of Hausdorff topological
vector spaces E1 and FEs respectively and F : X — 2Z 3 multifunction (here 2%
denotes the family of nonempty subsets of Z). Given two open neighborhoods U
and V of the originsin E; and Es respectively, a (U, V')-approximate continuous
selection [2,3] of F is a continuous function s: X — Z satisfying

s(z) € (Flz+U)NX]+V)NnZ for every x € X.
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F is said to be approximable [3] if its restriction F|x to any compact sub-
set K of X admits a (U, V)-approximate continuous selection for every open
neighborhoods U and V of the origins in F; and Fs respectively.

Definition 1. We say F' € APCG(X,Y) it F: X — Cc(Y) is a closed (i.e. has
closed graph), approximable map; here Cc(Y) denotes the family of nonempty,
closed subsets of Y.

Definition 2. Wesay F € ACG(X,Y) if F: X — CD(Y) is a closed map; here
CD(Y) denotes the family of nonempty, closed, acyclic (see [5]) subsets of Y.

Recall F' is acyclic if for every x € X, H™(F(z)) = domZ, where { H™} denotes
the Cech cohomology functor with integer coefficients.
We now recall two results from the literature.

Theorem 3 ([2,3]). Let Q be a convezx, compact subset of a locally conver Haus-
dorff linear topological space E and F : Q — C(Q) is a u.s.c., approzimable map
(here C(Q) denotes the family of nonempty, compact subsets of Q). Then F has
a fixed point.

Let X be a Banach space and {2x the bounded subsets of X. The Kuratowski
measure of noncompactness is the map « : 2x — [0, 00] defined by

a(Z)=inf {e>0: ZCU}L, Z;, and diam (Z;) <e€}; here Z € 2x.

Let X; and X3 be Banach spaces. A multivalued map F :Y C X; — X, is said
to be a-Lipschitzian if it maps bounded sets into bounded sets and if there exists
a constant k > 0 with «(F(Z)) < ka(Z) for all bounded sets Z C Y. We call
F a condensing map if F is a-Lipschitzian with k =1 and «(F(2)) < a(Z)
for all bounded sets Z CY with «(Z) # 0.

Theorem 4 ([5]). Let Q be a nonempty, closed, convex subset of a Banach space
E. Suppose F: Q — CK(Q) is a u.s.c., condensing map with F(Q) a subset of a
bounded set in E (here CK(Q) denotes the family of nonempty, compact, acyclic
subsets of Q). Then F has a fized point.

Remark 5. All the results in this paper will be stated and proved when F is a

Banach space (the extension to the case when E is a Fréchet space is immediate).

2 Fixed point theory

We begin this section by proving fixed point theorems of Ky Fan [12] type for
APCG and ACG maps.

Theorem 6. Let Q be a nonempty, convex, closed subset of a Banach space E
and suppose F' € APCG(Q,Q) is a condensing map with F(Q) a subset of a
bounded set in Q. Then F has a fized point in Q.
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Proof. Let xg € Q. Then [5, Lemma A] guarantees a closed, convex set X with
xo € X and
X = (F(QNX)U{xo}).

Since F(Q) C @ implies F(QNX)U{zp} C Q wehave X CQ andso QNX = X.
Thus
X =t (F(X)U{zo}).

Since F' is condensing we have (using the properties of measure of noncompact-
ness) that X is compact. Thus F : X — 2% with X compact and convex. In
addition the values of F' are closed and F|x has closed graph. Now [1, page 465]
implies F|x is u.s.c. Consequently F|x : X — C(X) is a u.s.c., approximable
map and X is convex and compact. Theorem 3 implies that F' has a fixed point
in X. O

Similarly we have the following result for ACG maps.

Theorem 7 ([11]). Let Q be a nonempty, convezx, closed subset of a Banach
space E and suppose F € ACG(Q,Q) is a condensing map with F(Q) a subset
of a bounded set in Q). Then F has a fized point in Q.

Proof. Let xp € @ and construct a convex, compact set X C @ (as in Theorem 6)
with F : X — 2% In addition the values of F are closed and acyclic and F|x
has closed graph. Now [1] implies F'|x is u.s.c. Consequently F|x : X — CK(X)
is a u.s.c. map and X is convex and compact. Theorem 4 (or indeed Ky Fan’s
Fixed Point Theorem [12]) implies that F has a fixed point in X. O

Remark 8. Note Theorem 6 and Theorem 7 can easily be extended to the Fréchet
space setting.

We now prove a nonlinear alternative of Leray-Schauder type for ACG and
APCG maps. We proved such an alternative in [10]; however here we provide a
simpler proof.

Theorem 9. Let E be a Banach space with U an open, convex subset of E and
xo € U. Suppose F € ACG(U,E) is a condensing map with F(U) a subset of a
bounded set in E. Then either

(A1) F has a fized point in U; or

(A2) there exists u € OU and X € (0,1) with u € AF(u) + (1 — MN){zo}.

Proof. Without loss of generality assume xg = 0. Suppose (A2) does not occur
and F' has no fixed points in OU. Let

H={zeU: € F(z) forsome X€[0,1]}.

Notice that H # (0 is closed. To see this let (x,) be a sequence in H (i.e.

Tn € Ay F(zy,) for some A, € [0,1]) with z,, — z¢ € U. Without loss of generality
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assume A, — Ag € (0, 1]. Since =, € H there exists y, € F(z,) with x, = A\, yn.
Now z, — z¢ and y, — )\—10£CO~ The closedness of F' implies A—lgxo € F(xo)
so g € H. Thus H is closed. In fact H is compact. To see this notice H C

co (F(H)U{0}) soif a(H) # 0, we have

a(H) < o(F(H)) < a(H),
a contradiction. Now since H N OU = () there is a continuous function p: U —
[0,1] with pu(H) =1 and p(0U) = 0. Define the map J by

[ u@)F(x), x€U
@) = {?0}, z e BE\T.

Now it is easy to check that J : E — CD(FE) has closed graph. In addition
J:E — CD(E) is condensing with J(E) a subset of a bounded set in E. To see
this note

J(A) C co (F(T N A)U{0})

for any subset A of E. Now Theorem 7 implies that there exists © € E with
x € J(x). Also x € U since 0 € U. Thus z € p(x)F(x) = AF(z) where
0 < A= p(x) <1. Consequently x € H, which implies p(x) =1 and so z € F(x).

O

Similarly we have the following nonlinear alternative of Leray-Schauder type
for APCG maps.

Theorem 10. Let E be a Banach space with U an open, conver subset of E
and xo € U. Suppose F' € APCG(U, E) is a condensing map with F(U) a subset
of a bounded set in E. Then either

(A1) F has a fized point in U; or
(A2) there exists uw € OU and X € (0,1) with u € AF(u) + (1 — A){zo}.

Proof. Without loss of generality assume xg = 0. Suppose (A2) does not occur
and F' has no fixed points in OU. Let H, u, J be as in Theorem 9. Now J: F —
Cc(E) has closed graph and J is condensing with J(E) a subset of a bounded
set in E. Also an easy argument (see the ideas in [8]; note for any compact subset
K of E we have that F|k is u.s.c. (see [1, page 465])) implies J : E — Cc(E)
is approximable. Now Theorem 6 implies that there exists = € E with = € J(x).
Also as in Theorem 9 we have x € F(z). O

Next we prove a new fixed point theorem of Furi-Pera type for ACG and
APCG maps. We discuss the case when FE is a Hilbert space and then remark
about the general situation.
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Theorem 11. Let Q be a closed, conver subset of a Hilbert space E with 0 € Q.
In addition suppose F' € APCG(Q, E) is a condensing map with F(Q) a subset
of a bounded set in E. Also assume

if {(zj,X;)}3° is a sequence in OQ x [0,1] converging to (x,\)
with x € NF(x) and 0< X <1, then there exists jo € {1,2,....} (1)
with {\;j F(z;)} CQ foreach j> jo

holds. Then F has a fized point in Q.
Remark 12. If F(0Q) C Q then (1) holds.

Proof. Define r: E — @ by r(z) = Pg(z) i.e. r is the nearest point projection
on (). Note r is nonexpansive. Consider

B={zeE: z€Fr(x)}

Note Fr: E — Cc(E) is a condensing map and F'r(E) is a subset of a bounded
set in E. Also Fr : E — Cc¢(F) has closed graph. To see this let (y,) be a
sequence in F with y, — yo and v, € Fr(y,) is such that v, converges to
vo. Let z, = r(y,) and so v, € F(z,) and 2, — 2z = r(xg). Since F has
closed graph vy € F(z) ie. vg € Fr(yo). Finally notice Fr : E — Cc(E)
is an approximable map. To see this take any compact subset K of FE. Note
r: K —Q and F:Q — Cc(FE). A result of [2, page 468] (follow the reasoning in
Proposition 3.3; note F|,x) is u.s.c. [1, page 465]) implies F'r : E — Cc(E) is an
approximable map. Theorem 6 implies F'r has a fixed point so B # (). We must
show B is closed. To see this let (z,) be a sequence in B (i.e. z, € Fr(z,))
with z, — z¢ € E. Now since F'r has closed graph we have zg € F'r(x¢) i.e.
zo € B. Thus B is closed. In fact B is compact. To see this notice B C F'r (B).
If a(r(B)) #0 then

a(B) < a(Fr(B)) < a(r(B)) < a(B),

a contradiction. Thus a(r(B)) =0 and so «(B) < a(Fr(B)) < a(r(B)) =0 so
B is compact.

It remains to show BNQ # (). Suppose this is not true i.e. suppose BNQ = (.
Then there exists 6 > 0 with dist (B,Q) > 6. Choose N € {1,2,...} such that
1 < § N. Define

Uiz{xEE: d(z,Q) < 1} for i€ {N,N+1,..}
i

here d is the metric induced by the norm. Fix ¢ € {N, N + 1,...}. Since there is
dist (B,Q) > 6 then BNU; = (). Now Theorem 10 implies (since B NU; = ()
that there exists (y;, \;) € 9U; x (0,1) with y; € A\; Fr(y;). Consequently for
each j € {N,N +1,...} there exists (y;,\;) € 9U; x (0,1) with y; € \; F'r(y;).
In particular since y; € OU; we have

{NjFr(y)} €Q foreach je {N,N+1,..}. (2.2)
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Next let us look at
D={ze€E:ze€\Fr(z) for some \e€[0,1]}.

First notice D is closed. To see this let (z,) be a sequence in D (ie. z, €
An Fr(z,) for some A, € [0,1]) with x,, — 2o € E and without loss of generality
assume A, — Ag € (0, 1]. The closedness of F'r (see the argument in Theorem 9)
implies )\LO x0 € Fr(xzg) so xg € D [Alternatively, it is easy to see that R: E X
[0,1] = Cc(E), given by R(z,\) = AFr(x), has closed graph so it is immediate

that D is closed]. In fact D is compact. To see this notice
D C¢c(Fr(D)u{0})

and it is easy to check that «a(D) = 0 (since F' is condensing and 7 is non-
expansive). Thus D is compact (so sequentially compact). This together with
d(y;, Q) = %, IAj| <1 (for j € {N,N +1,...}) implies that we may assume with-
out loss of generality that A\; — A\* and y; — y* € 0Q. Also since y; € \; F'r (y;)
we have, since R (defined above) : Uy x [0,1] — Cc(E) has closed graph, that
y* € XX Fr(y*). Now \* # 1 since BNQ = 0. Thus 0 < A\* < 1. But in this
case (1), with z; = r(y;) € 90Q and z = y* = r(y*), implies that there exists
jo € {N,N +1,...} with {X; Fr(y;)} C Q for each j > jo. This contradicts
(2.2). Thus BNQ # 0 i.e. there exists z € Q with z € Fr(x) = F(z). O

Remark 13. Of course the result in Theorem 11 holds for certain convex sets in
Banach spaces where there is a nearest point retraction that is nonexpansive (or
more generally a-Lipschitzian with k& = 1).

Remark 14. If the map F in Theorem 11 is compact then the Hilbert space can
be replaced by any Banach (or indeed Fréchet) space (this is immediate since all
we need consider is any continuous retraction r with r(z) € 0Q for z € E\Q;
note such an r exists (see [7])).

Remark 15. There is an obvious analogue of Theorem 11 for ACG maps.
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Abstract. We show a locally uniform bound for global nonnegative so-
lutions of the system u: = Au+ wv — bu, v: = Av + au in (0,400) X §2,
u=v=0on (0,+00)x 92, where a > 0, b > 0 and (2 is a bounded domain
in R™, n < 2. In particular, the trajectories starting on the boundary of
the domain of attraction of the zero solution are global and bounded.
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1 Introduction

In many parabolic problems possessing blowing-up solutions, there also exist global

bounded solutions. The large-time behavior of solutions lying on the borderline

between global existence and blow-up may be quite complicated and its knowledge

may be useful e.g. in the study of stationary solutions of these problems (see [3]).
Let us consider first the scalar problem

up = Au+ululP~ + f(z,t,u,Vu), x€ 02, t>0,
u=0, x €02, t>0, (P)
u(z,0) = uo(x), x € 12,
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where (2 is a smoothly bounded domain in R™, p > 1 and f represents a per-
turbation term. If f =0, 0 # U, > 0 is a smooth function, A > 0 and u, = AU,
then the solution wy of (P) exists globally and ux(t) — 0 as t — +oo for A
small while uy blows up in finite time in the L°°(f2)-norm if X is large. If we
put A, = sup{A; uy exists globally} and if we consider only radially decreasing
solutions in a ball then it is known (see [1], [5]) that the solution wuy,

e is global and bounded for p subcritical, i.e. p < (n +2)/(n —2) if n > 2,

e is global and unbounded for p critical,

e blows up in finite time for p supercritical (and n < 10).

Similarly, if n = 1 and f(z,¢,u,u;) = €(u™)s, where € > 0 and m > 1 then the
solution uy,

e is global and bounded (at least for some) p > 2m — 1,

e cannot be global and bounded if p < 2m — 1 and ¢ is “large”.

Sufficient conditions for global existence and boundedness of the solution uy, for
f # 0 and a more detailed discussion of the above facts can be found in [7].

In the present note we study the system

u = Au+uv—bu, x€2,t>0,

vy = Av + au, ze 2, t>0,

u=v=0, x €90, t>0, (S)
u(z,0) = uo(z) >0, x € 2,
v(x,0) = vo(z) >0, x € (2,

where (2 is a smoothly bounded domain in R", n < 2, ¢ > 0 and b > 0. It was
shown in [6] that the system (S) possesses a positive stationary solution. Moreover,
any positive stationary solution (@, 9) of (S) represents a threshold between blow-
up and decay to zero provided {2 is a ball. More precisely,
eif A< pu<1,0<u, <A and 0 < v, < puv then the solution of (S) exists
globally and tends to zero as t — oo,
oif \,u> 1, u, > A and v, > pd then the solution of (S) blows up in finite time.

We are interested in the behavior of all “threshold trajectories”, i.e. trajectories

starting on the boundary 0D 4 of the domain of attraction of the zero solution

Da = {(uo,v0) € Hy(2)" x Hy(2)*;
the solution (u,v) of (S) exists globally and (u(¢),v(t)) — 0 as t — oo},

where H}(§2)* is the positive cone of the usual Sobolev space H{(£2). We shall
prove the boundedness of any non-negative global trajectory of (S). Since the
corresponding bound is locally uniform with respect to the initial values (uo, v),
this result implies global existence and boundedness of all trajectories starting on
0D 4.

Our proof is based on a non-trivial generalization of a priori estimates for
stationary solutions in [6] (based on the method of Brézis and Turner [I]) to a
priori estimates for all global solutions of (S). Such generalization sometimes may
yield satisfactory results (see e.g. the optimal result in [4] for the problem (P) with
f =0, u, > 0 based on the method of a priori estimates of Gidas and Spruck);
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in general, it usually requires additional assumptions. This is also the case of our
proof: the a priori estimates in [6] were shown for a general domain 2 C R™ if
n < 3. For technical reasons, we had to restrict ourselves to the case n < 2.

Finally let us note that the boundedness of global solutions of problems of the
type (P) is well known in the case where f(z,¢,u, Vu) is independent of ¢ and
Vu (see e.g. [2], [3] and the references therein). Then the problem has variational
structure, i.e. it admits a Lyapunov functional. A perturbation result for f de-
pending on ¢t and Vu can be found in [7]. Anyhow, in our situation the system (S)
does not seem to be “close” to any problem with variational structure.

2 Results and proofs

Throughout the rest of this paper we shall assume that the initial couple (u,, v,) €
HY(2)T x HE(2)T is such that the corresponding solution (u,v) of (S) exists
globally (in the classical sense). Moreover, we shall assume u, Z 0 and we denote
by A1 and ¢; the first eigenvalue and the corresponding (positive) eigenfunction
of the problem —Ap = Ap in {2, ¢ = 0 on 012. We denote by || - ||, and || - || g2 the
norm in LP(§2) and H'({2), respectively, and we put || - || := || - [|2. We shall also
briefly write u(t) instead of u(-,t) and [, udx instead of [, u(x,t)dx. Our main
result is the following theorem.

Theorem 1. There exists a constant C1 = C1(||Vuol|, [[Vvol|) such that
Iu(t)]| + [Ve(t) < C1 for any t > 0.

The proof of Theorem 1 will follow from the following series of lemmata (see
Lemma 8 and Lemma 9).

Lemma 2. There exists a constant Ca = Ca(||uoll, [|vo]]) such that
/ v(x, t)p1(x)de < Cy  for anyt > 0.
Q

Proof. Multiplying the equations in (S) by o1 and integrating by parts yields

(/ wp1 dx) =—(\+ b)/ wpy dx —|—/ uvp; de, (1)
[0 t Q [0

(/ V1 dx) = —)\1/ vy dx—l—a/ upy d. (2)
2 t 0 2

Differentiating (2), using (1), (2), au = v — Av and integration by parts we get

(/chpldx)tt:—/\1(/Qvtpldx)t—|—a/Q(Au+uv—bu)<p1dx
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=)\ (/ V1 dx) —a(M —|—b)/ upy dr + a/ uvpy dr
Q t o) Q
> —(2\1+0) (/ vy dx) — (M + b)/ vy dx
7] t Q
1 2 At 2
+§(/QU wldx)t—l—?/ﬁv p1 dz,
where in the last step we have used
/ (—Av)vp; dx = / Vv - V(ver) dz
19 19
2 1 2 At 2
= [ |[Vv|°prde+ = | Vv° -Voide>— [ v p;dx.
17 20 2 Jo

Hence, denoting

1
y:=yt) =w'({t)+ (M +bw(t) — 5/ v%(z, )1 (z) da,
we obtain gy > —A1y so that y(t) > e~ !y(0) > —¢, for some ¢y > 0. Since

1
5/ v (2, 1)y (z) de > cl/ v (2, 1)t (z) de > cow? (1) for some c1, ¢y > 0,
fo) 2

we have
—co<y<w + M +bw—cow? <w — csw? + ey for some c3,cq > 0,

hence w’ > c3w? — (cp + c4). Since w(t) exists globally, the last inequality implies

w(t) < +/(co + ca)/cs (where ¢g = ¢p(v,) and cs, ¢y do not depend on v).

Lemma 3. There exists a constant C3 = Cs(||uol], [|vol|) such that
/ u(z, t)p1(x)de < Cs  for any t > 0. (3)
fo)

Proof. Multiplying the first equation in (S) by 1, integrating over 2 and over

(t,t+6), using u = % (v; — Av) and Lemma 2 we get

140 40
/ upy dx > —(\M+ b)/ / upy dx dt
n t t n

t+6 t+0
=—/\1+b/v<p1dx —M/ /vgoldxdtZ—é,
0 a t 0

a t
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where ¢ = &(C3) does not depend on t and 6 € (0, 1]. Integrating the last inequality

over 0 € (0,1) and using u = 1(v; — Av) again we obtain

t+1
/ u(z, t)pr(x)de — ¢ < / / wpy dx dt
7 ¢ fe)

1 t41 ) [ A 41
:—/wpldx’ —|—_1/ /vcpldxdtﬁcz 1+ ,
a 0 t a + 0 a

which concludes the proof.

In what follows we shall exploit the following well known result (used also in

[1] and [6]).

Lemma 4. Let 2 C R" be a smoothly bounded domain. For any u € Hg(£2), we
have

u
I571lp < Cal Vul, (4)
where 6 = 6(x) = dist (x,012), r € [0,1] and p < — 2(1 5 (=2 ifn=2).

Since 6(x) < Cyppi(x) for some C, > 0, it is now easy to show the next three
lemmata.

Lemma 5. There exists a constant Cs = Cs(||uo]|, ||[vo||) such that

sl 4 ITuP 4 bl = [ wods < CIval P90l )
2

Proof. The equality in (5) can be obtained by multiplying the first equation in (S)
by w and integrating over {2. Now the Holder inequality, Lemmata 3, 4 and any
choice of a0/ > 1 with 2 + 1. =1 imply

/QUQU dr < (/Q u5dx>2/3 (/ﬂ w3672 dm) Ve
< (@0 ([ ) ") ([ (o)™ 00)"

< (CoCs)?PCy 3|Vl 2| Vo).

Lemma 6. There exists a constant Cs = Cs(||uoll, [|vo]]) such that

3 lel? + 19012 =a [ wwde < Col|vul 2Vl (6)
2
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Proof. The equality in (6) follows from the second equation in (S). Now, similarly
as in the proof of Lemma 5 we obtain

/ uv dr < (/ uddx)1/2</ uv25’1dx)1/2
0 0 0
< (CyCy)'? (/Q(%)Q dx)1/4 (/Q o dw)1/4 < G|Vl /2| V0],

since H'(§2) is imbedded in LP(£2) for any p > 1.

Lemma 7. There exists a constant C7 = C7(||uo, [|voll) and for any € > 0 there
exists a constant Cz > 0 such that

lull < Crl[Val?3, o] < Cel|Vo]|*2, o
[uv]| < Ce([[Vul[>/2+< + 1) Vo]].
Proof. Denoting w := u or w := v and Ca3 := max(Cy, C3) we get
2/3 4 \1/3
/ w? dr < (/ w&dx) (/ (i) dx) < (C¢023)2/3Ci/3||Vw||4/3.
Q o) o \o1/2
Putting K. = Q(QTJ”E) and using ||wl, < ¢p||Vw|| for any p > 1 we obtain
2/(2+e) 2/ K-
/ w?v?dr < (/ u?te dx) ) (/ vKe dx)
Q o) Q
(2—¢e)/(2+¢) e/(2+¢)
< C%(EHV’UHQ(/ u? dx) (/ u? dx)
o) Q
< e,/ T I VP o
where &' < 2e.
Lemma 8. There exists a constant Cs = Cs(||Vu,l|, || Vuol|) such that
Vo)) < s max [Vu(z)[2  for any > 0. ®)
Proof. If Llv(t)[|> > —||Vo(t)||* then (6) implies
IVo(t)]] < 2G| Vu(t)||*/? 9)

and we are done. Hence, let 2 ||v(t)[|> < —[|Vu(t)||*>. Then

d
VeI < == llol* < 2lvll - lleell < 2G| Vol - Jlur]l
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so that
IV < 2C7||ve]). (10)
Multiplying the second equation in (S) by v; and integrating over {2 we get

Ld

2
ool + 5

2 1 2y @ 2
1Vel? = o [ wopdz < 3l + Sl
Q
which together with (7) yields

d
loell® + IVol* < a?[Jull* < (aC7)?|| V. (11)

Now (10) and (11) imply

1
(2C7)?

d
IV0ll*2 + 1Vl < (aCr)?|[Vul| /2. (12)

If |Vol| < (2aC2)%/%||Vu||'/? then we are done. Otherwise the inequality (12)
implies 4(|Vv||? < 0 and putting

t; ;= inf{r > 0; %HVUHQ <0 on (7,1}

we have ||[Vu(t)| < ||Vou(t1)]].
If t; = 0 then ||[Vou(t)| < |[Vo(0)|] < Co||Vu(0)||*/? for some Cy > 0. Hence,
we may assume t; > 0.
If Lllo(t)]|> > —[|[Vo(t1)||* then the inequality (9) (with ¢ replaced by t;)
implies
IVo@)l < V()| < 2C8)| Vut)|V2,

If Llv(t1)]|> < —[[Vu(t1)]|? then the inequality (12) (with ¢ replaced by t;)
implies
IVo@)ll < [[Vo(ta)ll < (2aCF)* || Vu(t)]'/?,

since the definition of ¢ implies 4||Vo(t1)[|? = 0 if ¢; > 0.

Lemma 9. There exists a constant Cy = Cy(||[Vuol|, [[Vvol|) such that
[[Vu(t)|| < Cy for any t > 0.

Proof. We may suppose [|[Vu(0)|| < sup,>q [[Vu(t)| (otherwise we are done). Let
t, > 0 be such that

IVu(to)ll = max [|Vu(t)]. (13)
If 4lu(ty)||* > —||Vu(t,)||? then (5), Lemma 8 and (13) imply

IVato)|* < 2G5 Vu(to) [/ Volto)|| < 205Cs || Vulto)[|'/°,
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hence
IVu(to)|| < (2C5Cs)°.
Consequently, we may assume

d 2 2
Slutt)l* < = IVu(to)|

This implies
d
IVu(to)|” < —EIIUIIQ < 2 ul| - Jful| < 2C7 )|Vl /3 |uel,
so that
[Vu(to)[|** < 2C7 |[u(to)|]. (14)

Multiplying the first equation in (S) by u; and integrating over 2 we obtain

1d
||u,g(750)||2 < ||Ut||2 + ——HVUH2 = —b/ wuy dz —|—/ wvu dz

A

1
< Slluel® + lluoll® + 6w,
where the inequality 4| Vu(t,)||* > 0 follows from (13). Now the last inequality
together with (14) and Lemmata 7, 8 imply
1

WIIVU(%)IIS/?’ < lue(to)l* < 2fuv(to) || + 20 |u(to) |

< Ce([Vulto) |42 + 1)(| Vo (to) | + 1)
< CL(IVulto)I?+2 + 1),
so that the choice e < 1/6 yields the desired estimate for ||[Vu(t,)].
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1 Introduction

Dynamical systems with several equilibria occur in various fields of science and
engineering: electrical machines, chemical reactions, economics, biology, neural net-
works. These systems are models of either natural or man-made physical systems.
In both cases stability properties are required for various reasons but in fact stabil-
ity means always some “good behaviour” with respect to short-term disturbances.
In man-made systems technological operation is connected with stability of the
“operating points” i.e. of some constant solutions of the dynamical model.
Technological operation is closely connected with oriented changes from one
operating point to another i.e. with transients. With respect to the new operating
point (constant solution) the old operating point is a perturbed initial condidtion
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generating a transient motion (dynamics trajectory) that should end in the new
operating point. This is clearly a stability-like property.

Stability is a property of a single solution (equilibrum) and a local one. Linear
systems and systems with an almost linear behaviour have a single equilibrum that
is globally asymptotically stable.

For systems with several equilibria the usual local concepts of stability are
not sufficient for an adequate description. The so-called “global phase portrait”
may contain both stable and nonstable equilibria. Of course each of them may
be characterized separately since stability is a local concept. Nevertheless global
concepts are also required for a better system description.

We consider here a single example: the case of the neural networks. The neural
networks are interconnections of simple computing elements whose computational
capability is increased by interconnection (emergent collective capacities). This
is due to the nonlinear characteristics leading to the existence of several stable
equilibria. The network achieves its computing goal if no self-sustained oscillations
are present and it always achieves some steady-state (equilibrium) among a finite
(while large) number of such states.

This behaviour is met in other systems also. For instance chemical systems or
biological communities display several equilibria, according to the external condi-
tions (environment). The models in macroeconomics need several equilibria since
in practice this is indeed the case and economic policies (good or bad) are nothing
else but “manoeuvres” that take economic systems from one stable equilibrium
to another - in the same way as mechanical manoeuvres take engineering systems
from one operating point to another.

2 Basic concepts and tools

The basic concepts in the field of the systems with several equilibria come from the
papers of Kalman [7] from 1957 and Moser [10] from 1967. Especially the second
paper relies on the following remark:

Consider the system

& =—f(z),z € R", (1)
where f(z) = grad G(z) and G : R™ — R has the following properties:

i) lim|g|—oG(x) = 00 and
ii) the number of the critical points is finite.

In this case any solution of (1) approaches asymptotically one of the equilibrum
points (which is also a critical point of G — where the gradient i.e. f vanishes). It
is only natural to call this behaviour gradient-like but there are other properties
that are also important while weaker. With respect to this we shall need some
basic notions. Our object will be here the system of ordinary differential equations

i = f(z,1). (2)



Dynamical Systems with Several Equilibria 209

Definition 1. a) Any constant solution of (2) is called equilibrium. The set of
equilibria & is called stationary set.
b) A solution of (2) is called convergent if it approaches asymptotically some
equilibrium:
limi_ooz(t) =c€ &
A solution is called quasi-convergent if it approaches asymptotically the sta-
tionary set:
limi—ood(z(t),E) =0

Definition 2. System (2) is called monostable if every bounded solution is con-
vergent; it is called quasi-monostable if every bounded solution is quasi-convergent.

Definition 3. System (2) is called gradient-like if every solution is convergent; it
is called quasi-gradient-like if every solution is quasi-convergent.

Since there exist also other terms for these notions some comments are nec-
essary. The notion of convergence still defines a solution property and was intro-
duced by Hirsch [5,6]. Monostability has been introduced by Kalman [7] in 1957;
sometimes it is called strict mutability (Popov [11]) while quasi-mono-stability is
called by the same author mutability and by other dichotomy (Gelig, Leonov, and
Yakubovich [3]). In fact for monostable (quasi-monostable) systems some kind of
dichotomy occurs: their solutions are either unbounded or tend to an equilibrium
(or to the stationary set); in any case self-sustained periodic or almost periodic os-
cillations are excluded. The quasi-gradient-like property is called sometimes global
asymptotics.

It is obvious that while convergence is associated to solutions, monostability
and gradient-like property are associated to systems. At this point we add some
properties related to the stationary set (Gelig, Leonov and Yakubovith [3])

Definition 4. The stationary set £ is uniformly stable if for any € > 0 there exists
d(e) such that for any to if d(z(t9),E) < 0 then d(x(t),€) < ¢ for all t > 1.

The stationary set &£ is uniformly globally stable if it is uniformly Liapunov
stable and the system is quasi-gradient-like (has global asymptotics).

The stationary set is pointwise globally stable if it is uniformly Liapunov stable
and the system is gradient-like.

For autonomus (time-invariant systems) the following Liapunov-type results
are available (Gelig, Leonov and Yakubovitch [3]; Leonov, Reitmann and Smirno-

va [9]).

Lemma 5. Consider the nonlinear system

i = f(x) (3)

and assume existence of a continuous function V : R® — R that is nonincreasing
along any solution of (3). If, additionaly, a bounded on R™ solution x(t) for which
there exists some T > 0 such that V(x(7)) = V(x(0)) is an equilibrium then the
system is quasi-monostable.
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Lemma 6. If the assumptions of Lemma 5 hold and, additionaly, V(z) — oo for
|z] — oo then system (3) is quasi-gradient-like.

Lemma 7. If the assumptions of Lemma 6 hold and the set £ is discrete (i.e. it
consists of isolated equilibria only) then system (3) is gradient-like.

3 Applications from chemical kinetics

3.1. We shall consider first a model from the book of Frank-Kamenetskii [2], stud-
ied in the diffusion context by Kruzkov and Peregudov [8]; here the diffusion phe-
nomenon will be left aside. The model reads like (3) but under the following
assumptions:

f:Q—R" Q={zeR" 2'>0,i=1,n};

gic; > 07 Vr € Qv 7’7] = ].,TL;
" fia) =0,

Then the following properties of the system are valid (Halanay and Résvan [4]):

a) @ is an invariant set of the system;

b) all solutions in @ are bounded;

c) Y1 lzi(t) —yi(t)] < DT |zt (r) — yi(7)| for all t > 7, z(t) and y(t) being two
solutions of (3) from Q;

d) the function V(z) = "7 |f(x)| is nonincreasing along the solution of (3) i.e.
it is a Liapunov function; moreover this Liapunov function cannot be constant
if it is not identically zero.

We may state now

Theorem 8. For every M > 0 there exist equilibria & such that Sat=M and
the system is gradient-like on the sets > | x' = M.

Outline of proof: Let z(t) be a solution with >} 2?(0) = M. From iv) we
deduce that Y.} 2?(0) = M, the solution is bounded and the w-limit set is not
empty. On the w-limit set V(x(¢)) is constant hence it is identically zero; from
here we obtain that the w-limit set consists only of equilibria. Since all solutions
are bounded the system is quasi-gradient-like. Using ¢) we obtain that the system
is even gradient-like.

3.2. Consider now the case of a closed chemical system subject to mass-action
law and constant temperature—the formal kynetics system ([4]):

¢ = Z?Zl(ﬂij - aij)(w;‘r(c) —wj (¢), i=T,m

wi(e) = Kf TIY (e)™, wy (e) = by T ()™, @
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where the nonnegative integers a;;, 8;; (stoichiometric coefficients) satisfy the fol-
lowing assumption (Vj)(3¢ : a;;+5;; # 0), that is each substance has to participate
at least to one reaction either as reactant or as product. Using this assumption
we can prove positivity of the concentrations: if the above assumption holds then
¢i(0) >0, i = 1,m implies that for any i = 1,m either ¢;(t) > 0 or ¢;(t) =0 on
the entire existence interval of the solution. Any point ¢ with ¢; > 0, i = 1,m is
called admissible; the set of the admissible points is called admissible set. Another
property of the system is existence of a set of conservation laws that define an
invariant hyperplane. By writing (4) as follows

¢ = Gu(c), ()
where rank G = r we may obtain by reordering (5) the partition

cr = Guwr(c) + G12wm—r(c), (6)
M = G w” (C) + Gggwm_r(c),

where det G11 # 0. Then the following linear invariant manifold is obtained
L(c)=cmT" = G21G1_116T ="77(0) - G21G1_116T (0) (7)

called “substance balance hyperplane” that is in fact a linear system of conserva-
tion laws.

The equilibrium set of (4) may be quite rich but among the equilibria are of
interest the detailed-balance equilibria defined by

wf(e) = wy(c), j=T,n (®)

and mainly those belonging to the admissible set @ = {c € R™, ¢;, > 0, k =1, m}
called admissible detailed balance equilibria.
The following result of Zeldovic is valid

Proposition 9. If (4) has an admissible detailed balance equilibrium and in the
linear manifold L(c) = q there exists an admissible point then in this manifold
there exists a unique detailed balance point.

If (4) is such that an admissible detailed balance equilibrium exists then the
following Liapunov function may be associated to it:

m

Ve =" ck(in(cx/er) —1) (9)

1

and the following is true (Halanay & Rasvan [4])

Theorem 10. If an admissible detailed balance equilibrium exists, the following
properties of the solutions with ¢;(0) > 0, i = 1, m are valid:

1. The solutions are bounded.
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e

There are no periodic nonconstant solutions with nonnegative components.

Any equilibrium point with nonnegative components is a detailed balance point.

4. The w-limit set of any solution is composed of equilibrium points only; if such
a set contains an admissible detailed balance point it coincides with it being a
singleton.

5. An admissible detailed balance point is stable in the sense of Liapunov and it
is an attractor in the invariant hyperplane that contains it.

6. A solution such that limy_.oc(t) exists and has all its components positive is

Liapunov stable.

o

Some comments are necessary. The first four properties show that, with respect
to those solutions that are physically significant, the system is quasi-gradient-like
but if among the equilibria of a given w-limit set there is one admissible detailed
balance point, the w-limit set coincides with it; this singleton is stable in the sense
of Liapunov and even asymptotically stable when the solutions are reduced to the
invariant hyperplane containing this point.

The remarkable property of this system would be existence of an admissible
point in the w-limit set of any solution. In this case the w-limit set would reduce
to it and the attraction domain would coincide with the entire hyperplane. The
system would be gradient-like with respect to admissible set . Unfortunately this
is still an open question. We may nevertheless mention that some recent results
for the case of two substances exist (Simon & Farkas [12]).

4 Applications from biology

A. Consider first the model of Volterra type for n species that compete for some
resource:

dN; S ,
W :Ni(Ei—j;’}/iij), z=1,n (10)
This model has been studied intensely (e.g. Volterra[l4]; Svirezev [13]) for the

case ofthe so-called dissipative community: ¢; > 0 and there exist «; > 0 such that
the quadratic form Y 7 D7 a;vijz;x; is positive definite. Here we shall consider
the general case because of its similarity to mass action chemical kinetics.

_ We assume, as in the case of the chemical kinetics, existence of an equilibrium
N;, i = 1,n with all N; > 0. Associate to (10) the following function:

" /N; N;
LN:ZM(N—pmA) (11)
1 K3

%

which is of the same type as (9); with the new variables 2; = In(N;/N;) we obtain:
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diti " &oox
o i Z%‘ije 7, (12)
j=1
1

and it may be easily seen that (12) can be written as:

7 Z—Z%'j%(xlwwl‘n) (14)
j=1 ‘
i.e. the system is quasi-gradient-like. We have L(z1,z2, - ,z,) > 0 and also

S0 ) =~ 3030 22

and if the matrix (y;;) is nonnegative definite then L is decreasing (nonincreasing
along the solutions of (14). Obviously L is bounded for bounded x; (see the pre-
vious section) hence the system is quasi-monostable. Moreover the critical point
of Lie x1 =x9 =--- =z, =0 is globally assymptotically stable. We have also
L(xz) — oo for |z| — oo hence according to Lemma 6 the system is quasi-gradient
like. Moreover the equilibria of (14) are given by

oL
Z%ja—xi =0

and the structure of L shows that they are isolated. We obtained the following

Theorem 11. If system (10) has an equilibrium with al components positive and
the matriz ~y;; is positive definte then it is gradient-like.

B. An example taken from a different field of biological sciences is the model of
evolutionary selection of macromolecular species of Eigen and Schuster (taken from
the paper of Cohen and Grossberg [1]):

;= xi(ma? ' — qukxz) (15)
k=1

Remark that if p = 1 a special case of (10) is obtained. In fact, as shown is the
cited paper, many of the biological models may be obtained from a general neural
network model that will be shown next. For this reason we do not insist here on
Eigen-Schuster model.
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5 Continous-time neural networks

The neural networks are structures that possess “emergent computational capa-
bilities” that is they are interconnected simple computational elements to which
interconnections confer increased computational power.

The general model considered here (Cohen and Grossberg [1]) reads

i = ai(@)[bi(w:) =Y cijd;(x;)], i =Tm, (16)
1
where ¢;; = c;j;. The following Liapunov function is associated

)P ILLCATHED B EEACARN an)

that is much alike to the Liapunov function of the absolute stability problem.
It can be seen that (16) may be given the form

Viz) =

N~

&= —A(z)gradV(x), (18)
where the items of A(z) are
ai (i)
Aij(z) = d;(mi)&'j (19)

Also the derivative of V along the solutions of V(x) reads

2

Wia) = = D asla)dion) blas) = D cidyar)| <0
1 1

provided a;(A) > 0 and d;(\) are nondecreasing. If additionally d;(-) are strictly
increasing the set, where W (z) = 0 consists only of equilibria. It follows that the
system is quasi-gradient-like (Lemma 6).

Usually the property required for neural networks is gradient-like behavoiur.
This property requires always specific studies since in the general case of (16) the
equilibrium set may contain countably many equilibria.

6 Concluding remarks

We have presented here some models occuring in various fields of science and engi-
neering; nevertheless they have some common features. First of all they belong to
the class of so called competitive differential systems [5]. They all have many equi-
libria and require those qualitative concepts that were introduced for such systems
(mutability, dichotomy, gradient behaviour). In obtaining the required properties
the milestone is to show that the w-limit sets of the solutions are composed of
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isolated equilibria only. Usually this goal is achieved using specific methods of
differential topology that take into account the structure of differential equations
that are competitive [5].

Existence of a suitable Liapunov function may simplify the task of showing
that the w-limit sets are composed of equilibria only; this was supposed to be the
mainstream of the present paper and it illustrates that it is desirable to associate a
Liapunov function, in a natural way, to any dynamical model. Of course, “guessing”
a Liapunov function remains an art and a challenge.

Acknowledgement. This work has been carried out while the author was Mey-
erhoff Visiting Professor at the Department of Theoretical Mathematics, the Weiz-
mann Institute of Science, Israel
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Abstract. This article is concerned with the nonlinear singular perturba-
tion problem due to small diffusivity in nonlinear evolution equations of
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1 Introduction

In this article we will study the asymptotic behavior of the solutions of certain
reaction diffusion equations with small diffusivity. We will focus on the Chaffee-
Infante equation:

ous
ot

—eAut 4+ (WP —uf=f in £ (1)
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where (2 is a two dimensional channel
2 =(0,2m) x (0,1), (2)

but the methods apply to more general polynomial nonlinearities and to higher
space dimensions.
The initial and boundary conditions associated with (1) and (2) are

and

u¥* =0 at y=0 and 1,
and periodicity (27) for all functions (4)

in the horizontal (z) direction.

The corresponding “inviscid” equation is the reaction equation:

80
S @ =f im0 (5)

with the initial condition
u =ug at t=0. (6)

We will assume that ug satisfies the boundary conditions (4) while f need not
vanish at the wall. Thus there is a boundary layer near the wall (at y = 0 and
y = 1) which is the main object under investigation in this article.

We will assume enough smoothness on ug and f so that all the calculations
hereafter are justified. We will also consider the time 7" fixed and let the diffusivity
¢ approaches zero. This is the case since the solutions of the reaction equation (5)
may develop internal layers as time approaches infinity. This would prevent us from
obtaining a simple boundary layer expansion for the reaction-diffusion equation
(1). The long time asymptotics will be considered elsewhere.

The difficulty of the problem lies in the disparity of the boundary conditions of
(1) and (5) which makes this a singular perturbation problem. The approach that
we take are the ones suggested by Lions [3], Vishik and Lyusternik [17] (see also
Temam and Wang [14,15,10]), i.e. the construction and utilization of a corrector.
The advantage of this approach, in terms of the common matched asymptotic
expansion, is that once we have found the right corrector, the outer expansion for
the corrector equation would be trivial (zero) and thus no matching is necessary
at all. The other tools that we need here are maximum principle, energy estimates
and anisotropic Sobolev imbeddings.

Our method can be carried over to more general reaction-diffusion type equa-
tions where the reaction term is a polynomial of odd degree and the leading co-
efficient positive (see for instance Temam [13]). Note however that the geometry
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that we consider is flat, our objectives and the type of problems we are interested
in are not the same as those occuring with curved boundaries in relation in partic-
ular with the Ginzburg Landau equation (see e.g. [11], [12] and the bibliography
therein).

Our main results are the following:

Theorem 1. There exist constants K; depending on T',ug and f only such that

1—y 1/2
us(t;x,y)—uo(t;m,y)—M(t,x, i) —N(t,l’,—) SKIE / ) (7)
Ve Ve Lo ((0,T) % £2)
1—y 3/4
us(t,x,y)—uo(t,x,y)—M(t,x, i) _N(t7I7—) SKQ‘EI ) (8)
Ve VE Sl omizzco)
1—y 1/4
us(t;x,y)—uo(t;m,y)—M(t,x, i) —N(t,l’, ) SK?’E ) (9)
Ve Ve L0 (0,T; H (£2))

where M and N are solutions of

oM  9*M 3 9 9 )
W_a—yQ—*—M — M +3g0M~+3g;M =0 in y>0, (10)
M=0 a t=0, (11)
and
M=-gy at y=0, M—0 as y— +oo, (12)
ON 9°N 3 9 9 _
o o +N°—=N+3¢1N“+3¢gN=0 in y>0, (13)
N=0 a t=0, (14)
and
N=—-g1 at y=0, N—0 as y— +oo, (15)
where
go(t;z) = u’ly—0, g1(t;z) = u’[y-1. (16)
Here the spaces are defined as
H;(Q) = {v e H'(2),v is periodic in x with period 27} ; (17)
Hép(ﬁ):{veH;(Q),vzo aty=0andy=1}. (18)

The rest of the article is organized as follows. In the next section we introduce
a preliminary form of the corrector and derive some useful estimates; then, in the
last section, we derive the correctors (M and N) and prove the main result.
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2 The Preliminary Form of the Corrector

It is obvious that u® cannot converge to u® as ¢ approaches zero uniformly in 2.
However it is plausible to think that the convergence is true in the interior of {2
since the diffusive coefficient is small. If this is true, u* — u® can be approximated
by a boundary layer type function 6 called corrector (see Lions [3]). Considering
(1) and (5) we propose that 6° be the solution of the following evolution equation

06°

o —EA0T+(67)7 =67 +3u(0)° +3(u")%" =0 im0, (19)
0c=0 at t=0, (20)
°=-u’ at y=0 and y=1. (21)
We are led to estimate w® = u® — u" — §° which satisfies the equation
ow® € £\3 £ e(,,0 E\ ), E 0 :
5 —eAw® 4+ (W) —w® 4+ 3u(u’ 4+ 0°)w® =cAu” in £, (22)
w'=0 at t=0, (23)
w® =0 at y=0 and y=1 (24)

Denoting K a generic constant which may depend on T, ug and f but is inde-
pendent of €, and which may change from place to place, we obtain:

||Vku0||Loo((0,T)XQ) < K for k= 0, 1, “ee (25)

and by the usual maximum principle

lu]| oo 0,7y 2) < K, (26)
1051 Lo 0,y x2) < K, (27)
| M| oo (0,1 x {y>03) T 1N | Lo ((0,7)x {y>0}) < K- (28)

The maximum principle applies to w® (equation (22)) as well. Indeed let K,
be a constant independent of ¢ and larger than 3|u®(u® + 6°)| Lo ((0,1)x 0), and

consider
W = 67(K1+2)tw5;

we have

ow®

ot

It is now easy to observe that

— e AW 4 2FFDY G 4 (K 4 2+ 3uf (1 + 0°))0° = ee”F1HDEA0

@ (ty 2, y) < ]| A’ Lo 0,1y % 2) for (t;x,y) € (0,T) x 2.
We can derive a corresponding lower bound and thus we conclude that

|w®]| oo ((0,r)x 2) < Ke. (29)
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This indicates that 6° is a good preliminary corrector. Furthermore, standard
energy estimates for (22) yield

lw® || Lo (0,7;22(02)) < K, (30)
lwe|| 20,711 (2)) < Kel/2, (31)
This again confirms the choice of 6°.

To derive L>°(H") estimates on w® we multiply (22) by —Aw® and integrate
over 2. We have, after rewriting u® + 6° as u® — w*®,

1d

LT ) + £ A0 B ) + / 3w |Vur ?
2dt L2 LQ(Q) P

+3/ (u5)2|Vw5|2+6/ u*w*Vu® - Vw®
Q Q
—6/ ufw® | Vs |2 —3/ (w®)*Vu® - Vw®
Q o)
%|AU}€|L2(_Q) +K|Vw |L2(Q) + Ke /2

For the right-hand side of (32) we have used the following inequality, with f and
u replaced by eAu® and w*® :

—/fAu:/VfVu—/ @+/ i
2 £2 y=1 82/ y=0 ay

ou
<V fl2)|Vulpe oy + [ flz2 () 7l . :
L (F

< |V 2@ Vulraga) + K| flrary | Vul s o) | Aul o o)

and hence

/QfAu

SV Sl Vulpe o) + §|AU|L2 + |VU|L2 )+ K€_1/2|f|2
(33)

The treatment of inequality (32) then necessitates estimates on Vu® which can be
derived by multiplying (1) by —Au® integrating over {2 and applying the Uniform
Gronwall inequality (see e.g. [13]). We also apply (33) with u replaced by u®. We
find:

[0S oo 0,001 (12) < K™%, (34)
Combining (26), (27), (29), (32) and (34) we deduce
d
EW@UE@(Q) + e Aw® (T2 () < K|Vw'|Ta ) + K& + Ke|Vu'[2a (g,
which implies

[0 || oo o, (2)) < K™, w20 m2(0)) < Ke'/™. (35)
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By differentiating the equations in x and repeating the above procedures, we see
that the above estimates remain valid for O¥w*®/dx*. This confirms our intuition
that tangential derivatives are small even though the normal ones might be large.

3 The Explicit Corrector and the Proof of the Theorem

Since the tangential derivatives are small we tend to neglect them in equation (19).
We also expect that 6° be a boundary layer type function, i.e. it decays fast in
the interior of the domain, thus in terms of matched asymptotic expansions, the
outer expansion should be trivial (which is easy to see) and the inner expansion
matches the outer one automatically. This leads us to propose M and N defined
by (10)-(16) as the inner expansions at y = 0 and y = 1 respectively. We will
check that these expressions are suitable.

We first prove the decay property of M, N, and #°. It is enough to prove this
for 0°. Let n € C§°([0,1]) be a cut-off function, n > 0.

Standard energy estimates yield

li £\2 £ 2 eNd £\2 ’LLO £\3 u02 £\2
s | 100 [ alvo e [ (o)t —n0)? +3u00(0) + 30 (o)

00°¢ €
/ 5 111 nE\2
= —¢ 7 ——1=0 ———/n 0°)°. (36
/_Q dy 2 Jq ( ) ( )
Ublng a function Of the form

¢ (t,y) = —go(t; ) ( ) (%) ; (37)
with p € C>([0,1]), p(0) = 1, supp p C [0, 3], and considering 6° — ¢°, we deduce
165 Low 0,7 L2(2)) < Ke'/4, (38)
16511 L2 (0,751 (2)) < K™%, (39)
This together with (36), implies for § € (0, 3),
16°[1 Lo+ (0,7:22(025)) < Ks>'*,
1051 L2 0,15 H(25)) < Ksel/4,
where
25 = (0,27) x (6,1 —6), (40)

and Kj is a constant depending on §, 7T, f, ug, but independent of €.
By reiteration, we deduce

16°(| 2= (0,752 025y < Ks™*, (41)
160 20,30 (24)) < K5, (42)
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We could reiterate again but our aim now is to obtain estimates on higher
order derivatives of §°. For that purpose we multiply (19) by —V(n(y)V6°) and
integrate over (2.

Notice that

00° ¢ 00\ ?
e | A0 :—/ "v9€2—a/ ”( )
/Q "oy T2 in | Qn a9y

DVOEV((6°)? + 3u°(6°)? + 3(u)26°)| < K/ | Vo2 + Ke2,
2 2

(Thanks to (27), (41) and (42));
hence we have
10°N| oo (0,7 1% (025)) < Kje®/4, (43)
10°1 L2 0,7 m%+1 (25)) < kse®/*,  for k=0,1. (44)

The procedure can be repeated for k = 2,3, and with 9¥6° /0z* replacing 6°.
Similar estimates hold for M¢(t,z,y) = M( L) and also for Né(t,z,y) =

t, Z, %
N(t; z, \/— Y). In particular we will have for

1
IVRCSs I L (0myx ) < K, for  k=0,1,2,... (46)
€
H 0C < Keb/*, (47)
L>((0,T)x )

We then consider the quantity
qszos_Ms_Ns_Cs

where C° = C%, + C5,, C% = —(1 — y)N(t z, f)
For the sake of simplicity, we now assume that f = 0 on y = 1 and hence
g1 = 0, which further implies N = 0. Hence ¢° reduces to

¢ = 0" — M* —C5, . (48)

It satisfies the equation

88‘175 (6°)° + 3u®(6°)* + 3(u’)?6°
= (MF)? = 3g0(M7)* = g5 M* — ¢° (49)
20 r¢e
=% M s om0

ot 0x?
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with initial and boundary conditions (thanks to N = 0):

¢¢=0 at t=0, (50)
¢¢=0 on y=0 and y=1. (51)

Notice that
(96) (M?)? = q°((6°)% + 6° M= + (M®)?) 4+ C3,((0°)* 4+ 0°M* + (M*)?),
u®(0°)? — 3go(M®)? = 3u®(0° + M?)q® + 3u®(6° + M*)O5; + 3(u® — go)(M*®)?,
3( 0)29 —3ggM* = 3(u®)*¢" + 3(u®)*C5; 4 3(u® + go) (u® — go) M=

hence we may rewrite (49) as

a £
S~ EAC (69 + 6°M° + (M)t
+3u0(0° + M) + 3’ —¢ =Ff in 0, (49)
where
N oCs 0> Me .
f:— 82\/1 ACM+€82 +CJ\/1
— ((69)2 + 6° M= + (M9)? + 30°(6° — M#) + 3(u0)?) 05, (O2)
- 3(u’ - go)(ME)Q = 3(u” + go)(u” — go) M*.
By the choice of gq, 90 remains bounded on (0,7) X (2. In order to obtain

an L™ estimate on f (sharp in terms of dependence on €), we need to obtain an
L bound on yM. Consider (1 4 y)M which satisfies the equation

(14 y)M) H? 1 3 390 9
_— =~ — ——((1 M —((1 M 1 M
LMD O (1)) + s ()M ()
M
+3g5(1+y)M — (1+y)M = — By (53)
and
0 (OM 0% [(OM 26M oM 2 OM  OM
a(a—y)—a—yQ<ay>+3M oy + 6g oMa + 39, Oa—y_é—y =0. (54)

We see that 2 —y satisfies a maximum principle and hence (1 + y)M too.
This combined with (27), (28), (46) and (47) yields

||f||Loo((o,T)xQ) < Kel'/2, (55)

This further implies, via a maximum principle type argument as that for w®,

6%l o= (0,1 x 2) < Ke'/?, (56)
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It is also easy to check, thanks to (46), (47) and the boundedness of %,

that

£l z2(0,7522(0)) < Ke*/%. (57)
Thus standard energy estimates yield

6%\l L= (0,75 12(2)) < K4, (58)

6%\l oo 0,711 (2)) < K eV (59)

The theorem then follows from (29), (30), (35), (46), (56), (58) and (59).
This completes the proof.
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