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1 Introduction

The famous Hodgkin-Huxley neuron model [4] is the first mathematical model describing neural
excitation transmission derived from the angle of physics and lays the basis of electrical neuro-
physiology. FitzHugh—-Nagumo equation [3,7], which is a simplification of Hodgkin-Huxley model,
describes the generation and propagation of the nerve impulse along the giant axon of the squid.
Based on the finite propagating speed in the signal transmission between the neurons, the following
coupled FitzHugh—Nagumo neural system is proposed [5]:

;= —uy(ug — 1)(u; —a) —ug + cf (us),
iLQ = b(ul — ’VUQ), (1)
iz = —ug(uz — 1)(uz — a) — ug + cf (u1),

’[L4 = b(U3 — ’yU4),

where a, b, v are positive constants, uj o represent transmission variables, and u34 are receiving
variables; ¢ measures the coupling strength, f € C3, f(0) = 0, f'(0) = 1. We shall take f(z) =
tan h(x) in our investigation. System (1) is symmetric.

2 Edge of Chaos of Coupled FitzZHugh—Nagumo CNN Model
We apply the following constructive algorithm [1,2] for studying the dynamics of (1):

1. Map coupled FitzHugh—Nagumo system (1) into the associated discrete- space version, which
we shall call coupled FitzHugh-Nagumo Cellular Neural Networks (CNN) model [6]:

L R R )
2
d;tj = b(u} - vu?), @)
d;t? = —ui’(u}q’ - 1)(u§ —a) — U? + cf(ujl),
CZ? :b(u?—'yu?), j=1,...,n.



The system is transformed into a system of ordinary differential equations which is identified
as the state equations of a CNN with appropriate templates. We map the variables ul, us, uz and
u4 into CNN layers [6] such that the state voltage of a CNN cell at a grid point is uri=1,2,3,4,
n = M.M, M is number of the cells.

2. Find the equilibrium points of (2). According to the theory of dynamical systems the
equilibrium points @; of (2) are these for which:

( ; 1)(u ) — u? + ctan h(ug’) =0,
oy ) = 3)
—uj ( 1)(u ) —u?—{—ctanh(ujl-) =0,
b(uf — yuj) =

Equation (3) may have one, two,three or four real roots u ﬂjz, ]3 , uj4 respectlvely In general,
these roots are functions of the cell parameters a, b, ¢, v. In other words, we have 4?

7 = ’LLJ ((17 b) c, ’Y)a
i =1,2,3,4. We shall consider only the equilibrium point Ey = (0,0,0,0).

3. Calculate now the Jacobian matrix of (3) about equilibrium point Ey. In our particular case
the associate linear system in a sufficient small neighborhood of the equilibrium point Fy can be
given by

dz
— = DF(E
7 (Eo)z

DF(Ep) = J is the Jacobian matrix of each of the equilibrium points and can be computed by:

L 1<ps<n (4)

N
4. Calculate the trace Tr(Ey) = > Ag. In the equilibrium point Ey = (0,0,0,0) trace is
=1
Tr(0,0,0,0) = —a — by —a — by = —2(a + by).

Definition 1. Stable and Locally Active Region SLAR(F) at the equilibrium point Ey for coupled
FitzHugh-Nagumo CNN model (2) is such that Tr < 0.

In our particular case we have: Tr(0,0,0,0) = —2(a + by) < 0 for all a, b, v positive. Therefore
in the equilibrium point Ey = (0,0,0,0) we have stable and locally active region.

5. Edge of chaos.

We shall identify the edge of chaos domain (EC) in the cell parameter space by using the
following definition [1,2]:

Definition 2. Coupled FitzHugh—-Nagumo CNN model is said to be operating on the edge of chaos
EC iff there is at least one equilibrium point Ey, which belongs to SLAR(FE).

The following theorem then holds:
Theorem 1. CNN model of coupled FitzHugh—Nagumo system (1) is operating in the edge of chaos

regime for all a, b and v positive. For this parameter values there is at least one equilibrium point
which belongs to SLAR(E).



3 Stabilizing Feedback Control for Coupled FitzHugh—Nagumo CNN Model
Let us extend the model (2) by adding to each cell the local linear feedback:

o = 1)(u} = ) o2+ ef(ud) —
2
d;; = b(u} — ’yu?), (5)
= (] — ) — 4 ef(ud) —
C?;:b(ug_wﬁ), j=1,...,n,

where k is the feedback controls coefficient, which is assumed to be equal for all cells. The problem
is to prove that this simple and available for the implementation feedback can stabilize the coupled
FitzHugh—-Nagumo CNN model. In the following we present a proof of this statement and give
sufficient condition on the feedback coefficient values which provide stability of the CNN nonlinear
model (5).

As a first step, we examine the the stability conditions of the system (5), linearized in the
neighborhood of the zero equilibrium point Fy. This system in a vector-matrix form is given by

dz

— =J(k
%y,
J(k) is the Jacobian matrix of the controlled CNN in Ej:
—(a+k) -1 c 0
[ R ) 0
JE=1 0 —(a+k) -1 (6)
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Figure 1. (a) EC phenomena for CNN model (2); (b) Phase trajectory ui — us for
different values on the feedback coefficient CNN model (5).

Theorem 2. Let the parameters a, b and v of coupled FitzHugh-Nagumo CNN system and feedback
coefficient k (5) have positive values. Then its linearized in Ey model (6) is asymptotically stable

for all
—1)2 12
k>\/<(b8bf;) >2+02+<b8b’i) —a. (7)
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For the nonlinear generalized system with singularities
dx; = fi(t,z1,...,2x5)da;(t) for ¢t €[a,b] (i=1,...,n), (1)
we consider the two-point boundary value problem
zi(a+)=0 (i=1,...,n9), zi(b—)=0 (i=no+1,...,n), (2)

where —0o < a < b < 400, ng € {1,...,n}, x1,..., 2z, are the components of the desired solution
x; a; : [a,b] — R is a nondecreasing function, and f; :]a,b] xR™ — R is a function belonging to the
local Carathéodory class Cary.(]a, b[xR™, R; a;) for every i € {1,...,n}.

We investigate the question of solvability of the problem (1),(2), when the system (1) has
singularities. Singularity is understood in a sense that the components of the vector-function f
may have non-integrable components on the boundary points a and b, in general.

The interest to the theory of generalized ordinary differential equations has been motivated by
the fact that this theory enables one to investigate ordinary differential, impulsive and difference
equations from a unified point of view (see e.g. [1, 2] and references therein).

Basic notation and definitions. Ny,, = {1,...,n0}, Nop, = {1 +ng,...,n}. R =] — o0, +o0].
R™ ™ is the set of all real n x m-matrices. R,*™ is the set of all real nonnegative n x m-matrices.
R™ = R™*!. r(X) the spectral radius of X € R"*".

X(t—) and X (t+) are the left and the right limits of the matrix-function X at the point ¢.
i X(t)=X(t)— X(t—), doX(t) = X(t+) — X(¢).

BV([a, b],R™™) is the set of all matrix-functions X : [a,b] — R™™ with bounded variation
components. BV,.(Ja, b[,R™™ ™) is the set of all matrix-functions X :]a, b[ — R"*™ with bounded
variation components on every close interval from |[a, b].

If « € BV([a, b], R) has no more than a finite number of points of discontinuity, and m € {1, 2},
then Dom = {tami, - s tamnam } (tam1 < -+ < tamna,,) is the set of all points from [a, b] for which
dma(t) # 0, and pam = max{d,a(t) : t € Dom} (m =1,2). If 8 € BV([a,b],R), then

Vampj :max{djﬁ(tozml) + Z d]ﬁ(T) = 17--'anam}

tozm l+1—m<7—<t&m +2—m

(j,m =1,2); here tao0 = a — 1, taing,,+1 = b+ 1.
ge is the continuous part of a function g : [a,b] — R, and Dy = {t € [a,b] : d1g(t) + dag(t) # 0}.
Integrals are understood in the Kurzweil-Stieltjes sense (see, [2]).
L? ([a,b],R;g) (1 <p < +00) and L;;>°([a,b],R; g) are the standard spaces of functions.

Dy C R™ and Dy C R, then Car([a,b] X Dy, Ds;g) is the Carathéodory class, i.e., the set of
all mappings f : [a,b] X D1 — Da such that:(i) the function f(-,x): [a,b] — D3 is u(g)-measurable
for every x € Dq; (ii) the function f(¢, -) : D1 — Dy is continuous for u(g)-almost every t € [a, b],
and sup {|f(-,z)|: @ € Do} € L([a,b], R; g) for every compact Dy C D1; Care(la, b x D1, Da; g)
is the set of all mappings f :]a,b[ x D1 — Dy the restriction of which on every closed interval [c, d|
of ]a, b] belongs to Car([c,d] x D1, Ds;g).



We assume that a; : I; — R (i = 1,...,n) are nondecreasing functions, and f; € Cary,.(I; X
R™ R™a;) (i =1,...,n), where I; =]a,b] if i € Ny, and I; = [a,b] if i € Na,,.
A vector-function (z;)"_,, x;i € BViee(L;,R) (i =1,...,n), is said to be a solution of the system
¢

(1) if @i (t) = zi(s) + [ filr,21(7), ... 2n(7)) dai(7) for s < t; s,t € I; (i=1,...,n).

S
A solution (x;)~; of the system (1) is said to be a solution of the problem (1), (2) if one-sided
limits z;(a+) (i € Nip,) and x;(b—) (i € Nap,) exist and the equalities (2) hold.
Let by : I; — R (i, = 1,...,n) be nondecreasing functions. A vector-function (x;)!", z; €
BV(I;,R) (i =1,...,n), is said to be a solution of the system of differential inequalities dz;(t) <

n
ST ay(t) dby(t) for t € I; (i =1,...,n), if it satisfies the corresponding integral inequalities.
=1

We assume that det(1 + (—1)/dja;(t)) #0 for t € I; (j = 1,2; i = 1,...,n). This inequalities
guarantee the unique solvability of the Cauchy problem for the corresponding equation. By v3( -, s)
we denote the unique solution of the Cauchy problem dv(t) = v(t)dB(t), v(s) = 1.

Definition. A matrix-function C = (cu)z’fl:l, cit € BVioe(I;,R4) (3,0 = 1,...,n) belongs to the
set U(a+,b—;aq,...,an;ng) if the system

1 .
sgn<n0+§—z>d:cl <ch xy(t)da;(t) for tel; (i=1,...,n)

has no nontrivial nonnegative solution satisfying the condition (2).

Theorem. Let

fi(t,xl,...,xn)sgn«ng—l—l—z) )< —b;(t)|xs|+

—I—Zml(t)m\ for w(aic)-a.e. t € I; and for all t € Dg,, zx €R (i,k=1,...,n), (3)
=1

(—1)jfi(t,x1, ooy Tp)doa;i(t) sgn (l‘z + (—1)jfz-(t,a:1, .. ,xn)djai(t)) <

n
< =bi(t)|wil + D> _mut)|w| for t €L (=1,2; i€ Na_jn,), (4)
=1
where Ny € Lioe(1i, Ry ai), by € Lige(1;, Ry a;) (i, = 1,...,n). Let, moreover, C' = (cy)},_; €
U(a+,b—;aq,...,an;n0),

tlim+ bi(t)daa;(t) < 1, limJr lim sup e, (t,a +1/k) =0 (i € Nip,), (5)
tlirgl bi(t)diai(t) <1, hlgl khrn SUP Yo, (t, 0 — 1/k) = 0 (i € Nap,), (6)
where
¢ t
ai(t) = /bi(T) dai(r), cult) = /W( Vdai(r) (i,1=1,....n), ¢y =(a+b)2.
co a
Then the problem (1), (2) is solvable.
Corollary. Let the conditions (3)—(6) hold, where the functions a; (z = 1, ...,n) have no more
than a finite number of points of discontinuity, b; € Lioe(Li, Ry a;), a;(t f bi(7) da;(T

/ml(T)dai(T)E/hﬂmdﬁl(f) (il=1,...n),



Q

0o = (a+b)/2; B (I = 1,...,n) are nondecreasing functions, hi; € L*([a,b],R;3;), ha €
H(la, 0], Ry56) (2 # 1; 4,0 = 1,...,n); 1 < u < 4oo. Let, moreover, r(H) < 1, where
= (Hj+1 m+1)]2,m=o is the 3n x 3n-matriz defined by Hjt1m+1 = (Memijl|Pikll s (8:) ) ig=1 (J:m =
1 . 1 .
7172): 61] = (‘S?(ﬁl)(b) - Sj(ﬁz)(a))y (] = 0>1’2; v = 17"'an); )‘k’oio = (%)Vglzo Zf 30(6@)@) =
50(Bk)(t); Mkgio = Eko&io if S0(Bi)(t) Z s0(Bk)(t), f\kmij = Eem&is f m* +3% >0 and mj =0 (j,m =
0,1,2), Memij = (5 HaxmVarmaj Sin ™2 W); (j,m = 1,2) (i,k =1,....n); 1/u+2/v = 1.
Then the problem (1), (2) is solvable.

iy

)
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We consider the general nonlinear boundary value problem for the system of impulsive equations
with finite number of impulses points

% = f(t,z) almost everywhere on [a,b] \ {71,..., Ty}, (1)
x(n+) —x(n—) = L(z(n)) (I=1,...,mp); (2)
h(z) =0, (3)

where —0o < a < 71 < - < Ty < b < 00, mg is a natural number, f € Car([a,b] x R", R"),
I : R — R" (I = 1,...,mgp) are continuous operators, and h : Cy([a,b],R";mg) — R™ is a
continuous, nonlinear in general, vector-functional.

We give the Conti-Opial type theorems (among them effective sufficient conditions) for the
solvability of the problem which are analogous to ones given in [1] (see also the references therein)
for ordinary differential equations.

Basic notation and definitions. R =] — oo, +o0[, Ry = [0,+00[. R™ ™ is the space of all
real n x m-matrices X = (x45);;21; [X] = (|lzg5]);;" RE™ is the set of all real nonnegative

n X m—maltrices. I, xn is the identity n x n-matrix. r(X) is the spectral radius of X € R™*™.
R™ = R™*".

X (t—) and X (t+) are one-sided limits of the matrix-function X at the point ¢.

C([a,b],R™;my) is the set of all vector-functions = : [a,b] — R", having the one sided lim-
its #(r;—) and z(m+) (I = 1,...,mgp), whose restrictions to every closed interval from [a,b] \
{T1,. .., Tmg } is continuous. Cs([a, b], R™; mg) is the Banach space with the norm ||z||s = sup{||z(t)]| :
t € [a,b]}.

C([a,b],R™;my) is the set of all matrix-functions z : [a,b] — R", having the one sided limits
xz(m—) and xz(m+) (I = 1,...,mgp), whose restrictions to an arbitrary closed interval from [a,b] \
{7}, is absolutely continuous.

If By and Bs are normed spaces, then an operator g : By — Bs (nonlinear, in general) is positive
homogeneous if g(Ax) = Ag(x) for every A € R4 and z € B;. An operator ¢ : C([a,b], R"*™:mgy) —
R™ is called nondecreasing if for every z,y such that x(t) < y(t) for ¢t € [a,b] the inequality
o(x)(t) < p(y)(t) holds for t € [a, b].

Car([a,b] x Dy, D2), where Dy C R™ and Dy C R" ™, is the standard Carathéodory class of
all mappings F : [a,b] x D1 — Dy; Car®([a,b] x D1, Ds) is the set of all mappings F such that the
matrix-function F'(.,z(.)) is measurable for every vector-function = € C([a, b], D1;my).

By a solution of the impulsive system (1), (2) we understand a continuous from the left vector-
function x € C([a, b],R"™;mg) satisfying both the system (1) a. e. on [a,b] \ {71,...,Tm,} and the
relation (2) for every k € {1,...,mo}.

10



Definition. Let ¢ : Cy([a,b],R";mg) — R™ and £y : Cs([a,b],R™;mg) — R’} be, respectively, a
linear continuous and a positive homogeneous operators. We say that a pair (P, {.J;},29 ), consisting
of a matrix-function P € Car([a,b] x R™,R™*™) and a finite sequence of continuous operators
J=Ji)y :R*"—=R™ (I =1,...,myg), satisfy the Opial condition with respect to the pair (¢, ¢p) if:

(a) there exist a matrix-function ® € L([a,b],R"}) and constant matrices ¥; € R™" (I =
1,...,mp) such that |P(t,z)| < ®(t) for a.e. [a,b] and x € R";

(b) |Ji(z)| < ¥, for z € R" (I =1,...,mp);

(¢) det(Lnxn +Gi) #0 (I =1,...,mg) and the problem

dx
dt

has only the trivial solution for every matrix-function A€ L([a, b], R"*") and constant matri-

ces G, ..., G, for which there exists a sequence yi € C([a, b], R"; mg) (k=1,2,...) such that
t

lim [(P(7,yx(7))—A(7)) dr =0 uniformly on [a, b] and khlf Ji(ye(m))=G; (I=1,...,mp).

k—+ooy,

=A(t)z, z(n+) —z(n—)=Guz(n) (I=1,...,mo); [l(x)| < ly(zx) (4)

Theorem 1. Let the conditions

| f(t,x) — P(t,x)x|| gq(t,HxH) a.e. on [a,b]\{71,...,Tmg}, = €R", (5)
[ L(x) — Ji(z)z|| < Bi([|z]]) for z € R" (I=1,...,my), (6)
[h(z) — L(2)] < lo(z) + tr(l|z|ls) for z € BV([a,b], R") (7)

hold, where £ : Cy([a,b],R";mg) — R™ and €y : Cs([a,b],R";mg) — R} are, respectively, linear
continuous and positive homogeneous continuous operators, the pair (P, {J;},"") satisfies the Opial
condition with respect to the pair (£,4y); q € Car([a,b] x Ry, Ry) is a function nondecreasing in
the second variable, and 3 € C(Ry,Ry) (I =1,...,mg) and {1 € C(R4,R"}) are nondecreasing,
respectively, functz’ons and vector-function such that

b

imsup - (o)l + [ 4 tpdt+zﬁl ) <1 )

p——+o0
a

Then the problem (1), (2);(3) is solvable.

Theorem 2. Let the conditions (5)—(8), Pi(t) < P(t,z) < Py(t) for a.a. t € [a,b]\{T1,...,Tmy}
and x € R", and Jy < Ij(z) < Jy for x € R* (I = 1,...,mq) hold, where P € Car®([a,b] x
R™ R™™), P;e L([a,b],R"*") (i=1,2), Jy e R"*" (i=1, 2 l—l myg), £ : Cs([a, b], R™;mg) —
R™ and £y : Cs([a,b],R™;mg) — R’} are, respectively, linear continuous and positive homogeneous
continuous operators; q € Car([a,b] x Ry, Ry) is a function nondecreasing in the second variable,
and B € C([a,b],Ry) (I=1,...,mp) and {1 € C(R4,R") are nondecreasing, respectively, functions
and vector-function. Let, moreover, the inequalities in (c) of definition hold and the problem (4)
have only the trivial solution for every matriz-function A € L([a,b],R™™"™) and constant matrices
G, € R (I =1,...,mg) such that Pi(t) < A(t) < Pa(t) for a.a. t € [a,b] \ {11,...,Tmg} and
x €R", and J;; < Gy < Jy forx e R (I =1,...,mq). Then the problem (1), (2);(3) is solvable.

Remark. Theorem 2 is interesting only in the case when P ¢ Car([a,b] x R"™ R"*"™), because
otherwise it follows from Theorem 1.

Corollary 1. Let the conditions (5)—~(8) hold, where P(t,z) = P(t), P € L([a,b],R™*™), Ji(z) =

Jy e R (I =1,...,mg) are constant matrices, lo(x) =0, £ : Cs([a,b],R™;mo) — R™ is a linear
continuous operator, q € Car([a, bl xR4, R, ) is a function nondecreasing in the second variable, and
B € C(la,b],Ry) (I =1,...,mg) and £; € C(RL,RY) are nondecreasmg, respectively, functzons

and vector-function. Let moreover, det(Inxn + Ji) 7& 0 (=
impulsive problem dx/dt = P(t)x, x(n+) — x(n—) = Jiz(n) (I
the trivial solution. Then the problem (1), (2);(3) is solvable.

1 mo) and the homogeneous
= .,mg); ¥(x) = 0 have only
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We give the effective conditions for the solvability of the problem (1), (2);(3).

For every matrix-function X € L([a,b], R"*™) and constant matrices Y € R"*" (k= 1,...,my)
we introduce the operators [(X,Yl,...,YmO)(t)]o = Inxn, [(X,Yl,...,Ymo)(t)]i+1 =
ftX(T) (X, Y1, Yoo ) (7)), dT + <Z<tY} (X, Y1, .., Yo ) ()], (1=0,1,...).

a a<m

Corollary 2. Let the matriz-function P € L([a,b],R"*™), constant matrices Jl e R™" (I =
1,...,mp), the functions ¢ € Car([a,b] x Ry, Ry), B € C(RL,Ry) (I = 1,...,mg) and 1 €
C(Ry,Ry) satisfy the conditions of Corollary 1, where {o(z) = 0, and {(x fd.C x(t),
L € L([a,b],R™™). Let, moreover, there exist natural numbers k and m such that the ma-
tric My, = —%i:fbdﬁ(t) (P, Jl,...,JmO)(t)]i is nonsingular and r(My ) < 1, where My, =
[Q}ﬂﬁJﬂ,”.JJmOD()]~+§i[QIHJJH,”.JJmJ)aﬁhdeKAL;HD(Q-KUHJJH,”.JJmJ)@ﬂk.
Then the problem (1), (2);(3 ):zs solvable. ’

Corollary 3. Let the matriz-function P € L([a,b], R™™™), constant matrices Jl e R (I =
1,...,mp), the functions ¢ € Car([a,b] x Ry, Ry), 5 € C(R4,Ry) (I = 1 mo) and {1 €

C(R4,Ry) satisfy the conditions of Corollary 1, where {o(z) = 0, and {(x) = Z L; x( i), tj € [a,b],

L; € R (j =1,...,n9). Let, moreover, there exist natural numbers k: and m such that the
no k—1

matriz My, = Z Z [(PO,JZ,...,JmO)(tj)]i is nonsingular and r(My,) < 1, where My, =

[(|P|,|Jl|,...,Jm0|)<b>]m+(”le{<\m,|Jl|,...,|Jm0|)<b>]i)-§:1|Mk1£j|[(|P|,rJl|,...,|Jm0\)<tj>] .
P2

k

Then the problem (1), (2);(3) is solvable.

Corollary 4. Let the matriz-function P € L([a,b],R™"*™), constant matrices J, € R™™" (I =
1,...,mg), the functions q € Car([a,b] x Ry, R}), 5 € C(R4+,Ry) (I = 1,...,mg) and ¢ €

ng
C(R4,Ry) satisfy the conditions of Corollary 1, where £y(z) =0, and l(z) = ) Ljz(t;), t; € [a,b],
j=1

L; € R™™™ (j =1,...,n9). Let, moreover, det(z i) # 0 and 7(Lo - V(A)(b)) < 1, where

ng -1, no b mo

Lo = Tnxn + )( 3 Lj) ‘ SO UL and A= [|P(#)|dt+ S |Jil. Then the problem (1), (2); (3) is
j=1 j=1 a =1

solvable.
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There are considered the problem on the solvability of the system of nonlinear discrete equations

Ay(l—1)=g(l,y(l),y(l — 1)) for 1l € Ny, (1)

under the boundary value condition

¢(y) =0, (2)

where mgy > 2 is a fixed natural number, g € Car(N,,, x R”,R"), and ¢ : F(N,,,,R") — R" is a
continuous, nonlinear in general, vector-functional.

We give the Conti-Opial type theorems (among them effective sufficient conditions) for the
solvability of the problem which are analogous to ones given in [1] (see also the references therein)
for ordinary differential equations.

Basic Notation and Definitions

N = {1,2,...}, Ng = {0,1,...}, Z is the set of all integers. If m € N, then N,,, = {1,...,m},

N, ={0,1,...,m}. R=]— o0, +00[, Ry = [0,4+00[. R™ ™ is the space of all real n x m-matrices
X = (wi5); 7205 1X] = (Jo5])i;" . RE™ is the set of all real nonnegative n x m-matrices. Ipxy, is

the identity n x n-matrix. r(X) is the spectral radius of X € R™*", R" = R"*!,
E(J,R"™), where J C Z, is the space of all matrix-functions YV = (y;;); 2, : J — R™™ with

j=1
the norm ||Y||y = max {||[Y(1)||: L€ J}, Y], = (’sz’J)Z]ZI

A is the difference operator of the first order, ie. AY(k—1) =Y (k) —Y(k—1) for Y €
E(N;,R™™) k€ Nyi; If Y is defined on N; or N;_1, then we assume Y (0) = Opxm, or Y (1) = Opxm,
respectively, if it is necessary.

If By and By are normed spaces, then an operator g : By — Bs (nonlinear, in general) is said to
be positive homogeneous if g(Az) = A\g(z) for every A € R4 and x € By; if, in addition, the spaces
are partially ordered, then the operator g is called nondecreasing if g(z) < g(y) for every z,y € B;
such that z < y.

If J CZ, Dy CR™ and Dy C R™™  then Car(J x D1, Dj) is the discrete Carathéodory class,
i.e., the set of all mappings F' : J x D; — Dy such that the function F(j, - ) : D1 — Ds is continuous
for every j € J. N

By a solution of the difference problem (1), (2) we understand a vector-function y € E(N,,,, R")
satisfying both the system (1) for i € {1,...,mo} and the boundary value condition (2).

Definition 1. Let £ : E(N,,,, R™) — R" be a linear continuous operator, and let £ : E(N,,,,R")
— R’ be a positive homogeneous operator. We say that a pair (G1,G2), consisting of matrix-
functions G; € Car(Ny,, x R*" R™ ") (j = 1,2), satisfy the Opial condition with respect to the
pair (L, Lo) if:

13



(a) ‘Ehere exislt a matrix—fu)nction ® € E(Ny,,R%}) such that |G;(l,z,y)] < ®(I) for z,y € R"
]:1727 =1,...,mo);

(b) det (Inxpn + (—1)7B;j(1)) #0 (j =1,2; 1 =1,...,mg) and the problem
Ayl —1) = Bi(D)y(l) + Ba(Dy(l = 1) (1 € Ny, [L(y)| < Lo(y) (3)

has only the trivial solution for every matrix-functions B; € E(N,,,,R™*") (j = 1,2) for
which there exists a sequences xy, yx € E(Np,,, R"*") (k =1,2,...) such that

Jim Gyl a0, 0) = Bi() (=12 1=1,...,m0).

Theorem 1. Let the conditions

Hg(l,l’,y) - G1(l,x,y)x - GQ(lvxvy)yH < Oé(l, ||LU|| + HyH) Jor 1 € Nmo? z,y € R, (4)
C) = L@)| < Lo®) + 6 (Iyllmo) for y € E(Nyny, R") (5)

hold, where L : E(Em,,R") — R"™ and Ly : E(Ep,, R") — R™ are, respectively, linear continuous
and positive homogeneous continuous operators, the pair (G1,G2) satisfies the Opial condition with

respect to the pair (L,Lo); o € Car(Em, X Ry,Ry) is a function nondecreasing in the second
variable, and {1 € C(R,R") is a nondecreasing vector-function such that

1 —
limsup — ( ||€ + a(l, <1. 6
imsup - (11610 3o o) (6)

Then the problem (1), (2) is solvable.

Theorem 2. Let the conditions (4)—(6) and Pj1(1) < G;(l,z,y) < Pja(l) for l€Ny,,, z,y € R"
(j=1,2) hold, where Pj1, Pjs€ E(Npg, R") (j=1,2), L : E(Epmy, R") — R™ and Lo : E(Ep,, R") —
R™ are, respectively, linear continuous and positive homogeneous continuous operators; and o €
Car(EmO x Ry, Ry) is a function nondecreasing in the second variable and {1 € C(R,R"}) is a
nondecreasing vector-function. Let, moreover, the inequalities in (c) of Definition 1 and the prob-

lem (3) have only the trivial solution for every matriz-functions By and Ba from E(Np,,,R™) such
that Pj1(1) < Bj(l) < Pja(l) forl € Ny, (j =1,2). Then the problem (1), (2) is solvable.

Remark. Theorem 2 is interesting only in the case when G;(l, -, -) & C(R?*",R™ ") for some

je{l,2}and ! € {1,...,mp}, because it immediately follows from Theorem 1 in the case when
G; € Car(Np,, x R?", R™™™) (j = 1,2).

Corollary 1. Let the conditions (4)~(6) hold, where G;(l,x,y) = G;(1) (j = 1,2); G1,Ga, €
E(Npy, R™); Lo(y) =0, L : E(Emo,]R”) — R" is a linear continuous operator; o € Car(EmO X
Ry, Ry) is a function nondecreasing in the second variable, and {1 € C(R,R%) is a nondecreasing
function. Let, moreover, det (Inxn + (=1)7G;(1)) # 0 for I € Ny, (j = 1,2) and the problem

Ay(l—1)=G1(Dy(l) + G2(Dy(l — 1) (I € Npy), L(y) = 0 have only the trivial solution. Then the
problem (1), (2) is solvable.

We give the effective conditions for the solvability of the problem (1), (2).

On the set E(Ny,,, R"*") x E(N,,,, R"*) we introduce the operators by the following way. If

G1,G2 € E(Np,,,R™™) and, in addition, det(I,xn, + G2(l)) #0 (I =1,...,mp), then we assume

mo

[(G1,G2)(D]y = In, [(G1,G2)(D)], == > (G1(4) + Gali + 1)) %
i=l+1

x (In + Ga(i)) ' [(G1,G2) ()], (k=1,2,...);
14



mo

Vi(G1,Ga)(l) = > ‘(Gl()+G2(l+ 1) (In + Ga(i + 1))
i=l+1

-1

9

mo

Vert (G Ga)(l) = Y ’(Gl()+G2(z+ ))(In+02(¢+1))*1‘-Vk(Gl,Gg)(i) (k=1,2,...).
i=l+1

Theorem 3. Let the conditions (4)—(6) hold, where G;(l,x,y) = G;(1) (j = 1,2); G1,G2, €
E(Npy,R™); a € Car(Ep, x Ry,Ry) is a function nondecreasing in the second variable, {1 €
ng
C(R,RY) is a nondecreasing function; Lo(y) = 0; L(y) = Y Ljy(k;), no is a natural number,
et

k;j € ﬁlmo and Lj € R™™ (j =1,...,no). Let, moreover, det (Inxn + (=1)?G;(l)) # 0 for | € Ny,
(7 = 1,2) and there exist natural numbers k and m such that det(Mjy) # 0 and r(Mjy, ) < 1, where

no k—1
My =" 3" Li(Ln + Galky + 1) 7 [(G1,G2) k)], Min = Vin(Gh, G2)(0)+
7=1 =0
+Z} (G1,Ga)( Z\M YLi| (I + Ga(kj + 1)) "' Vi(Gh, Go) (k).

Then the problem (1), (2) is solvable.

Corollary 2. Let the conditions (4)—~(6) hold, where G;(l,x,y) = G;(I) (j = 1,2); G1,Ga, €

E(Npy, R™), det (Inxy +( 17G;(1)) # 0 forl € Ny, (j = 1,2); o € Car(Em, x Ry, Ry) is a
function nondecreasing in the second variable, {1 € C(R,R") is a nondecreasing function; Lo(y)=0;

ng ~
L(y) = > Ljy(kj), no is a natural number, kj € Ny, and L; € R™™ (j = 1,...,n9). Let,
=1

moreover,

det(ZL o+ Ga(k; +1))” 1);&0

and r(LoMy) < 1, where

0

Lo=1n+\(ZLlj wt Golky + ) )| S L (T Galh) 7
j=1
MOZZO (Gl()+G2(z+1))(IR+G2(z’+1))‘1(.

i=1

Then the problem (1), (2) is solvable.

Acknowledgement

This work is supported by the Shota Rustaveli National Science Foundation (Grant No. FR/182/5-
101/11).

References

[1] I. T. Kiguradze, Boundary value problems for systems of ordinary differential equations. (Rus-
sian) Translated in J. Soviet Math. 43 (1988), No. 2, 2259-2339. Itogi Nauki i Tekhniki,
Current problems in mathematics. Newest results, Vol. 30 (Russian), 3-103, 204, Akad. Nauk
SSSR, Vsesoyuz. Inst. Nauchn. i Tekhn. Inform., Moscow, 1987.

15



On Existence of Quasi-Periodic Solutions
to a Nonlinear Higher-Order Differential Equation

I. Astashova

Lomonosov Moscow State University,
Moscow State University of Economics, Statistics and Informatics, Moscow, Russia
E-mail: astediffiety.ac.ru

1 Introduction
The paper is devoted to the existence of oscillatory and non-oscillatory quasi-periodic, in some
sense, solutions to the higher-order Emden—Fowler type differential equation

y™ Lo lylFsgny =0, n>2 keR, k>1, py#0. (1)

A lot of results about the asymptotic behavior of solutions to (1) are described in detail in [1].
Results about the existence of solutions with special asymptotic behavior are contained in [2]-[8].

2 On Existence of Quasi-Periodic Oscillatory Solutions

Put n

1 (2)

Theorem 1. For any integer n > 2 and real k > 1 there exists a non-constant periodic function
h(s) such that for any po > 0 and x* € R the function

o =

1

y(z) =p§ " (2" — ) h(log(z™ — x)), —oc0 <z < a* (3)
is a solution to equation (1).

Corollary 1. For any integer even n > 2 and real k > 1 there exists a non-constant periodic
function h(s) such that for any pp > 0 and x* € R the function

1

y(z) = pi " (x — 2*) " “h(log(z — x¥)), =" <2 < (4)
is a solution to equation (1).

Corollary 2. For any integer odd n > 2 and real k > 1 there exists a non-constant periodic
function h(s) such that for any pp < 0 and x* € R the function

y(@) = po| = (z — 2*) " h(log(w — %)), &” <@ < o (5)

is a solution to equation (1).

3 On Existence of Positive Solutions with Non-power Asymptotic Behavior

The existence of such non-oscillatory solutions was also proved.
For equation (1) with pg = —1 it was proved [4] that for any N and K > 1 there exist an integer
n > N and k € R such that 1 < k < K and equation (1) has a solution of the form

y = (2" — ) “h(log(z" — ), (6)
where « is defined by (2) and h is a positive periodic non-constant function on R.

16



A similar result was also proved [4] about Kneser solutions, i.e. those satisfying y(z) — 0 as
x — oo and (—1)7y)(z) > 0 for 0 < j < n. Namely, if pg = (—1)""!, then for any N and K > 1
there exist an integer n > N and k € R such that 1 < k < K and equation (1) has a solution of
the form

y(x) = (z — )" hlog(x — 2.)),

where h is a positive periodic non-constant function on R.
Still it was not clear how large n should be for the existence of that type of positive solutions.

Theorem 2 ([8]). If 12 < n < 14, then there exists k > 1 such that equation (1) with py = —1
has a solution y(x) such that

yD(2) = (z* — z)"*Ihi(log(z* — ), j=0,1,...,n—1,
where « is defined by (2) and hj are periodic positive non-constant functions on R.

Remark. Computer calculations give approximate values of ae. They are, with the correspond-
ing values of k, as follows:

if n =12, then a =~ 0.56, k ~ 22.4;
if n =13, then a =~ 1.44, k ~ 10.0;
if n =14, then a =~ 2.37, k ~ 6.9.

Corollary 3 ([8]). If 12 < n < 14, then there exists k > 1 such that equation (1) with
po = (—1)""1 has a Kneser solution y(x) satisfying

y(])(x) = (x - xO)iaijhj(log('r - .'E()))7 .7 = 07 ]-7 cee,— 17

with periodic positive non-constant functions h; on R.
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In this paper we consider the problem on the stability of the real linear homogeneous differential
equation (LHDE) of second order

y' +pt)y +qt)y =0 (t 1), (1)

provided that the roots A\;(t) (i = 1,2) of the characteristic equation

A4 p(tX+q(t) =0

are such that
—+o00
Ai(t) <0 (tel), / Ai(t)dt = —o0 (1 =1,2), (2)

to

and there are finite or infinite limits tliin Ai(t) (i = 1,2). Stability of the equation (1) is inves-
—+00

tigated by the way of its reduction to the equivalent system, which is led to an almost triangular
form with the help of the linear transformation. Below we give the obtained by us results.

Theorem 1. In the case of A\j(+00) € R_, \a(t) = o(1) the trivial solution of the equation (1)
is asymptotically stable. It is sufficient to assume that p(t),q(t) € Cy.

This theorem follows from the results of Lyapunov A. M.
Theorem 2. Let the condition (2) hold for i =2, and let:
(1) Ai(400) € R, Ao(t) = o(1);

M)
A2(t)

Then the trivial solution of the equation (1) is asymptotically stable.

(2)

=o(1).

Theorem 3. Let the condition (2) hold, and let:
(1) Xi(t) = o(1) (i =1,2);

N by A
) Ja = o) (or S35 = o1). 345 = 0

Then the trivial solution of the equation (1) is asymptotically stable.
Theorem 4. Let the following conditions be fulfilled:
(1) Mi(+o00) € R, Ao(t) — —o0, Xo(t) <0 at I;
(2) N{(t) is bounded at t — +00.
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Then the trivial solution of the equation (1) is asymptotically stable.
Theorem 5. Let the condition (2) hold for i =1, and let:
(1) A1(t) = o(1), Ao(400) = —o00;

X (1)
A (#)

2) = o(1).

Then the trivial solution of the equation (1) is asymptotically stable.
Theorem 6. Let the following conditions hold:
(1) Ai(4o00) = -0 (i =1,2);

N(t) o N0 ()
©) S =W i =W 5

= 0(1).

Then the trivial solution of the equation (1) is asymptotically stable.

In all the above cases we have also obtained estimates for the solutions of the equation (1).
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For the equation with variable delays 2/(t) = — > ajz(t — h;(t)), where a; > 0, 0 < h;(t) < g;,
j=1

m m
the inequalities ) a;q; < 3/2and ) ajq; < 3/2 are sufficient for uniform and exponential stability,
j=1 j=1

respectively [1]. If all h;(t) are constant, then 3/2 can be replaced by 7/2 [2].
However, these results are not valid if the coefficients are not constant. For the equation
m m
Z'(t) = — > aj(t)z(t — h;(t)), where 0 < a;(t) < aj, 0 < hj(t) < g;, the inequality > ajg; < 1is
j=1 J=1
sufficient for uniform stability, and constant 1 is sharp, as proved in the paper [1].
In this talk, we answer the following question: does there exist a number A > 0 such that the
inequality
t

lim sup / a(s)ds > A (1)

t—oo

t—h(t)

implies instability of equation
'(t) = —a(t)z(t — h(t)) (2)

with one variable delay and a positive coefficient?
Another object of the talk is to discuss constants which lead to either oscillation or non-
oscillation. For delay differential equations the following result is well known [3]:

If
t

m
1
lim su al(s)ds < —, 3
mswp [ Y ar(s)ds < | ®)
t—maxy, hy(t) j=1
then there exists an eventually positive solution of the equation

m

(1) + Y ag(t)a(t — h(t)) = 0. (4)

k=1

Here 1/e is the best possible constant since the equation #(t) + x(t — 7) = 0 is oscillatory for
T>1/e.
In the monograph [3] for the equation

(t) +a(t)z(t —7) =0, a(t) >0, 7>0, (5)
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the authors constructed a counterexample which shows that condition (3) is not necessary for
non-oscillation of equation (4).
By [3, Theorem 3.4.3], the inequality

t m
lim su i(s)ds <1 6
s [ D as(s)ds (

t—miny, hy(t) j=1

is necessary for non-oscillation of equation (4), where a;(t) > 0, however the result is valid for h(t)
monotone only (in particular, h(t) =t — 7).
Let us start with oscillation. First, we present sufficient non-oscillation conditions for equation
t m
(4) when the number lim sup i > a;(s)ds is between 1/e and 1.
t—o0 t—miny, hy(t) Jj=1
Consider equation (4) with constant delays

m

B(t) + Y ap(t)z(t — 1) =0, 7% > 0. (7)
k=1

Theorem 1 ([4]). Suppose that there exists ng > 0 and a sequence {\;}32,, 1 of positive

m

numbers such that 3" af (t) < Aye Po1(m=0+Mlt=(=D7)] (5 — 1)7 < t < n7, n > ng, where
k=1

T = maxy 7. Then equation (7) is non-oscillatory.

Remark 1. By applying comparison theorems [3], Theorem 1 can be extended to equations
with variable delays 0 < hy(t) < 7.

Theorem 2 ([4]). For any o € (1/e, 1) there exists a non-oscillatory equation (5) with a(t) >0

¢
such that limsup [ a(s)ds = a.

t—oo t—1

Second, we give a negative answer to the following question: does there exist constants A and

B such that
t

lim sup / a(u)du > A (8)

t—o0
h(t)
implies oscillation of equation (2).

Theorem 3 ([5]). There is no constant A > 0 such that (8) implies oscillation of (2) for
arbitrary h(t) <t.

Third, we present an explicit oscillation test in the terms of the maximal value of the deviated
argument
g(t) :=suph(s), t>0. (9)

s<t

Clearly, g(t) is nondecreasing, and h(t) < g(t) for all ¢ > 0.

¢ g(t)
Theorem 4 ([5]). Assume that sup{t > 0: [ a(u)exp{ [ a(v)dv}du > 1} = oo for g(t)
g(t) h(u)
defined by (9). Then every solution of (2) is oscillatory.
Theorem 4 immediately implies the following result.
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t g(t)
Theorem 5 ([5]). If limsup [ a(u)exp{ [ a(v)dv}du > 1, then every solution of (2) is
t=00 g(1) h(u)

oscillatory.

The following result allows to expand the set of constants in (6) such that equation (2) may be
stable, up to the limit of 2.

Lemma 1 ([6]). Suppose a(t) >0, lign infa(t) > 0, limsup h(t) < oo, and there exists r(t) > 0
— t—o0

such that the equation
z(t) + a(t)z(t —r(t)) =0 (10)
t—r(t)

s non-oscillatory. If lim sup‘ [ a(s) d8| < 1, then equation (2) is exponentially stable.
t—00  t_h(t)

By choosing an appropriate r(t) = 7 and the same coefficient as in the proof of Theorem 2, we
can for each a < 1 construct non-oscillatory equation (10) such that

t

lim sup / a(s)ds = a.
t—o0
t—7

Further, applying Lemma 1, for any 6 < 2 we can construct an exponentially stable equation with
¢
limsup [ a(s)ds = (, see [4].
t—oo t—7
However, this is still an open problem whether there exists A > 0 such that the inequality
¢
litm inf [ a(s)ds > A implies instability of equation (2) with a(t) > 0 or not.
T —h(t)
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We study fully nonlocal problem for the Poisson equation when the classical boundary condi-
tion is not given on any part of the boundary of the integration domain. The paper represents
generalization of investigation carried out by the authors in [1, 2].

We investigate finite difference scheme for the equation

Pu  O%u
= = Q=1(0,1 l 1
61’% al'% f($)v T € (07 1) X (Oa 2)7 ( )

together with the integral constraints

¢ lg
/u(m)d:ﬁa:(), /u(m)dwa:& 0<z3<lg £<I1./2, B=3—-a, a=1,2. (2)
0 ls—¢

We assume that the solution u of the nonlocal boundary-value problem (1), (2) belongs to the
Sobolev space W3 (£2), m > 1.
Consider the grid domains: W, = {Za,i, = iah; o = 0,1,...,nq, h = lo/na}, @ = 1,2,
W=w; Xwy. Let E=(m+0)h, 0<60 < 1.
Let H be the set of all discrete functions v = v(z), defined on the grid @ and satisfying conditions
(2

POW) =0, PUw) =0, 0<j<ny, PPw)=0, PPw)=0, 1<i<n -1,

where

y i h Oh
P](-l)(v) = hog; — 5 Woj + vmj) + ((2 = 0)vmj + Ovimtry),
k=0

((2 = 0)vim + Ovim+1),

3 m h oh
’PZ(Q) (,U) — Z hv;, — 5 (’Ui[) + Uim) + ?
k=0

ni
73]( )(U) = Z hvk]‘ — 5 (Unlfm,j + Unlj) + ? ((2 — Q)Unlfmjj + va,m,l,j),

. = h oh
PZQ) (U) = Z hvik - 5 (Ui,nz—m + vinz) + ? ((2 - g)vi,ng—m + gvi,nz—m—l)-

We approximate the problem (1), (2) by the difference scheme
inl + UEQm = _90(33)7 rew, UeH, p= T1T2fa (3>
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where U, Uz, denote forward and backward difference quotients in x, directions respectively,
and T, T> — some averaging operators.

An a priori estimate of the solution of the difference scheme (3) is obtained with the help of
energy inequality method, from which it follows the unique solvability of the scheme.

To estimate the truncation error , we apply the well-known technique [3], which uses the gene-
ralized Bramble—Hilbert lemma.

It is proved that the discretization error of the difference scheme (3) in the discrete weighted
W}-norm is determined by the estimate

U = wllwiw,p) < b Hullwg @), 1<s<3.
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The differential equation

n—1
y™ = aop)f(ty. v,y D) T 0iw™), (1)
i=0
where o € {—1,1}, p: [a,w[! —]0,+00] (=00 < a < w < +00), ¢; : Ay; —>]O,+oo[ (i=0,...,n
are continuous functions, Y; € {0, +o0}, Ay, is either the interval [yZ , Y[ or the interval |Y;,yY],
fila,w[xAy, x -+ x Ay, , —]0,+00][ is continuously differentiable function, that satisfies the
conditions
of
Zig=(t, 21, ooy 2
lim 0z (b 21 " 1):0 (i=T,n—1),
zzzzez})’% flt, 21,0, 2n-1)
uniformly for ¢ € [a,w[, 2; € Ay, (j €{1,...,n—1}\{i}),
af
t t, 21,0y Zn— . [
lim ™o (1) 5 (1 21 n-1) = 0 uniformly for z; € Ay, (j =1,n—1),

tw f(t, ZlyeensZn—1)
is considered We suppose also that every ¢;(z) is regularly varying as z — Y; (z € Ay;) of index

o; and 2017&1

Accordlng to the type of the functions ¢y, ..., ¢,—1 it is clear that the equation (1) is in some
sense similar to the well-known differential equation

) = agp(t H!y i (2)

We call the solution y of the equation (1) the P,(Yp,Y1,...,Y,_1, Ag)-solution, where —oco <
AV, < 400, if the next conditions take place

(n=1)
(i) , my@ (@) = Y, (i — _ N e ) S
Yy : [t07w[_)AYi7 ltlTsz)ly (t) _}/’L (7’_07-"7n 1)7 ltlTIt,Iul y(n)(t)y(n_2)(t) _)‘nfl‘

All P, (Yo, Y1,...,Yn_1,Ao)-solutions of the equation (2) were investigated in [2, 3]. Then for
all P,(Yo,Y1,...,Y,_1, Ao)-solutions of the equation (1) the necessary and sufficient conditions of
existence and asymptotic representations as t T w were found in case f(¢,z1,...,2n—1) = 1 (see,
for example, [4]). But it is clear that even slowly varying nonlinearities can not be represented
as the product of functions of one variable. For equations of the type (1), that contain for ex-
ample functions like exp(y/|In [tyy’'||) or exp( ¥/|1In [t|y|*y"]||), the asymptotic representations of
P, (Yo, Y1,...,Y,_1, \g)-solutions were not before established. For the general case of equation
(1) there are used some methods of investigations, that were perviously developed for the case

f w > 0, we will take a > 0.
2If Vi = +oo(Y; = —o0), we take y{ > 0 (y? < 0).
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f(tyz1,...,2n—1) = 1. It is clear that equation (1) there may contain in the right part functions
that are described before and many other slowly varying functions of many variables.

The cases Ao € {0, é, g,,%} are singular by the studying of P, (YO,Yl,... Yin-1,X0)-
solutions of the equation (1). P,(Yp,Y1,...,Yn 1, \o)-solutions, where \g € {0, 1 3 3,...,%}
are regularly varying functions as t T w of indexes {0,1,...,n — 1}. To investigate such solu-
tions we must put additional conditions on the functions ¢g,..., ©,—1 and the functlon p. The
P, (Yo, Y1,..., Y, 1, \g)-solutions of the equation (1) in regular cases A’ _, € R\ {0, 3 3, e Z—:%}
are established in this work. The P, (Yo, Y1,..., Yn_1, Ag)-solutions of the equation (12 are regularly
varying functions as t T w of indexes different from {0, 1,...,n—1}if A0 _; € R\{0,1, 5 3, A Z—:% .
If \g = 1, the P, (Yo, Y1,...,Yn_1,Ao)-solutions of the equatlon (1) are rapidly varying functions
ast T w.

Now we need the next subsidiary notations.

—171210' —nf(n'l)o- () ={ MW=t
Y0 = =~ R Nn—j:() J E w = t—w ifw<—|—oo,

0;(2) = wi(2)|z|7%, agi=(n— i))\g_l —(n—i—=1) (i=1,...,n),

n—2 n—1
o
C = aolA)_; — 1| H’ I @oj| — sieny) i,
k=0 j=k+1
t t
- / Cp(r)m(r)P dr,  Ty(t) = / aop() dr,
49 A3

o if / (P (P10 dr = oo,
Ag: aw Ai:
o, if / (P (7)1 dr < o0,

a, if / p(7) dT = 400,
w, if / p(7)dr < 400,
a, if/ ]11(7)|%d72+oo,

t 1
J(t) = / |70l (7)) dr, B, = a. )
Bu w, if / |I1(7)] 0 dr < +00.

The following conclusions take place for equation (1).

Theorem 1. The next conditions are necessary for the existence of P,(Yy, Y1,...,Yn—1,X0)-
solutions (\_, e R\{0,1,3,2,...,2=2}) of equation (1):
. Ww(t)l(l)(t) Y0 01 )\SOHL
1 — > 1 t n—1 — Y 3
im S =y Wl ) ; (3)
Yyl 1a0ie1(Ny_ | — Dm,(t) > 0 as t € [a,w], (4)

where Y0 = ag, i =0,n — 1.
If the equation

n—1
Zak H aOZH agi + A) = —I-)\)H(aori-)\)
k=0 i=k+1 =1 =1

has no roots with zero real part, then conditions (3) and (4) are sufficient for the existence of
P,(Yo,Y1,..., Y1, Xo)-solutions of equation (1). For any such solution the next asymptotic rep-
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resentations ast T w

V@)
n—1
F(tyyts oy D) TT 65 0(0)
j:

@t A0 — D ()it
y(yn_l()()t) _ o n_z ()] 1+ o(1)],
[T ao;

j=i+1

= ~olo(H)[1 + o(1)],

where i = 0,n — 2, take place.

Theorem 2. The next conditions are necessary for the existence of P,(Yo, Y1,...,Yn_1,1)-s0-
lutions of equation (1):
I (t)J(¢) a1
1i 1 _ 0 i LI (£) 36 = V- .
tlTIE L()J(t) Y0, Y; tlTrg‘ 1(t)[0 is (5)
aoyp-o >0, Yy J(t) >0 as t € [a,0], (6)

where 1 =0,n — 1.
If the equation Z or(1+ A = (1 4+ \)™ has no roots with zero real part, then conditions (5)

and (6) are suﬂiczent for the existence of P,,(Yo, Y1, ..., Yn_1,1)-solutions of equation (1). For any
such solution the asymptotic representations ast T w

[y =D ()

n—1
fty o ynD) HO 0;(y9)(t))
J:

| s+ o),

=0k (t)

where i = 0, n — 2, take place.

n—2

Let us notice that if > |o;| < |1 — op—1], the conditions (3) and (4) are necessary and
i=0

sufficient for the existence of P, (Yo, Y1,...,Y,—1, Ag)-solutions (A\)_; € R\ {0,1,3,%,..., 2=2})

of equation (1) and the conditions (5) and (6) are necessary and sufficient for the existence of
P,(Yo,Y1,...,Y,_1,1)-solutions of (1).
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We consider the following delayed Hopfield network model (see e.g. [1])
N

4(t,N) = —azi(t, N) + Y _wig(N) f(2(t — 7556, N),N)) + Ji(t, N), t>a, i=1,...,N, (1)
j=1

parameterized by a natural parameter N. Here at each natural N, z;( -, N) are n-dimensional vector

functions, w;j(N) are real n x n-matrices (connectivities), 7;;(-,N) are nonnegative real-valued

continuous functions (axonal delays), f : R™ — R™ are firing rate functions which are Lipschitz

and bounded on R and J;(-,N) are continuous external input n-dimensional vector functions.
The initial conditions for (1) are given as

Zz(va):SOZ(§7N)7 §§a7 lzl,,N (2)

We use the general well-posedness result from the paper [2] to justify the convergence of a
sequence of the delayed Hopfield equations (1) (with the initial conditions (2)) to the following
Volterra integral equation involving spatio-temporal delay

Owu(t,z) = —au(t,z) + /w(:z:,y)f(u(s —7(t,x, y),y)) dy(y)+ J(t,x), t>a, 2€Q, (3)
Q

with the initial (prehistory) condition

u(§,x) - go(f,x), §<a, €. (4>

The equation (3) generalizes the well-known neural field models introduced by Wilson and Cowan
in [3, 4]. Here the function u represents the activity of a neural element at time ¢ and position z.
The connectivity kernel w determines the coupling between elements at positions x and y. The non-
negative activation function f gives the firing rate of a neuron with activity u. The non-negative
function 7 represents the time-dependent axonal delay effects in the neural field, which require a
prehistory condition given by the function ¢. The function I(¢,z) represents a variable external
input.
The following assumptions will be imposed on the functions involved in (3) and (4):

>

1) The function f: R™ — R" is continuous, bounded and Lipschitz.

>

2) The spatio-temporal delay 7: R x 2 x  — [0, 00) is a continuous function.

> >

4) For any b > a, the external input function J : [a,b] x Q@ — R™ is uniform continuous.

>

The kernel function w : 2 x  — R™ is continuous.

(
(
(
(
(A5
(

)
)
3) The initial (prehistory) function ¢ : (—oo,a] x @ — R" is continuous.
)
)
)

>

6) v(-) is the Lebesgue measure on ).
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(A7) For any b > a,

€N

sup / w(z, 9)] d(y) < .
Q

(A8) For any b > a,
fim sup [ ()] (o) = 0.

r—00 IEQ

T

The following theorem shows the connection between the delayed Hopfield network model and
the Wilson—-Cowan neural field model with delay:

Theorem. For each natural number N let {A;(N), i = 1,...,N} be a finite family of open
subsets of Q) satisfying the conditions

—00

N
UZZ-(N):QN and A}im mesh {Ai(N), i=1,...,N} =0.
i=1

Let y;(N) (i = 1,...,N) be arbitrary points in A;(N). Finally, let the assumptions (A1) — (A8)
be fulfilled.

Then the sequence of the solutions z(t,N) (t € R) of the initial value problem (1), (2), where
the coefficients are defined by

wij(N) = Bi(N)w (yi(N), y;(N)), where B;(N) = v(Ai(N)),
Tij(ta N) = T(ta yi(N)vyj(N))v Ji(t’ N) = J(t’ yl(N))a

converges for any b > a to the solution u(t,x) (t € R, x € Q) of the initial value problem (3), (4),
as N — oo, in the following sense:

lim { sup{ sup { sup |u(t,a:)—zi(t,N)‘}}}:0.

N—oo Liclap] V1<i<N L zeA (V)
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Averaging Method in Optimal Control Problems for Systems
of Ordinary Differential Equations

V. Danilov

Taras Shevchenko National University of Kyiv, Kyiv, Ukraine
E-mail: danilov_vyQukr.net

T. Kovalchuk

Kyiv National University of Trade and Economics, Ky, Ukraine
E-mail: 81720ukr.net

V. Kravets

State Agrotechnical University of Militopol, Militopol, Ukraine
E-mail: v_1_kravets@list.ru

The object of our investigation is an optimal control problem for the system of ordinary differ-
ential equations in standard Bogolyubov form:

dx
E - EX(t,x,u), (1)
z(0) = o,

where € > 0 — small parameter, x € D — phase vector, D — domain in R", u(t) € U C R™ — control
vector, t > 0, T" > 0 — some constant, X — continuous of set of variables vector-function.
The idea of investigation consists in replacement of initial object (1) by simpler averaging object.
Our results are divided into two types:

(1) controls on asymptotically finite intervals (the order of 1/¢);
(2) controls on semiaxis.

Let us denote by z(t,u) a solution of system (1), corresponding to control u(t).
We say that u(t) are admissible controls, if

(1) u(t) € U, where t > 0, u(t) are measurable, locally Lebesgue integrable functions, where ¢ > 0
and for every u(t) there exists a constant ug € U such that |u(t) — ug| < ¢(t), where ¢(t)

doesn’t depend on u(t) and [ ¢(¢)dt < oo;
0

<l

s el

(2) a solution x(t,u) of the Cauchy problem (1) is defined for every ¢ € [0

The set of such controls is denoted by F'.
The following problem is considered:

where ®(z) is some function.
Denote J. = inf J.(u).
u(t)eF

Let us consider the following optimal control problem, which is averaged to (1), (2):
Y= SXO(yv ’U,), (3)
y(O) = Zo,
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where

T
Xo(,u) :Tnf;o;/)((t,x,u) dt ()
0
and T
7o) = (5 ) — inf 5)

Theorem 1. Let us suppose that in the domain QQ the following conditions are satisfied:

(1) X(t,z,u) is measurable with respect to t and satisfies the Lipschitz condition with respect to
r and u;

(2) solution y = y(t,up), y(0,up) = o is definite for every t > 0 and for every uy € U belongs to
the domain D with some p-neighborhood;

(3) the limit (4) exists uniformly with respect to x € D and u € U;
(4) function ®(x) satisfies the Lipschitz condition with respect to x € D;
(5) there exist optimal control of averaged problem u*(t,¢).
Then for every n > 0 there exists o(n) > 0 such that
(a) for every 0 < e < eq, Jo > —00;
(b) the following inequality is true
| Je(u*(t ) = Jo)| <,
i.e. optimal control u*(t,e) of averaged system is n-optimal control of precise system.

Consider the optimal control problem of the system of differential equations on semiaxis:

T =eX(t,x,u),
_ (6)
z(0) = xo
with the control function -
J(u) = /L(t,m,u) dt — inf,
0

where € > 0 — small parameter, t > 0, x € D — phase vector, D - domain in R", u e U C R™ —
control vector, L satisfies the condition

‘L(t,:c, u) — L(t,y,u)| < a(t)|z —y|, where /a(t) dt < oo. (7)
0

Let us consider that u(t) are admissible controls, if
(a1) u(t) are measurable, locally integrable functions, where t > 0, u(t) € U;

(b1) for every u(t) € U there exists a constant ug € U such that |u(t) — up| < ¢(t), where ¢(t)
o0
doesn’t depend on u(t) and [ ¢(t)dt < oo;
0

(c1) there exists eg > 0 such that for every 0 < ¢ < g a solution of the Cauchy problem x(t,u) is
defined and unique for every ¢ > 0;
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(dy) |J(u)] < oo.

Let us consider the following optimal control problem which is averaged to (6):

y - 6X0(yv ﬂ),
y(0) = o, ®)

with the control functional

where

1

Xo(z,u) = lim T / X(s,z,u)dt, t>0. 9)
The admissible controls for averaged system satisfy the same conditions (aj)—(d;). Let’s suppose
that the following conditions are performed for averaged system:
(A1) solution y(7) = y(7, up) of the averaged system
.
d7y = XO (yv u0)>

-

y(0) = zg, T =€t

(10)

is defined for every 7 > 0 and belongs to the domain D with some p - neighborhood, where
p doesn’t depend on ug for arbitrary constant control ug € U;

(A2) solution F(7) is equiasymptotically stable with respect to 79 and uyg.

The existence of n-optimal controls for precise system is proved in the following theorem with
using of Lemma 3.

Theorem 2. Let us suppose that in the domain Q@ = {t >0, x € D C R", w € U C R™} the
conditions of Lemma 3 are satisfied and there exists an optimal control ©* of averaged problem (8).
Then for every n > 0 there exists g = €o(n) > 0 such that for all 0 < ¢ < g9, |J*| < 0o and the
following inequality is true

(@) = T <.
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For a long time, until the end of the 1940s, the investigation of periodic solutions of periodic
differential systems was based on the conjecture of commensurability of periods of the solution and
the system. Apparently, Massera was the first to indicate that this conjecture is wrong. In 1950, he
showed that periodic differential system can have periodic solutions with irrational ratio of periods
of the solution and the system [1]. Later, such periodic solutions were considered by J. Kurzweil
and O. Vejvoda [2], N. P. Erugin [3], E. I. Grudo [4] and other authors. In what follows, such
periodic solutions and the oscillations described by them are said to be strongly irregular [5].

Note that Mandelshtam and Papaleksi [6] studied the parametric influence on two-circuit para-
metric systems in the mid-1930s. In particular, for the case in which some capacity is included in
the feed circuit of an electric motor to compensate for variable inductance, the following facts were
justified: the rotation velocity of the electric motor is not synchronous with the supply current
frequency; this velocity varies smoothly with the fundamental frequency of the oscillation con-
tour. Unlike the ordinary parametric excitation, which takes place only for an integer frequency
ratio, they obtained a new peculiar transformation of the motor frequency with practically arbi-
trary ratio to the circuit frequency. Thus, the possibility of excitation of oscillations at frequencies
incommensurable with the frequency of the system parameter variation was shown.

Devices transforming the energy of a high-frequency oscillation source into low-frequency os-
cillations whose frequency is almost independent of the source frequency were developed at the
beginning of the 1970s. For example, the paper [7] deals with the case in which a harmonic force
with which the field in a capacitor acts on a flying charge has a frequency incommensurable with
the frequency of fundamental oscillations of the charge. In this case, there can appear stable un-
damped oscillations at the natural frequency, i.e., strongly irregular oscillations. The conditions
of a process in which the oscillations of a system are described by strongly irregular oscillations
are referred to as an asynchronous mode [8]. Asynchronous modes in particular occur in linear
differential systems. We state the problem of synthesis of asynchronous modes of linear systems as
a control problem for the spectrum of irregular oscillations.

Consider the linear control system

t=A(t)x+Bu, teR, zeR" n>2, (1)

where A(t) is a continuous w-periodic n x n-matrix, B is a constant n X n-matrix. We assume that
the control is given in the form of a linear state feedback

u=U(t)x (2)

with w-periodic n x n-matrix U(t). The problem of finding the matrix U (t) (the feedback coefficient)
such that the closed system
&= (A(t)+ BU(t))x (3)

has strongly irregular periodic solutions with a given frequency spectrum L (the objective set) will
be called the problem of control of the frequency spectrum of irregular oscillations (asynchronous
spectrum) with objective set L.

This problem is a version of the generalization of the spectrum assignment problem in the
nonstationary case, but essentially differs from the problems of control [9, 10]. Note that, for
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regular oscillations, the choice of frequencies other than multiples of the frequencies of the right-
hand side of system (1) is impossible.

Let L = {\1,...,\.} be an objective set of frequencies whose elements are pairwise distinct,
commensurable with each other, and incommensurable with 27 /w. Then there exists a maximum
positive real number A such that Aj,..., A, are multiples of A. Set = 27/, then the ratio w/Q
is irrational.

Consider the case of a singular matrix B, i.e. rankB =r < n (n —r = d). One can assume
that the first d rows of B are zero (otherwise it can always be achieved by a linear nonsingular
time-independent transformation). Suppose that right upper d x r blocks of the averaged matrix

A are zero.
Let Agi) and A((;Q) be upper left and right blocks of the matrix A(t) = A(t) — A (the subscripts

T
indicate the dimension). Assume that column bases of these blocks form a linearly independent set

sk (A0, 2} =ty (raen B9 s, e 25D =)

By @ we denote a constant nonsingular d X d matrix such that the first d; = d — rq columns
of the matrix A4 4(t)Q are zero and the remaining columns are linearly independent. Let the left
upper d x d block of the matrix Q! A4 4Q have p pairs of pure imaginary eigenvalues +i)\;, \; € L.

Then the following assertion holds.

Theorem. Let the above assumptions are satisfied. The problem of control of the asynchronous
spectrum with objective set L for system (1) with feedback (2) is solvable if and only if ri + 19 <n
and |L| < p+[(r—r2)/2].
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Delays, arising in nonoscillatory and stable ordinary differential equations, can induce oscillation
and instability of their solutions. That is why the traditional direction in the study of nonoscillation
and stability of delay equations is to establish a smallness of delay, allowing delay differential
equations to preserve these convenient properties of ordinary differential equations with the same
coefficients. In this paper, we find cases in which delays, arising in oscillatory and asymptotically
unstable ordinary differential equations, induce nonoscillation and stability of delay equations. We
demonstrate that, although the ordinary differential equation

() + c(t)z(t) = 0
can be oscillatiting and asymptoticaly unstable, the delay equation
2"(t) + a(t)z(t — h(t)) — b(t)z(t — g(t)) = 0, where c(t) = a(t) — b(t)

can be nonoscillating and exponentially stable.
Let us consider the equation

2"(t) +a(t)z(t — 7(t)) — b(t)x(t — 0(t)) =0, t € [0,+00), (1)
z(§) =0 for £ <0,

where a(t), b(t), 7(t) and 0(t) are measurable essentially bounded nonnegative functions. We denote

g« = essinf q(t), ¢" =esssupq(t).
>0 >0

Theorem. Assume that 0 < 7(t) < 6(t), 0 < b(t) < a(t),

4{a(t) —b(t)} < [b(6 —1)]?, t€[0,+00),
1

0< [b(0—7)]"0" < - (2)

Then
(1) the Cauchy function C(t,s) of equation (1) is positive for 0 < s <t < 400;

(2) if there exists such positive € that
a(t) = b(t) > ¢,

then the Cauchy function C(t,s) of equation (1) satisfies the exponential estimate and the
integral estimate



(3) if there exists tlim {a(t) — b(t)} =k, with k > 0, then
¢
li C(t,s)ds = !
) et =g
0

Consider the equation
2"(t) + a(t)z(t — 1) = f(t), t €[0,400), a(t) > a, >0, (3)

which is unstable. To stabilize its solution to the given “trajectory” y(t) satisfying this equation,
we choose the control in the form

u(t) = b(t) [z(t — 0) — y(t — 0)]. (4)

Example 1. Stabilizing equation (3), where a(t) = a, let us choose the control in the form (4)
with constant coefficient b(t) = b. We come to the study of the exponential stability of the equation

2"(t) + azx(t — 1) — bx(t — 0) = g(t), t € [0,+00),
with constant coefficient and delays and g(t) = f(t) + by(t — §). We can choose § — 7 = -, and

ebd

1

Example 2. The equation
2'(t) + a(t)z(t —7) =0, a(t) — +oo, t € [0,400), T = const,

where a(t) > a, > 0, possesses oscillating solutions with amplitudes tending to infinity that leads
to the chaos in behavior of its solutions. This equation can also be stabilized by the control in form
(4). Consider, for example, the equation

2"(t) +tx(t—7) =0, t€[l,+0), T = const.

If we choose b(t) =t — A, 6(t) = 7+ 7, then the stabilization can be achieved by the control (4)
with the parameters satisfying the inequalities

1
0<2VA <y < —.
TE

Example 3. Consider the equation

2" (t) +z(t) —bx(t —0) =0, t € [0,+00),
z(§) =0, £€<0.

It is clear from the definition of the Cauchy function that for ¢ < 6, this equation is equivalent to
the ordinary differential equation

2"(t) + z(t) =0, t€]0,6],

whose Cauchy function is C(¢, s) = sin(t — s). Let us demonstrate that condition (2) is essential for
positivity of the Cauchy function C(¢, s) in theorem, assuming that the numbers b and 0 are chosen
such that all other conditions of theorem are fulfilled. If 7 < 6, then in the triangle 0 < s <t < 6
its Cauchy function C(t,s) = sin(¢ — s) changes its sign.
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1 Introduction

In many applications, there is of a great importance to know whether the linear boundary value
problem has a unique solution. Thus a lot of papers recently published are devoted to study the
unique solvability of the general boundary value problem

u'(t) = L(u)(t) + q(t) for a.e. t € [a,b], (1)
h(u) = ¢, (2)

where £ : C([a, b};R) — L([a,b];R) and h : C([a, b];R) — R are linear bounded operators, ¢ €
L([a, bl; R), and ¢ € R. A well-known result, so-called Fredholm Theorem, describes the relation
between the unique solvability of the inhomogeneous and the corresponding homogeneous linear
boundary value problems. To be more precise, the following theorem is well-known from a general
theory of boundary value problems for functional differential equations.

Theorem 1.1. The problem (1), (2) is uniquely solvable if and only if the corresponding homo-
geneous problem

u'(t) = (u)(t) for a.e. t € la,bl, (1)
h(u) =0 (20)

has only the trivial solution.

It is also known that the dimension of the solution set to the homogeneous equation (1g) plays
an important role in the theory. In spite of the first-order linear ordinary differential equation, the
dimension of the solution set U to the equation (1p) can be of any natural number. More precisely,
it is known that dim U > 1 (see Section 4 in [3]), and if dim U > 2, then for every linear bounded
operator h : C([a,b]; R) — R, the problem (1), (20) has a nontrivial solution (see [3, Remark 4.7]).
Therefore, it is of a great importance to find conditions guaranteeing the relation dim U = 1, and,
in general, to study the structure of the solution set U.

1.1 Basic Notation and Definitions

The following notation is used throughout the paper.
R is a set of all real numbers; Ry = [0, +00] .
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C([a, bl; R) is a Banach space of continuous functions u : [a,b] — R with the norm
lullc = max{|u(t)\ 2t € la, b]}

L([a,b]; R) is a Banach space of Lebesgue-integrable functions p : [a,b] — R with the norm

b
Jullz = / Ip(t) dt.

AC([a, bl; R) is a set of absolutely continuous functions u : [a,b] — R.

C(la,b); Ry) = {ue C([a,b];R) : u(t) >0 for ¢ € [a,b]}.

L([a,b];Ry) = {p € L([a,b; R) : p(t) >0 fora.e. tE€ [a,b]}.

Lap is a set of all linear bounded operators £ : C([a, bl; R) — L([a, bl; R).

Pup 1s a set of all positive operators £ € Ly, i.e., such operators that transform a set C’([a, bl; R+)
into a set L([a,b]; Ry).

An operator £ € L, is called an a-Volterra operator, resp. a b-Volterra operator, if for arbitrary
¢ €la,bl, resp. ¢ € [a,b], and v € C’([a, b];R) such that

v(t) =0 for t € [a,c|, resp. v(t) =0 for t € [c,?],
the equality
L(v)(t) =0 fora.e. t € |a,c], resp. £(v)(t) =0 fora.e. t€cD

is fulfilled.

By a solution to the equation (1), resp. (1lp), we understand a function u € AC([a,b];R)
satisfying (1), resp. (1g), almost everywhere on [a,b]. By a solution to the problem (1), (2), resp.
(10), (20), we understand a solution u to (1), resp. (1p), satisfying (2), resp. (20).

Notation 1.1. Throughout the paper, by U we denote the set of all solutions u to the equation
(1p). Obviously, U is a linear vector space.

To formulate the main results it is convenient to introduce the following definitions.

Definition 1.1. An operator £ € L, belongs to the set Syp(a) if every function u € AC([a, bl; R)
satisfying

u'(t) > L(u)(t) for a.e. t € [a,b], (3)
u(a) >0, (4)

admits the inequality
u(t) >0 for t € [a,b]. (5)

Definition 1.2. An operator £ € L, belongs to the set S (b) if every function u € AC’([a, bl; R)
satisfying

u'(t) < l(u)(t) for a.e. t € a,b], (6)
u(b) >0, (7)

admits the inequality (5).

Definition 1.3. An operator £ € L, belongs to the set S, (a) if every function u € AC([a, bl; R)
satisfying (3) and (4) admits the inequalities (5) and

u'(t) >0 fora.e. t€la,b]. (8)
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Definition 1.4. An operator £ € L, belongs to the set S’ (b) if every function u € AC([a, b]; R)
satisfying (6) and (7) admits the inequalities (5) and

u'(t) <0 fora.e. te[a,b)]. 9)

Definition 1.5. An operator ¢ € L, belongs to the set P, (resp. P, ) if it transforms the non-
negative non-decreasing (resp. non-increasing) absolutely continuous functions to the non-negative
functions.

Similarly, we say that an operator £ € Ly, belongs to the set N jb (resp. N,) if it transforms
the non-negative non-decreasing (resp. non-increasing) absolutely continuous functions to the non-
positive functions.

Remark 1.1. Define an operator ¢ : C([a,b]; R) — C([a,b]; R) as follows:
e()(t) =v(a+b—t) for t€la,b], ve(lab];R).

Put
(()(t) = —L(p))(a+b—t) fora.e. t€lab], veC(ab];R).

Then it can be easily verified that (€ Sap(a), resp. (e S/ (a), if and only if £ € Su(b), resp.
¢ € 8!, (b). Furthermore, £ € P, resp. £ € P,,. if and only if £ € N, resp. £ € N}

2 Main Results

In this section, the main results are formulated using the general terms that the operator ¢, re-
spectively its positive or negative part, belongs to one of the sets Sqp(a), Sap(b), S,p(a), and S, (b).
The effective criteria guaranteeing such an inclusion can be found in Section 3 of the paper. For
more conditions guaranteeing the above-mentioned inclusions one can see [1, 2] or the monograph
[4] where also the detailed introduction to the problem can be found.

Proposition 2.1. Let ¢ € S!,(a). Then dim U = 1 and the set U is generated by a positive
non-decreasing function.

Theorem 2.1. Let ¢ € 77;?) admit the representation £ = fg — {1 with £y, 41 € Py and let
by € Syp(a). Then dim U =1 and the set U is generated by a positive non-decreasing function.

Theorem 2.2. Let ¢ € 73;% admit the representation £ = fg — {1 with Ly, €1 € Py and let
—01 € Sgp(b). Let, moreover, there exist v € AC([a,b]; R) satisfying

v(t) >0 for t € a,b, (10)
Y(t) > (y)(t) for a.e. t€ [a,b]. (11)

Then dim U =1 and the set U is generated by a positive non-decreasing function.

Theorem 2.3. Let ¢ € ./\f;g admit the representation £ = £y — €1 with £y, €1 € Py and let
—l1 € Sap(b) be an a-Volterra operator. Then dim U = 1 and the set U is generated by a positive
function u with the following property: the relation

u(a) = max {u(t) : t € [a,b]} (12)
holds and, in addition, if there exists ¢ € |a,b] such that u(c) = u(a), then
u(t) =u(c) for te€a,c]. (13)
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Theorem 2.4. Let { € P, admit the representation { = Lo — {1 with £y, {1 € Py and let
—ly € S8(b) be an a-Volterra operator. Let, moreover, there exist v € AC([a,b]; R) satisfying (10)
and (11). Then dim U =1 and the set U is generated by a positive function u with the following
property: the relation

u(a) = min {u(t) : t € [a,b]} (14)

holds and, in addition, if there exists ¢ € |a,b] such that u(c) = u(a), then (13) is fulfilled.

According to Remark 1.1, the following assertions immediately follows from Proposition 2.1 and
Theorems 2.1-2.4:

Proposition 2.2. Let { € S/, (b). Then dim U = 1 and the set U is generated by a positive
non-increasing function.

Theorem 2.5. Let { € N, admit the representation { = by — {1 with y,¢1 € Py and let
—l1 € Sgp(b). Then dim U =1 and the set U is generated by a positive non-increasing function.

Theorem 2.6. Let { € N, admit the representation { = o — {1 with £y,l; € Py and let
lo € Sap(a). Let, moreover, there exist v € AC([a,b]; R) satisfying (10) and

Y () <L()(t) for a.e. t € a,b]. (15)

Then dim U =1 and the set U is generated by a positive non-increasing function.

Theorem 2.7. Let ¢ € P, admit the representation £ = Ly — £y with Lo, {1 € Py and let
by € Sap(a) be a b-Volterra operator. Then dim U = 1 and the set U is generated by a positive
function u with the following property: the relation

u(b) = max {u(t) : ¢ € [a,b]} (16)
holds and, in addition, if there exists ¢ € |a,b] such that u(c) = u(b), then
u(t) =wu(c) for t € lc,b]. (17)

Theorem 2.8. Let ¢ € Naz admit the representation £ = £y — €1 with £y, 41 € Py and let

by € Sap(a) be a b-Volterra operator. Let, moreover, there exist vy € AC([a,b];R) satisfying (10)
and (15). Then dim U =1 and the set U is generated by a positive function u with the following
property: the relation

u(b) = min {u(t) : t € [a,b]} (18)
holds and, in addition, if there exists ¢ € [a,b] such that u(c) = wu(b), then (17) is fulfilled.

3 On the Sets S(a), Swp(b), Sip(a), and S, (b)

Theorem 3.1. Let ¢ € 73;% admit the representation £ = fg — {1 with £y, 41 € Py and let
by € Sap(a). Then L € S!)(a).

Theorem 3.2. Let { € 73(;% admit the representation £ = fg — {1 with £y, €1 € Py and let
—01 € Sgp(b). Then L € 8!\ (a) if and only if there exists v € AC([a,b]; R) satisfying (10) and (11).

Theorem 3.3. Let £ € ./\f;g admit the representation £ = £y — €1 with £y, €1 € Py and let
—l1 € Sgp(b) be an a-Volterra operator. Then £ € Syp(a).

Theorem 3.4. Let ¢ € P, admit the representation £ = Ly — £y with Lo, {1 € Py and let

—{1 € Sa(b) be an a-Volterra operator. Then { € Sqp(a) if and only if there exists v € AC([a,b]; R)
satisfying (10) and (11).
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4 Application
The following general theorem is a simple consequence of Theorem 1.1.

Theorem 4.1. Let for every u € U the following implication hold: if h(u) = 0, then u = 0.
Then the problem (1), (2) is uniquely solvable.

From Theorem 4.1 it immediately follows that the knowledge of the structure of the solution
set U allows us to find effective criteria guaranteeing the unique solvability of the problem (1), (2).
In particular, the following consequence is true.

Corollary 4.1. Let dimU = 1 and let the set U be generated by a positive function. Let,
moreover, the operator h have the following property: if h(u) = 0, then uw has a zero. Then the
problem (1), (2) is uniquely solvable.

According to the results obtained in Section 2, Theorem 4.1, respectively Corollary 4.1, one can
easily derive the statements dealing with the solvability of the special cases of the problem (1), (2).
As an illustration, we give the results dealing with the initial, anti-periodic, and periodic boundary
value problems.

Theorem 4.2. The assumptions of each of Propositions 2.1 and 2.2 or Theorems 2.1-2.8 guar-
antee the existence of a unique solution u to the equation (1) satisfying

u(ty) = ¢,
where tg € [a,b] is arbitrary but fired and ¢ € R.

Theorem 4.3. The assumptions of each of Propositions 2.1 and 2.2 or Theorems 2.1-2.8 guar-
antee the existence of a unique solution u to the equation (1) satisfying

u(b) + u(a) = ¢,
where ¢ € R.

The previous theorems immediately follows from Corollary 4.1 and the results established in
the Section 2. Applying Theorem 4.1 and the statements of Section 2 we obtain

Theorem 4.4. Let ((1) # 0. Then the assumptions of each of Propositions 2.1 and 2.2 or
Theorems 2.1-2.8 guarantee the existence of a unique solution u to the equation (1) satisfying

u(b) —u(a) = ¢,

where ¢ € R.
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If some company produces and supplies its commodities to the marker, the management of the
company must carefully keep up with demands of the market. It is clear that overproduction and
the necessity to store commodities lead to obvious losses for the company. Losses will be even
bigger in the case of shortage, aking into consideration the unmet demand and a smaller profit. It
is obvious that the fact that shortage impairs the company’s reputation should also be take into
account.

Let T be the planning period, ¢t = 0,1,2,...,7, be discrete moments of time of commodity
supplies to the market, 7(¢t), t = 0,1,2,...,T, be the demand function. It is assumed that 7(¢) is
the known function.

Denote by z(t), t = 0,1,2,...,T, the supply volume. If the supply z(¢) and the demand 7(t)
do not coincide, then the company bears a loss.

Let us introduce the notation y(t) = x(t) — 7(¢). If y(¢t) < 0, then shortage takes place. The
company loses the profit which could have been received if the commodity had been sold in a
quantity y(t). If y(¢) > 0, then losses are caused by the necessity to search for new consumers and
by unsold commodity storage.

Depending on practical situations, to evaluate losses the function fi(y) can be written as follows:

o1(y), y <0,
fl(y) = 07 yzoa
w2(y), y >0,

where ¢1, @9 increase when the absolute value |y| grows. We can actually assume that losses
caused shortage (y < 0) exceed losses incurred in case the supply volume exceeds the demand
(y > 0). Therefore it can be assumed that the derivatives of the functions @1, @2 satisfy the

condition ¢ (|y[) > 5(lyl)-
As an example let us consider the function

ay?, y <0,
fl(y) =<0, y=0, a; > by > 0, (1)
b1y2, y > 0.

Let u(t) = x(t + 1) — z(t). The situation in which the production level is constant, i.e. z(t) =
const is the most preferable one. In that case, u(t) = 0. In the case of an increase of the production
output (u(t) > 0) and its decrease (u(t) < 0), the producer bears losses because of the necessity to
reorganize the production.

We call the function u(t) the change dynamics function of the production volume. By analogy
with (1), let us introduce the production loss function fa(u)

asu?, u >0,

fg(u) =140, u =0, a2,b2 > 0,

bguz, u < 0.

Which of the values as and bs is greater depends on a concrete production situation.
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Let us now formulate the discrete problem of optimal control: find a change dynamics function
u(t) € R, t =0,1,...,T such that the total loss during the planning period T take a minimal value
ie.

S
-

(f1(2() = 7(0) + F2(u(t)) ) + f1 (2(T) = 7(T)) = min, (2)

t

Il
=)

where x(t) is solution of the discrete equation
z(t+1) —x(t) =ut), t=0,1,...,T -1 (3)

with the initial condition
2(0) = . (4)

Let us consider the continuous version of the problem (2)—(4): in the set of piecewise-continuous
functions u(t) € R, t € [0,T], with finitely many discontinuities of the first kind, find a function
uo(t) such that the total loss take a minimal value i.e.,

T
/«ﬁ@@—dm+h@®»ﬁ+ﬁ@@%wﬂnHmm
0

where z(t) is solution of the differential equation
#(t) = u(t), t€[0,7]
with the initial condition (4).

On the basis of the maximum principle [1], it is obtained that if (¢(¢), z(t)) is a solution of the
following boundary value problem

Z 07
?l)(t /2b27 th)ﬁo’
_ J—2a1(x(T) = 7(T)), «(T)=>7(T),
v(T) = {—2b11(l'(T) - T(T)), x(T) < 7(T),
z(0) = o,
then
’ W(t)/2ba, B(t) <0
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The monograph by I. T. Kiguradze, T. A. Chanturiya [1] summarizes numerous studies of
asymptotic properties of solutions of nonautonomous differential equations by 1990. In particular,
the asymptotic behavior of solutions of binomial differential equations with power nonlinearities
(Equations of Emden-Fowler type) is sufficiently well described there.

The following differential equation

y™ = agp(t)p(y), (1)

where ag € {—1,1}, p : [a,w][—]0,+00[ — continuous function, —o0o < a < w < +o00, ¢ : Ay, —
10, +00[ — twice continuously differentiable function satisfying the conditions

/ . . __Jor 0,
o(y) #0 if y € Ay, ylg{flo Ply) = {or + o0, 2
yE€AY,
[ (y))
im — = =1, ’
v—Y0 " (y)p(y) ?

yEAYo

Yy is zero, or o0, Ay, one-sided neighborhood of Yy, is considered in this paper.
By (2) and (3), the function ¢”(y) is nonzero in some neighborhood of Yy, that is contained in
Ay,. For definiteness, without loss of generality, we assume that

0

Ay, = [yo, Yo[, if Ay, is a left neighborhood of Yy,
1Y0,%0], if Ay, is a right neighborhood of Yj,

where yo € R satisfies the inequality |yo| > 1 (Jyo| < 1), if Yy = oo (Yo = 0) and ¢"(y) # 0, if
Yy e AYO.
Moreover, from (2) and (3) it follows that

/
i Y% (v)
y—Yo ©(y)

/!
=do0, lim ytp/ ) = 400
v=Yo ¢'(y)

Hence the functions ¢(y) and ¢'(y) are rapidly varying if y — Y in the sense of definition from
monograph Bingham N. H., Goldie C. M., Teugels J. L. [2, Ch. 2, § 2.4, p. 83]. Assuming

po = sign ¢'(y) if y € Ay,
let us notice that ¢(y) and ¢'(y) are rapidly tending to zero if y — Yj in the cases
poyo >0, Yo =0 or uoyo <0, Yo = =to0,
and rapidly tending to infinity in the cases
poyo <0, Yo =0 or poyo >0, Yy = =oo.
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In the case ¢(y) = €?Y (0 # 0) and Yy = +oo, in works [3, 4] the asymptotic behavior of the
solutions of differential equations (1) with rapidly varying functions ¢ was researched earlier for
n = 2 and in works [5-7] for n > 2. The case n = 2 was also considered for an arbitrary function
¢ Ay, — 0, +00[, that satisfies the conditions (2) and (3) in monograph V. Maric [8] and in work
[9]. The case Yy = 0 and w = +oo was researched in [8]. The case n = 2, arbitrary Yj € {0, oo}
and w < +oo was considered in [9]. It should be noted, that in [9] the class of solutions defined
after the function ¢ was studied.

In this work we leave the class of solutions the same as it was researched earlier (for instance
in [10]) for equations with regularly varying as y — Y{ functions ¢.

Definition. Solution y of differential equation (1), defined on [ty, w[ C Ay, is called P, (Yy, AV ;)
— solution, where —oo < A2 _; < 400, if it satisfies the conditions

y(t) € Ay, if t € [to,w], %my(t) = Y0,

0
limy® @) = =Tn—1
limy (t) {Or + oo, (k=1,n-1),
R O

o y™ ey ()~

Let us put the following subsidiary notations.

mt):{’f’ w=too iy = / T r)p(r) dr, B(y) = / ds
A B

t—w, if w<+oo,’ els)
_— —1 (A= "
I1 ao; ? ( 11 ao; J(t)>
a(t) = - 0
= 0 n n 0 —1)n— !
ap(N_y — 1)mp()mii(t) ¢<¢>—1 (M J(ﬂ))

_HQGO]'
L

where the limit of integration A € {a,w} (B € {yo, Yo}) is chosen so that the integral tends to zero
or to oo if t T w (y — Yp), and @1 — the inverse function to ®.

The following result that is related to the not singular case was found for the differential
equation (1).

Theorem. Let A0, € R\ {0,3,...,2=2,1}. Then for the existence of the P.,(Yo,\0_;) -
solutions of the differential equation (1) it is necessary that

poao[A)_q — 1" ( 11 Cboj)J(t) <0, poyo(Ay—1 — Daonl(t)J(t) <0 if t €la,w], (4)
j=2

SURE t)J'(¢
L tTw y—Yp tTw t) tTw
H2 an yGAYO
j=

Moreover, for each such solution if t T w the following asymptotic representations take place:

&%) ﬁ aog;
, = 1+o0(1
y®) (1) apk

y(kfl)(t) = (/\0_1 - 1)7Tw(t) [1 + 0(1)] (k = Ln - 1)3

n
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' n—1°

If for some X0 | € R\ {O, %, .., =2 1} the following condition
ti{1 — g2 (8)] In (1) = 0

is observed together with (4)—(5) and algebraic about p equation

n—3 n—1 k n—2
Z H ao; H(am +p) =01 —1-p) H(GOi +0) (6)
k=0 i=k+2 i=1 =1

has no roots with zero real part, then (1) has at least one P,(Yy, A0 _|) — solution. If (6) has m
roots, real parts of which have the sign that is opposite to the sign of the function (\0_; — 1), (t)
on [to,w[, then if CJ'(t)J(t) > 0 the equation (1) has m-parametric family, and if CJ'(t)J(t) <0
- m + l-parametric family of such solutions, where C is defined from the equation

1 aol ap1 aopl aop1

S=1p 0y
C ag2  ap3 aon—2  Aon—1
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1 Introduction

This note concerns the problem of existence of periodic solutions of the equation

i+ b(1 + cost)z = % (1)
where b is a positive constant. Throughout the paper, we will not take into account solutions with
collisions, but we will always search for positive 2m-periodic solutions of (1).

The physical meaning of equation (1) arises in the context of Electronics, since it governs
the motion of a magnetically focused axially symmetric electron beam under the influence of the
Brillouin flow, as shown in [1]. From a mathematical point of view, (1) is a singular perturbation
of a Mathieu equation.

Motivated by some numerical experiments realized in [1], where it was conjectured that, if
b € (0,1/4), equation (1) should have a 2m-periodic solution, in the last fifty years the work of
many mathematicians has given birth to an extensive literature about this topic. Although at the
moment the conjecture has not been correctly proven yet, many advances in this line have been
obtained, allowing to understand that the problem of existence of 27-periodic solutions of (1) when
b € (0,1/4) can be really delicate, and arising doubts on the validity of the result conjectured in [1].

To the best of our knowledge, M. Zhang determined in [7] the best range of b actually known
for the solvability of (1), using a non-resonance hypothesis for the associated Mathieu equation.
He proves that whether b € (0,0.16448), then (1) has at least one 27-periodic solution. This last
result has been extended to equations where the singularity may be of weak type (see [6]).

An important result to understand the difficulty of showing the validity of the conjecture
proposed in [1] was proven in [8]. In that paper, it was established an unanimous relation be-
tween the stability intervals for the Mathieu equation and the existence of periodic solutions
for the Yermakov—Pinney equation. Notice that the stability intervals of the Mathieu equation
(Ao, AD), (A5, A1), (A2, Ag), ..., are defined approximately by A = 0, A| =~ 1/6; X;, = 04, A\ =
0.95, ... (see [5, Theorem 2.1] and [2, Figure 1]). This suggests that, in order to obtain a correct
proof of the conjecture by V. Beve, J. L. Palmer and C. Siisskind, one has to take into account
some property of equation (1) which is not verified for the Yermakov-Pinney equation.

Quite unexpectedly with respect to the numerical and analytical results found in literature,
we establish a new range for the existence of 2r—periodic solutions of the Brillouin focusing beam
equation. This is possible thanks to suitable nonresonance conditions acting on the rotation number
of the solutions in the phase plane. Our main result is

Theorem 1. If b € [0.4705,0.59165], then (1) has at least one 2mw-periodic solution.

2 A Non-Resonance Theorem for Singular Perturbations of a Mathieu Equation

The proof of Theorem 1 is based on a non-resonance result which involves nonlinearities with
“atypical” linear growing type, and could have interest by itself.
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Theorem 2. Let us assume that there exist positive constants Ay, By such that

2

1 . (b(1 4 cost) n

— —— = 1 dt 2

o mm{ B, } 7B @
0
2w

1 b(1 + cost) n+1

1 it eos) )

o max{ P dt < N (3)
0

for some natural number n. Then (1) has at least one 27-periodic solution.
A couple of remarks are in order.

Remark 1. With the aim of keeping the exposition at a rather simple level, and taking into
account that our main goal will be to study the existence of 2m-periodic solutions of (1), we will
always consider equation (1) as a starting point. However, the result can be extended, with the
same approach and similar computations, to more general equations like

&+ q(t)r —g(t,x) =0, (4)

where ¢ is continuous and 2m-periodic and positive on almost interval [0,27], and g : [0, 27] X
(0, 400) — R has a similar behavior as 1/27, with v > 1, being allowed to grow at most sublinearly
at infinity. Of course, in this case ¢(t) will replace b(1 + cost).

Remark 2. Conditions (2) and (3) were introduced by Fabry in [3] for the equation

z+ g(tv .%') =0,
with
t t
p(t) < liminf gt z) < lim supM < q(t),
|| —=+o0 X || —+oo T
asking that
1 27 L 2m
o f min{p(t), 'S} dt o f max{q(t), 5} dt
/A < sup 0 , inf 0 < VAjt1,
T 0 Ve £>0 VE VAin

where ); is the j-th eigenvalue of the considered 27-periodic problem. Such conditions are usually
coupled with the sign assumption liminf},_ . sgnz f (t,z) > 0, which, however, in our model, is
not satisfied.

As it is easy to see, (2) and (3) are the counterpart of such conditions for the Dirichlet spectrum
(which is the natural one to consider when dealing with problems with a singularity).

3 Application

In order to prove Theorem 1 it will be convenient, for any n € N, to define the absolutely continuous
functions F,, G, : (0,4+00) x (0,+00) — R by

2
1 . (b(1+cost) n
Fn(b,ﬂ?) = %/mln{ﬁ7\/§}dt_ 5,
0

27
Gn(b,z) = ;ﬂ/ma}c{b(l—kcowjﬁ}dt
0

_n+1
5

NG
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Both functions are non-decreasing with respect to the variable b. Moreover, if there exists n € N

such that ir>1% Gn(b,x) < 0 and sup F,(b,z) > 0, then Theorem 2 implies that (1) has at least one
& x>0
periodic solution. Therefore, we have the following proposition.

Proposition 1. Assume that there exists n € N such that
be (inf {b >0: sup F(b,x) > 0},sup {b >0: ig%Gn(b,x) < 0}) (5)
x>0 m
Then (1) has at least one 2w-periodic solution.

Let us first observe that, in view of the continuity and the monotonicity of the functions F,,, G,
in the variable b, there exist b and b} such that

{b >0: sup Fy(b,z) > 0} = (by, +o0) and {b >0: inf Gp(b,z) < O} = (0,b7).
>0 >0

The point is to prove that these two intervals contain common points, i.e., by < by. We will show
this in the case when n = 0 and n = 1, and the estimates performed in this last case will allow to
achieve the new result consisting in Theorem 1.

Remark 3. To see the details of the proofs, this results are published in [4].
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Let I = [a, b] be a finite interval and let 0 < 71 < 73, 0 < 01 < 02 be given numbers; suppose that
O C R™ is an open set and E is a set of n-dimensional functions f(t, z,y, z) satisfying the following
conditions: for almost all ¢ € I the function f(¢, -) : O3 — R" is continuously differentiable; for
any fixed (z,y, 2) € O3 the functions f(t,z,y,2), f(+), fy(+), f-(+) are measurable on I; for each
f € E and compact set K C O there exists a function m¢ g (t) € L(I,[0,00)) such that

‘f(taxay7 Z)| + |fx(t,33,y,z)| + |fy(t>$7yaz)| + |fz(t7xaya Z)’ < mﬁK(t)

for all (x,y,2) € K? and for almost all ¢ € I. Further, let ® be the set of continuous functions
¢ : I — O, where I} = [7,b], T = a — max{m, 02}.

To each element pu = (to,7,0,¢,f) € A = [a,b) x [11,72] X [01,02] x & X E we assign the
functional differential equation

i(t) = f(t,z(t),z(t —7),2(t — 0)), tE [to, t1] (1)

with the continuous initial condition
x(t) = p(t), t€ [T, to]. (2)

Definition. Let w = (to,7,0,¢, f) € A. A function z(t) = z(t;u) € O, t € [T, t1], to < t1 < b,
is called the solution of equation (1) with the initial condition (2) or the solution corresponding
to the element p and defined on the interval [7,¢;], if x(t) satisfies condition (2) and is absolutely
continuous on the interval [to, t1] and satisfies equation (1) almost everywhere on [tg, t1].

Let us introduce the set of variations

V =36u = (6tg,07,80,00,0f) : |0to] < a, 67| < «, |b0| <
{ o
k k
Sp =3 Ndi 6f =3 Nidfi, Il < z:ﬁ}
i=1 i=1

where 0p; € ® — o 6f; € E— fo, i = 1,k, g € ®, fy € E are fixed functions, a > 0 is a fixed
number. Let xo(t) be the solution corresponding to the element oy = (too, 70, 00, v0, fo) € A with
too € (a,b), 70 € (T1,72),00 € (01,02) and defined on the interval [7,¢10], %10 € (t00,b). There exist
numbers §; > 0 and € > 0 such that for arbitrary (e,dpu) € [0,e1] X V we have py + edp € V
and to the element py + edp there corresponds the solution z(t; uo + €dp) defined on the interval
[T,ti0+ 1] C I1.

Due to the uniqueness, the solution x(t; ip) is a continuation of the solution () on the interval
[7,t10 + d1]. Let us define the increment of the solution xo(t) := x(t; o) :

dx(t;edp) = x(t; po + eop) — xo(t), V(t,e,0p) € [T,t10 + 01] X [0,&1] x V.
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Theorem 1. Let the function @o(t), t € I1, be absolutely continuous and let the functions o(t)
and fo(t,x,y,2), (t,z,y,2) € I x O3 be bounded. Moreover, there exist the finite limits

90(; = lim SOO(t)a 'wli—>nulzo fO(w) = f()_v w = (tvxvya Z) € (a7t00] X 037

t—too—

where wo = (too, po(too), voltoo — 70), poltoo — 00)). Then there exist numbers o € (0,e1) and
d2 € (0,61) such that
dx(t;eop) = edx(t; o) + o(t; edp) (3)

for arbitrary (t,e,dp) € [too, t10 + d2] X [0,e2] X V=, where V= = {ou € V : §tg < 0} and
ox(t;0p) = Y (too; ) (g — fo )oto + B(t; o),

too
B(t;6p) =Y (too; t)dw(too) + / Y (s + 705 t) foy[s + T0]dp(s) ds+
too—To
too t
+ / Y (s + 00;t) foz[s + o0lop(s) ds — [ Y (s5t) foy[s]Eo(s) ds|dT—
too—oo too

- [/tY(s;t)fOZ[s]gbo(s) ds] 5a+/tY(s;t)(5f[s] ds.

Here Y (s;t) is the n X n-matriz function satisfying the equation

Yi(s;t) = =Y (s:t) fou[s] — Y (s + 105 t) foy[s + 0] = Y (s + 00;t) foz[s + o0], s € [too, 1]

H =t
» 5T where H is the identity matriz,© is the zero matriz;

and the condition Y (s;t) = {@ o
Y S I

foylt] = foy (t, z0(t), zo(t — T0),z0(t — 7)), Of[t] = 6F (¢, zo(t), zo(t — 7o), zo(t — 0)).
The Theorem 1 is proved by the scheme described in [1].
Theorem 2. Let the function po(t), t € I, be absolutely continuous and let the functions ¢o(t)
and fo(t,z,y,2),(t,z,y,2) € I x O3 be bounded. Moreover, there exist the finite limits

¢ = lim ¢o(t), lim fo(w) = f, w € [too,t10] x O°.
t—too+ w—wo

Then for each ty € (too,t10) there exist numbers 3 € (0,e1) and dy € (0,61) such that for any
(t,e,0p) € [to,t10 + 52lL>< [0,e2] x VT, where VT = {6 € V : §tg > 0}, formula (3) holds, where
dx(t;0p) =Y (too; t) (g5 — fo")oto + B(t; op).

Theorem 3. Let the assumptions of Theorems 1 and 2 be fulfilled. Moreover, pq — fy = apg —
o= ]/‘B. Then for each ty € (too,t10) there exist numbers eo € (0,e1) and d2 € (0,81) such that for
any (t,e,811) € [to, tio+062) X [0, £2] x V, formula (3) holds, where dx(t;811) = Y (too: t) fodto+B(t; op).

All assumptions of Theorem 3 are satisfied if the function fy(t, z,y, z) is continuous and bounded,
and the function ¢g(t) is continuously differentiable. It is clear that in this case

fo = @o(too) — fo(too, Po(too)s voltoo — 7o), po(too — o))

References
[1] T. Tadumadze, Variation formulas of solution for a delay differential equation taking into

account delay perturbation and the continuous initial condition. Georgian Math. J. 18 (2011),
No. 2, 345-364.

52



Lipschitz Property of the Lower Sigma-Exponent
of Linear Differential System

N. A. Izobov

Department of Differential Equations, Institute of Mathematics,
National Academy of Sciences of Belarus, Minsk, Belarus
E-mail: izobov@im.bas-net.by.

Consider the linear differential systems
t=A(t)r, zeR", t>0, (1a4)

with bounded piecewise continuous coefficients on the half-line [0, +00), with the Cauchy matrix
Xa(t,7) and with characteristic exponents Aj(A) < -+ < A\, (A).

Let A[Q] denote Lyapunov exponent of piecewice continuous nth-order matrix Q(t). For the
higher sigma-exponent [1; see also 2; 3, p. 225]

Vo(A)= sup M(A+Q), o>0, (2)
AQI<~0o

of the linear system (14) the algorithm for its computation on the basis of the sequence {{x(0)}
was suggested in the above-mentioned papers:

Vo(4) = Tm 5’“;") , 0> 0. (31)

The elements of this sequence are defined recursively on the basis of the Cauchy matrix X 4(¢, 1)
of the system (14):

6(0) = max { In[| Xaq(k, )| + &(0) - oi}, (o) = 0. (3:)

The higher sigma-exponent V,(A) as a function of the parameter o > 0 is bounded [4, p. 31] non-
increasing on the half-line [0, +00) and identically equal to [5] the highest characteristic exponent
An(A) of the system (14) on the interval (o, +00), where o9 = 0¢(A) > 0 is the Grobman irreg-
ularity coefficient of the system (14). It was shown in [1] that the higher sigma-exponent V,(A)
is continuous function in parameter o and, moreover, it has the Lipschits property with Lipschitz
constant L(e) > 0 in any interval [e,4+00), € > 0.

The analysis of properties of the higher sigma-exponent V,(A) as a function of the parameter
o > 0in [6, 7] led to the following its main property—concavity. Finally it was proved [8] on the
basis of the algorithm (3;)-(32) that the properties 1) boundedness; 2) concavity; 3) coincidence
with a constant for o exceeding some oy > 0 completely determine V,(A). In particular, for any
function f : (0,400) — R! with the properties 1)-3) it was proved the existence of the linear
system such that its higher sigma-exponent coincides with this function f(o) for all o > 0.

As applications of the higher sigma-exponent we will indicate its use in the investigation of
the exponential stability of the linear perturbed systems (144¢) with exponentially decreasing
perturbations () and nonlinear systems with a linear approximation (14) and perturbations of the
higher order of smallness.

The lower sigma-exponent [9,10]

Ay (A) = Mé]ngf_a MA+Q), 0>0, (4)

is defined by the lowest characteristic exponents A\;(A+ Q) of the perturbed linear systems (141¢).
It is used in the investigation of both the instability of the zero solution (A,(A) > 0) and in any case
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the one-dimensional conditional stabilization (A, (A) < 0) of the linear differential system (144¢)
with the exponentially decreasing perturbation ). It is also possible to use it in the investigation
of the analogous properties of the zero solution of nonlinear differential systems with perturbations
of the higher order of smallness in a neighborhood of the origin of coordinates.

For the lower sigma-exponent it is absent any algorithm for its computation on the basis of the
Cauchy matrix X 4(t,7) of linear system or of its solutions. At the same time such algorithm has
been constructed [9; 3, p. 52| for its limit value Ag(A) = A(A) of this exponent when o — 0.
From definition (4) of the lower sigma-exponent A,(A) of the system (14) as a function of the
parameter 0 > 0 we have the following its properties: 1) boundedness on the half-line (0, +00)
by virtue of boundedness of the matrix A(t) + Q(t) of coefficients of the perturbed linear system
(1a4q) (see [4, p. 31]); 2) nondecreasing on this half-line by virtue of the restriction of the range
of matrix Q when o increases, o > 0, 3) identical coincidence of the exponent A,(A) with the
lowest characteristic exponent A;(A) of the initial system (14) for all o > 0o(A) on the basis of the
property of the Grobman irregularity coefficient o¢(A). However, even such fundamental property
of continuity or, on the contrary, discontinuity of the lower sigma-exponent A,(A) as a function of
o € (0,+00) is not established in general case. Hence the problem [10] about complete description
of the properties of this exponent is unsolved.

In our opinion, the sufficiently significant advance in the investigation of properties of the
lower sigma-exponent is the proof of the existense of Lipschitz in o € (0,4+00) exponents A, (A)
which has been obtained in [11]. It is self-evident that they have the mentioned above necessary
properties 1)-3). At first for this purpose we construct piecewise linear lower sigma-exponents and
the corresponding linear differential systems.

Lemma ([11]). For any function

A() + (Al — Ao) i fOT‘ o c (0,00],
p(o) = a0
Ay for o € (09, +0),
with arbitrary parameters
Al — Ao > 00 > 0,

there exists a two-dimensional system (14) with bounded piecewise constant on the half-line [0, +00)
coefficients and with lower sigma-exponent Ay(A) = (o), o € (0,+00).

With the help of this lemma and stages of its proof we establish the validity of the necessary
assertion.

Theorem 1 ([11]). For any nondecreasing function f : (0,400) — [co,dp] C (—o0 + 00) that
coincides with a constant dy on some interval (0o, +00) and satisfies the Lipschitz condition

ng(dz)—f(Ul)<L(02—01), O<01<02<+OO,

with a finite Lipschitz constant L > 1, there exists a linear system (14) with bounded piecewise
constant coefficients such that its lower sigma-exponent A,(A) coincides with the function f(o) for
all o > 0.

In connection with the assertion of this theorem the following question is interesting: will the
lower sigma-exponent A,(A) be Lipschitz function in the whole range of definition (0, 4+00)? The
negative answer to it is given by

Theorem 2. For any nondecreasing bounded on the half-line [0, +00) function f(o) coincident
with a constant dy on some interval (o9, +00), o9 > 0, and satisfying on any interval e, +00) C
(0,400) the Lipschitz condition with Lipschitz constant L(e) < +oo, € > 0, there exists a linear

system (14) with bounded piecewise continuous coefficients and the lower sigma-exponent Ay (A) =

f(o), o >0.
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Remark. Evidently there is a function f(o) satisfying all the conditions of Theorem 2 and not
satisfying the Lipschitz condition with finite Lipschitz constant on the whole interval.

We note that at the investigation of lower sigma-exponents the following problems remains
unsolved.

Problem 1. To determine whether the sufficient properties of the lower sigma-exponent ob-
tained in Theorem 2 are also necessery.

Problem 2. To construct some algorithm of the calculation of the lower sigma-exponent of the
system (14) on the basis of its Cauchy matriz or of its solutions.
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We consider linear systems of the form
t=A(t)z, xeR", tel=][0,+00), (1)

with piecewise continuous bounded coefficients (||A(t)|| < a for t € I). Along with original systems
(1) we will consider the perturbed systems

y=(At)+Q))y, yeR", tel, (2)
with piecewise continuous perturbations @) defined on I and satisfying either the condition
QM) < Cqe™, ¢ >0, tel, (3)
or more general condition
1Q(t)|| < CHe=™ ¢ >0, Ye>0, tel, (4)

which is equivalent to the inequality A[Q] = t@ 1 In||Q(t)| < —o < 0.

If c =01in (3), (4), then we additionally suppose that Q(t) — 0 as t — +oc.
Following Yu. S. Bogdanov [1] we say that systems (1) and (2) are asymptotically equivalent
(Lyapunov’s equivalent, reducible) if there exists a Lyapunov transformation

= L(t)y, max{sup L)), sup L@, sup L))} < +oo,
tel tel tel

reducing one of them to the other.
The sets Ny.(a,0), Ny(a,0), a >0, 0 > 0, are said to be the irreducibility sets if they consist of
all systems (1) with the following properties [2]:

(1) the norm of the coefficient matrix A is less than or equal to a on I;

(2) for each system (1) there exists a system (2) with the matrix @ satisfying either the condition
(3) or the more general condition (4), respectively, which cannot be reduced to system (1).

+oo
If @ satisfies (3) or (4) with o > 2a, then || [ Q(u)du|| < Ce™'" for some C' > 0 and 01 > 2a,
t

so [3] systems (1) and (2) are asymptotically equivalent, and, therefore, the sets N,(a,0), Ny(a, o)
are empty for all o > 2a.

From the properties of perturbation matrix @ it follows that N,(a,0)
and these sets are nonempty and related by the inclusion N,(a,0) C
Moreover [4], N,(a,0) # Ny(a,0) for o € (0, 2a.

= N,(a,0) for all a > 0,
Ny(a,0) for o € (0,2al.

56



It is obvious that N,(a,02) € Ny(a,01), Ny(a,02) € Ny(a,01) for 0 < 01 < 02 < 2a, and [4]
these irreducibility sets strictly decrease with the increasing parameter o, i.e.

Ny(a,02) C Ny(a,01), Ny(a,02) C Ny(a,01) V0 <01 < o2 < 2a.

We introduced [2, 5] the reducibility coefficient (the reducibility exponent) of the linear system
(1) as the greatest lower bound of the set of all values of the parameter o > 0 for which the perturbed
system (2) with an arbitrary perturbation @) satisfying condition (3) (respectively, condition (4))
can be reduced to the original system (1). The properties of these reducibility coefficients and
exponents allows us to investigate certain properties of the irreducibility sets as the functions of
the parameters a and o. The following statements are hold.

Theorem 1. For all ag > 0, o € (0,2ap) we have

Lim N,(a,0) # N,(ag,0), Lim N,(a,0) = N,(ag,0),

a—ag—0 a—ag+0
alf(lzgio N,(a,0) # Ny(ag,0), agzlzl(}}ro Ny(a,0) = Ny(ag,0).

Theorem 2. For all a > 0, og € (0,2a] we have

Lim ONT(a, o) # Ny(a,00), Lim N,(a,0)# N,(a,00).

o—00— o—op+0
Theorem 3. For all a > 0, o € (0, 2a] we have

Lim N,(a,0) = Ny(a,00), Lim Nj(a,0)# N,(a,o0).

oc—00—0 oc—0op+0
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Many applied problems leads to the following nonlinear system

p
or =X () v
%zfa(Va,;Z)’ a=1,...,p, (2)

where f, are given functions. If p = 2 and

fa (Va, ngC) =—Vo+ ga (Va gz;), 0 <9 < 9galéa) <Go, a=1,2, (3)

where g, are given sufficiently smooth functions and vy, Gy are constants, the system (1)—(3)
describes the vein formation in meristematic tissues of young leaves [1]. Investigations for one-
dimensional analog of model (1)-(3) are carried out in [2]. The large theoretical and practical
importance of the investigation and construction of approximate solutions of the boundary value
problems for systems (1)—(3) is pointed out in the above-mentioned works [1, 2]. In the direction
of biological modeling it is necessary to note work [3], where many mathematical models of similar
diffusion processes are also presented and discussed.

There are some effective algorithms for solving the multi-dimensional problems (see, for example,
[4] and references therein). These algorithms mainly belong to the methods of splitting-up or sum
approximation according to their approximate properties. Some schemes of the variable directions
are constructed and studied in [5] and in a number of other works by this author too. Some
questions of construction and investigation of the discrete analogs for systems of the type (1)—(3)
are discussed in [6-9] and in a number of other works as well.

Let us consider the following two-dimensional initial-boundary value problem:

ou 6( 8U) 8( 8U)’

Dt 9z \ ' oxy) " Oxg \ % Oxg
Vo oUu B
ﬁ——Va-f-ga(Va%), Oé—].,2, (5)
U(x,0) = Up(z), Val(x,0)="Vuo(x), 1€Q, a=1,2, (6)
U(z,t) =0, (x,t) € 0Q x[0,T]. (7)

Here z = (z1,22), 2 = (0,1) x (0,1), 09 is the boundary of the domain €, 7" is some fixed positive
number, Uy, Va0, go are given sufficiently smooth functions, such that

Vao(x) > 50, xTr e ﬁ, (8)
Y < ga(éa) < Go,  |g0(&)| < G1, & €R, a=1,2, (9)

where dg, Y9, Go, G1 are some positive constants.
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Suppose that all necessary consistence conditions are satisfied and there exists a sufficiently
smooth solution of the problem (4) - (7). It should be noted that the uniqueness of a solution of
the problem (4)—(7) is studied in [6].

Under the conditions (8), (9) from (5), (6) in Q = Q x [0, T] we have

8o < Va(z,t) < Ag, a=1,2, (10)
where Ay is a positive constant. Using (5), (9), (10) we get the estimates
MV

ot

Here and below C is a positive constant.
Introduce on @ the grids Wy, = Wy X Wr, Wahr = Wah X W, @ = 1,2, where

<C, (n,t)eqQ, a=1,2.

Ty = {xil,-Q = (irh1,izha), ig = 0,..., Mg, Mghg =1, B = 1,2},
Tip = {acim = ((i1 — 1/2)hy,isha), i1 = 1,..., My, i =0, ... ,M2},
Dop, = {mim = (i1hy, iz — 1/2)hs), i1 = 0,..., M, in=1,... ,MQ},
wp=QNWx, Yh=wp\wh, wp=wpUy, wr= {tj:jT, j=0,...,N, NT:T}.

Here h,, is the space step in direction z, and 7 is the time step on [0, 7.
Define the following inner products and the norms for the discrete functions y and z given on &y,

My—1 Ms—1 My Mo—1
(y,Z) = Z Z yil’izzhizhthu (ya Z]l - Z Z yilizzi1i2h1h27
i1=1 12=1 11=1 i2=1
Mi—1 Ms
1/2 1/2
s = D Y wnazwehihs, lyll = @)% ol = @l Iyl = (v,
i1=1 ia=1

The inner products and the norms on @, are defined in a similar way.

Using known notations let us correspond to the problem (4)—(7) the difference scheme of the
type of variable directions:

uye = (0117, )ay + (V2U23y)zys U2t = (V117 )ay + (Volz, )as) (11)

Vat = —Va + Ja(Valaz, ) (12)

U (z,0) = Up(z), x €wp, val(z,0) = Vaolz), = € Wan, (13)

ug(z,t) =0, (x,t) €y Xwy, a=1,2. (14)

In (11), (12) the discrete functions uj, ug are defined on @y, and v, on Wypr.

Theorem 1. If the differential problem (4)—(7) has the sufficiently smooth solution U, Vi, Va,
then there exist 7o > 0 such that for all T < 1y the scheme (11)—(14) is absolutely stable with respect
to initial data and the following estimates hold

2 2
iz, [T + |luoz,]|3 < SCT{H(VloUOﬁ)le + |00z, )13 + ||(VaoUozs)as ||~ + ||U0§2]|%}7
0<C§Ua(.%‘,t) <C, (l‘,t) € Wahr, @ =1,2.

Theorem 2. If the differential problem (4)—(7) has the sufficiently smooth solution U, Vi, Vs,
then the solution of the scheme (11)—(14) converges to the exact solution of problem (4)—(7) as
7 — 0, hy — 0, hg — 0, and the following inequality holds

217011 + llz2m) |2 + |s1]l1 + [|s2]l2 < C(7 + hT + h3).
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Here 2o = uq — U, sq = vq — Vi, @ = 1,2. The statements analogous to Theorems 1 and 2 are

true for multi-dimensional (1)—(3) case as well.

On each segment Ay = [k7,(k+ 1)7], k =1,2,..., N for the system (1)—(3) with (6), (7) type

initial-boundary conditions let us consider the following averaged model of sum approximation:

ouk 0 [, Ouf ok i L Ouk

i 1 — A 3 , 1 — _qh Z A (4 , 15
o 8%’2-(28301-) ot o+ 0i(v] 81‘) (15)
uic =0 uf =1 0, u?(a:,O) = UU(‘T)? U?(‘Tvo) = V@()(.%'), (16)
uf(m,tk) = uk_l(x,tk), Uf(m,tk) = Uf_l(a:, t), (17)

p p
uF(a,t) = mauf (@), >0, > mi=1 (18)

i=1 i=1

Theorem 3. If the differential problem has the sufficiently smooth solution, then the solution

of the averaged model (15)—(18) converges to the exact solution as T — 0 and the following estimate

holds

@) = U@+ [k 0) - vitw)|| = 0.
=1

Numerous numerical computations are carried out for two-dimensional biological problem (4)—

(7) using (11)—(14) and (15)—(18) models. Numerical experiments agree with theoretical researches.
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We consider the system of first order nonlinear functional differential equations of the type

{% o H(g1(£) + qu(By(h ()% =0,

(g1(t

/ o 16} (A)

y'(t) + pa(t)z(g2(1))* + q2()y(ha(t))™ = 0,

where «;, 3; are positive constants, p;(t), ¢;(t) are positive continuous functions on [a,c0), a > 0,

and g;(t), h;(t) are positive continuous functions on [a, c0) such that tlim gi(t) = tlim hi(t) = oo,
—00 — 0

i = 1,2. By a positive solution of (A) we mean a vector function (z(t),y(t)) whose components
are positive on an interval of the form [T, 00) and satisfy the system (A) there. A positive solution
(z(t),y(t)) is said to be strongly decreasing if tlirgo x(t) = tlirglo y(t) = 0.

Our aim is to derive nontrivial information about the existence and the asymptotic behavior
of strongly decreasing solutions of (A) by making an analysis of the problem in the framework of
regular variation (in the sense of Karamata). By definition a measurable function f : [a,00) —
(0,00) is called regularly varying of index p € R if

mw:)\p for VA > 0.

li

t—oo f(t)
The totality of regularly varying functions of index p is denoted by RV(p). If in particular p = 0,
then the symbol SV is often used for RV(0), and its members are referred to as slowly varying

functions.
The simplest cases of (A) are the diagonal system

() + pr(O)z(91()) =0, (1) + ga(t)y(ha(t)™ =0, (Ag)
and the cyclic system
2(t) + @Oy ()™ =0, y'(t) + p2(t)x(92(1))** = 0. (Ao)

Some of the main results for these systems follow.

Theorem 1. Suppose that a; <1 and P2 < 1, p1 € RV(\1) and g3 € RV(u2), and

im S gy P20 (1)

t—oo t t—oo

System (Aq) possesses strongly decreasing solutions (x,y) € RV(p) x RV(g) with p <0 and o < 0
if and only if
AM+1<0 and pe+1 <0, (2)

61



in which case p and o are given by

A+ U_,U2+1
p_1*OZ17 _]-*ﬁZ’

3)

and the asymptotic behavior of any such solution (x(t),y(t)) is governed by the unique decay law

0N =7 i)\
2(t) ~ X1 (t) = (—_p ) oyt ~Yi(t) = (7_0 ) = oo, (4)
Theorem 2. Suppose that asf1 < 1, g1 € RV(11) and pa € RV(A2), and
tim 20 _ MO (5)
t—oo ¢ t—oo

System (A.) possesses strongly decreasing solutions (x,y) € RV(p) x RV(c) p < 0 and o < 0 if and
only if

Bi(Aa+1)+pu1+1<0 and Ao+ 1+ as(p +1) <0, (6)
in which case p and o are given by
:/61(>\2+1)+M1+1 U:)\2+1+a2(,u1+1) )
1 —af ’ 1 —af ’

and the asymptotic behavior of any such solution (x(t),y(t)) is governed by the unique decay law

1

xww&wzﬁwxm@yTwa wwnwzﬁwx@@fT;ﬁ,@>

—pP -0 —0 —pP
ast — o0o.

Here the symbol ~ is used to mean the asymptotic equivalence of two positive functions:

g(t)

f(t) ~g(t), t—o00 < tllglom =1
Turning to system (A), it is expected that if (A) can be regarded as a ”small” perturbation of
the diagonal system (Aq) (resp. (A.)), then it may possess strongly decreasing regularly varying
solutions (z(t), y(t)) which behave like (4) (resp. (8)) as ¢ — oo. The correctness of this expectation
is shown by the following results.

Theorem 3. Suppose that a; < 1 and By < 1, that p1 € RV(A\1) and g2 € RV(u2), and that
g1(t) and ho(t) satisfy (1). Suppose moreover that A1 and pa satisfy (2) and define p and o by

(3)- If ,
t)YY1(hq(t))? HX t))*2
o LEN @)™ PO X)) (9)
t=o0 p1(t) X1(g1(£)) ™ t—00 q2(t)Y1(ha(t))>
then system (A) possesses a strongly decreasing regularly varying solution (z(t),y(t)) belonging to
RV(p) x RV(0) and enjoying the asymptotic behavior (4).

Theorem 4. Suppose that as31 < 1, that g1 € RV (1) and pa € RV(A2), and that g2(t) and
hi(t) satisfy (5). Suppose moreover that the inequalities (6) hold, and define p and o by (7). If

o LD () w(t)Ya(ha(t)*

O Y 10 () P e (10

then system (A) possesses a strongly decreasing regularly varying solution (z(t),y(t)) belonging to
RV (p) x RV(0) and enjoying the asymptotic behavior (8).
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Remark 1. There are three possible types of strongly decreasing regularly varying solutions
(2(t), y(t)) of (A):

(I) (z,y) € RV(p) x RV(0) with p < 0 and o < 0;
(IT) (x,y) € SV x RV (o) with o <0, or (z,y) € RV(p) x SV with p < 0;
(IIT) (z,y) € SV x SV.

All of the above theorems are concerned with solutions of type (I). It should be noticed that
for system (Aq) with a1 < 1 and 2 < 1 (resp. system (A.) with a8 < 1) one can characterize
the existence of solutions of types (II) and (III) (resp. solutions of type (II)) and determine their
asymptotic behavior at infinity precisely.

Remark 2. We note that in Theorem 3 neither py(t) nor ¢i(t) is assumed to be regularly
varying, and neither gs(¢) nor hj(t) is required to be asymptotic to ¢ as t — oo, and the same is
true of pi(t), g2(t), g1(t) and ha(t) in Theorem 4.

Remark 3. Assume in Theorems 3 and 4 that all p;(t), q¢i(t), gi(t) and h;(t) are regularly
varying: p; € RV(\), ¢ € RV(is), 9i € RV(%i), hi € RV(d;), ¢ = 1,2. Then, in the language of
regular variation, condition (9) is interpreted as

lim t#1+ﬂ1051*(>\1+a1p)L(t) =0, lim t/\2+a2p72*(u2+/320)M(t) =0, (11)

t—o00 t—o0

where L(t) and M (t) are slowly varying functions which can easily be computed from the slowly
varying parts of p;(t) and ¢;(t). It is clear that the inequalities

p1 + prodr < A+ aip, Ao+ aepye < po + B0, (12)

are sufficient for (11) to be satisfied regardless of L(t) and M (t), and hence (12) is often utilized
as a convenient criterion for the existence of strongly decreasing solutions of system (A) which are
regularly varying of negative indices. A similar interpretation of (10) in Theorem 4 can be made
in terms of regular variation.
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In the plane of independent variables z and ¢ in the domain Dy := {(2,t) e R?: 0 <z <[, 0 <
t < T} we consider a mixed problem of finding a solution u(x,t) for the semilinear wave equation
of the type

g — Ugy + g(u) = f(z,t), (z,t) € Dp, (1)

satisfying the following initial
u(z,0) = ¢(x), u(z,0)=¢(x), 0 <z <, (2)
and boundary conditions
uz(0,8) = Flu(0,0)] + 8(t), u(l,t) =v(t), 0<t<T, (3)

where f, ¢, ¥, B, v, g and F are the given and u is an unknown real functions.
Let the conditions of smoothness

fec*Dr), g, FeCYR),
@ C*([0,1]), v eCN0,1)), BeC(0,1]), veC*0,I)

and the agreement

©(0) =0, @()=0, $(0)=0, ¢'(0)=F(0)+pB(0), ¥'(0)=7g(0),

o(l) = 1(0), (1) = (0), v"(0) — (1) + g(0) = £(1,0) ©)

be fulfilled.

Note that the nonlinear boundary condition of the type (3) arises, for example, in describing
the process of longitudinal string oscillations if one of its ends is elastically fixed, when tension on
that end is a nonlinear function of displacement, and also in processes taking place in distributed
self-oscillating systems.

Consider the conditions

G(g;s) == /g(sl)dsl > —Ms® — My, /F(sl)dsl > —Ms Vs eR, (6)
0 0

where M; := const >0, 1 <i < 3.
The following theorem is valid.

Theorem 1. Let the conditions (4)—(6) be fulfilled. Then there exists a unique classical solution
of the problem (1)—(3).

Remark. In the case if at least one of the conditions (6) imposed on the nonlinear functions g
and F' is violated, then relying on the comparison theorem, we can distinguish those data classes of
the problem (1)—(3) for which the problem is globally solvable in one case or has blow up solution
in the other case.
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Before formulating the comparison theorem, we consider nonlinear mixed problems in the fol-
lowing statement:

Ut — Ugg + gi(u) = fi(x,t), (x,t) € Dr,
u(z,0) = pi(x), w(z,0)=1v(z), 0 <z <, (7)
uz(0,t) = Fi[u(0,t)] + 5i(t), wu(l,t) =v(t), 0<t<T,

where the data of the problem satisfy the corresponding smoothness and agreement conditions.

Theorem 2. Let u; and ug be classical solutions of the problem (7) for i = 1 and i = 2,
respectively. Then, if

91(s) <0 or gy(s) <0; gi(s) >
fi(z,t) < folm,t), (
p1(z) < @2(2), ¢i(x) > @o(x), Yi(x) <iolr), 0<z <,
F{(s) <0 or Fj(s) <0; Fi(s) > Fy(s), s€R,
Bi(t) > Ba(t), wni(t) <wa(t), 0<t<T,

8

-
S—
Mm
e

then o
ui(x,t) <wug(x,t), (x,t) € Dp.

Let the functions g, f, ¢, ¥, F', § and v satisfy the conditions
920, g(s)=0,5>0; f=0; 920, ¢ <0,9>0,9#0; =0, v>0,
F' <0, F0)=0, F(s)>-8s% s>0, 6d>0, a>1,
1
5la— Dp(0) + k)™

> T,

where kp 1= ||¢||C([O,l])‘

Theorem 3. Let the conditions (8) be fulfilled. Then the problem (1)—(3) has a unique classical
solution.

Let now the conditions

g<0; f=0, <0,
F(s) < =dls|%s, 0:=const >0, «:=const>0, secR,
1

0) > kol, T*:= <T
#(0) > kal, 5afp(0) — kol]o—T =

be fulfilled, where ko := Juax | (z) + ().
Theorem 4. Let the conditions (9) be fulfilled. Then there is T, € (0,T*| such that in the

domain Dr, there exist a unique solution of the problem (1)—(3) of the class C?*(Dr, \t = T.,) which
blows up, i.e., satisfies the condition

dm (el + e, ) = oo

Note that if the above conditions for the problem data are violated, the local solvability with
respect to ¢ remains valid. In this case it is sufficient to require of the problem data that f € C'(Dr),
9. F € CY(R), p € C2([0,1]), v € C([0,1]), B € C*([0,T]), v € C*([0,T]).
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Let (Q,F, (Ft)t>0,P) be a stochastic basis consisting of a probability space (2, F,P) and an
increasing, right-continuous family (a filtration) (F3)¢>¢ of complete o-subalgebras of . By E we
denote the expectation on this probability space. The scalar stochastic process B is a Brownian
motion on (F)i>o (see e.g. [6]).

Below we always assume that the real number p satisfies the conditions 1 < p < oo.

Consider the following scalar stochastic delay differential equation

dr(t) = (— a(t)(t) — b(O)a(h(t))) di + c(t)a(H (D) dB() (¢ > 0), 1)
equipped with the prehistory condition

z(v) = o(v) (v <0), (2)

where ¢ is a Fp-measurable stochastic process which almost surely (a. s.) has trajectories from L.
The functions a, b, ¢, h, H in (1) are all Lebesgue-measurable, a, b are, in addition, locally integrable,
c is locally square-integrable, h(t) < t, H(t) < t for t € [0,00) a.s., vraisup (¢t — h(t)) < oo,
>0
vraisup (t — H(t)) < oc.
>0

‘The initial condition for the equation (1) is given by
z(0) = xo, (3)

where xq is a Fp-measurable scalar random variable.

Definition. The zero solution of the equation (1) is called exponentially Lyapunov 2p-stable
(with respect to the prehistory data (2) and the initial data (3)) if there exist positive numbers ¢
and [ such that

E|x(t, v, ) < E(E!wo\2p+ vraisup E!w(V)Pp) exp{—pt} (t>0) (4)
14

for any Fp-measurable scalar random variable xp and any Fp-measurable stochastic process ¢,
which a.s. has trajectories belonging to L*°.

In the theorems below we use the universal constants ¢, (1 < p < oo) from the celebrated
Burkholder-Davis—Gandy inequalities to estimate stochastic integrals. From [7] it is e.g. known
that ¢, = 21/12p. However, other sources give other values (see e.g. [6]). All these values are not
optimal for our purposes. For instance, in our theorems we may assume that ¢; = 1, as we estimate
sup E|x(t)|?, and not Esup |z(¢)|?, as in the Burkholder-Davis-Gandy inequalities.

¢ t
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Given a function h(t) (t € [T, o)), we construct the function h7 (t) (¢ € [T, o0)) in the following
way:

~Jh@) if ht) > T,
hi(t) = {T if h(t)<T.

Theorem 1. Assume that there exist numbers ag > 0, v; > 0, i = 1,2, T € [0,00) such that
one of the following conditions holds:

(1) a(t) > ao, [b()] < via(t), (c(t)? < 2ya(t) (¢t > T) as.,

t

) alt) +5(0) > a0, (0| / (ate)l+ b)) s+ [ <c<s>>2ds)0'5] <
4,

KT () RT (t)
<ma(t) +b(t), (c(t)? < 2v2(alt) +b(t) (t>T) a.s.
If, in addition, v1 + cp\/72 < 1, then the solutions of the equation (1) satisfy the estimate (4) for

some 3 > 0.

Theorem 2. Assume that there exists a number T € [0,00) such that the coefficients in (1)
satisfy

a(t) = Ar(t), b(t) = Br(t), c(t) =C\/r(t), r(t) >ro>0 (t€[T,0)) a.s.
Assume also that one of the following conditions holds:

(1) A>0, |B|/A+¢|C|/V2A <1,

T T

(2) A+B>0, lim sup |B\[ / r(s)ds(\A|+|B])+cp< / r(s)d8>0.5|0|}/(A+B)+

—OTL <t
hT (1) RT(T)

+¢,|C|/\/2(A+ B) < 1,

(3) A>0, B>0, lim sup B[ / r(s)ds—i—cp( / r(s>ds>0'5yC|/<A+B)]+

=00 <<y
hT (1) hT (1)

+e,|Cl/V2(A+ B) < 1.

Then the solutions of the equation (1) satisfy the estimate (4) for some (3 > 0.

The proof of the results is based on Azbelev’s W-transform of the equation (1) (see e.g. [1, 2, 5]),
which uses the so-called ’reference equation’ and which in our case is defined as follows:

da(t) = [a(H)a(t) + g1(8)] dt + go(£) dB(2) (¢ > 0),

where g; is an (F;)¢>0-adapted stochastic process with a.s. locally integrable trajectories, g2 is an
(Ft)e>0-adapted stochastic process with a.s. locally square-integrable trajectories, and the other
parameters are defined in (1). This is an ordinary differential equation with stochastic pertur-
bations. The W-method works if the reference equation is exponentially stable and if a certain
integral operator, which combines the equation (1) with the reference equation, is invertible. To
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describe this idea in more detail, we introduce the notation Z(t) = (¢,B(t))’ and unify the equation
(1) with the prehistory condition (2) into a single stochastic functional differential equation

da(t) = [(V)(t) + f(t)] dZ(t) (t >0), (5)
where
(Va)(t) = (Viz) (1), (Vaz)(1)), ( = a(t)z(t) + b(t)(Spz) (1), (Viz)(t) = c(t)(Suz)(t),
f(t) = (fut), fa(t )) ) =b(t)pn(t), fa(t) = c(t)pu(t),

[
(5@@):{0( o w):{o s

Similarly, we can rewrite the reference equation as follows:
dx(t) = [(Q@)(t) +g(t)] dZ(t) (t > 0),
where (Qz)(t) = (az(t),0), g(t) = (g1(t), g2(1)).
It is well-known (see e.g. [5]) that the latter equation admits the integral representation z(t) =

U(t)xz(0) + (Wg)(t) (t > 0), where U(t) is the fundamental matrix of the associated homogeneous
equation, W is the integral operator

t
_ / C(t,5)g(s) dZ(s) (> 0),
0

and the function C(t, s) is defined on G := {(t,s) : t € [0,00), 0 < s < t}.
Assume that U and W satisfy the following conditions:

R1. |U(t)| <@ wherec € R;.

R2. |C(t,s)| < exp{—a(t — s)} for some a > 0, ¢ > 0.

The integral representation gives then rise to the W-transform, which is applied to the equation
(5) in the following manner:

dz(t) = [(Qz)(t) + (V = Q)a)(t) + f(1)] dZ(t) (t > 0),
or, alternatively,

z(t) = U(t)z(0) + (W(V = Q)x)(t) + (W[)(t) (t=0).
Denoting W (V — Q) = ©, we obtain the operator equation

(I = ©)2)(t) = U(t)x(0) + (Wf)(t) (¢t =0).

Finally, we put
9\ /2P
Maypr=q7: 2 €C, |2y, = <51>1¥E\x(t)] ) < o0 ¢,
t=>

where C' denotes the set of all (F;);>r-adapted stochastic processes with a. s. continuous trajec-
tories.

The main idea of the W-transform approach is to prove invertibility of the operator I — © in
the space Mo, 7, which would imply the exponential 2p-stability of the solutions of the equation
(1). This is summarized in the following lemma:
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Lemma. Let the reference equation satisfy the conditions R1-R2. Assume that the operator
(I—0©): My — Moy 1 has a bounded inverse for some T > 0. Then the solutions of the equation
(1) satisfy the estimate (4) for some (3 > 0.

The proof of the Theorems 1 and 2 consists then in checking the assumptions of the lemma.

Remark. More details about the theory and applications of the W-transform to deterministic
functional differential equations can be found in [1, 2]. The stochastic version of this transform, an
outline of which is presented above, was comprehensively studied in [3]. An alternative yet similar
version of the stochastic W-transform, where the integral substitution is performed in a different
manner, was suggested in [4] on the basis of the deterministic results obtained in [1, 2].
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In [1] V. M. Millionschikov introduced the concept of the Lyapunov exponents of families of
morphisms of metrized vector bundles.

Let (E,p, B) be a vector bundle with fixed Riemann metric, fiber R™ and let the base B be
a complete metric space. Let | - | denote norm in the fibers induced by the Riemann metric of a
bundle. Suppose that for each m € N a morphism (X (m), x(m)) : (E,p, B) — (E,p, B) is defined
such that mappings X (m) are non-degenerate on fibers. In other words, for each m € N continuous
mappings X(m) : F — FE and x(m) : B — B are given such that X(m) op = po x(m) and
the restriction X (m)] pL(b) of mapping X (m) to the fiber p~1(b) is a non-singular linear mapping
(denote this restriction by X (m,b)). Suppose further that there is a function a(-) : B — [0, +00)
such that for each m € N the inequality max{|| X (m, b)]], || X ~1(m, )|} < exp(m-a(b)) holds, where
|| - || is an operator norm. Such a vector bundle is called n-dimensional Millionschikov bundle.

By 9, denote the collection of all n-dimensional Millionschikov bundles, and by 9t,,(B) denote
the collection of all n-dimensional Millionschikov bundles with base B.

Then k-th Lyapunov exponent \g, k = 1,...,n, of family of morphisms of Millionschikov bundle
is defined [1] by:

min max  lim m ' In|X(m,b)¢|,
VeGp_k+1(R™) eV, [€]=1 m—+0o0

where R" is a fiber p~1(b) and G,,_x11(R") is a Grassmannian manifold of (n — k + 1)-dimensional
lineals in R™. It follows from the definition that exponent A\i(-) is a function B — R and A\ (b) >
<o = Ap(b) for all b € B.

Consider the question: what is the precise characterization of Lyapunov exponents of families of
morphisms of Millionschikov bundles as functions on the base of the bundle? V. M. Millionschikov
[1] proved that every function Ag(-): B — R is a function of the second Baire class.

M. I. Rakhimberdiev [2] proved that the number of Baire class in the statement above cannot be
reduced. A. N. Vetokhin [3, 4] proved that the Lyapunov exponents are functions of class (*,Gs) in
spaces M¢, and M. Here MY and M, are the spaces of linear differential systems with piecewise
continuous coefficients bounded on the half-line and with the topology of compact and uniform
convergence, respectively.

A complete answer to the question formulated for the class 91, of all Millionschikov bundles is
given in the article [5]. In this article it is shown that all exponents A\ix(-) : B — R belong to a
class (*,Gy), have upper semi-continuous minorant and satisfy inequalities A1(b) > --- = A, () for
all b € B; and also there is shown sufficiency of this three conditions. The theorem below shows
that a similar result holds for each class 9, (B) for any m € N and a complete metric space B.

Recall that a real function belongs to a class (*, Gy) if the inverse image of any interval [r, +00),
r € Ris a Gs-set. Let m(-) and A(-) be functions B — R, then function m(-) is called minorant
of a function A(-) if A(b) = m(b) for all b € B.

Theorem. Fvery Lyapunov exponent Mg, k = 1,...,n, of a family of morphisms of Million-
schikov bundle is a function of class (*,Gg) having upper semi-continuous minorant and satisfying
A(D) = = Ny (b) for allb e B.

Conversely for every n € N and a complete metric space B there exists an n-dimensional vector

bundle R with the base B and a fiber R™ such that for any set (f1(+),..., fu(+)) of functions B — R
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of a class (*,Gs) having upper semi-continuous minorant and satisfying fi1(b) = -+ = fn(b) for all
b € B, there exists such a family of morphisms of R that R together with this family of morphisms
1s a Millionschikov bundle and set of Lyapunov exponents \i,..., A\ of this bundle coincide with
the set (fi,..., fn) i.€. Ag(b) = fi(b) for allb € B and k € {1,...,n}.
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In the space R™*! of variables © = (z1,...,,) and ¢, in the cylindrical domain Dy = Qx (0,7),
where ) is a Lipschitz domain in R"™, consider a nonlocal problem on finding a solution u(z,t) of
the following equation

LAu:—— Z +)\f (x,t,u) = F(x,t), (z,t) € Dy, (1)

satisfying the homogeneous boundary condition for the side boundary T' := 9 x (0,T") of the
cylinder Dp

ul, =0, (2)
the initial condition
u(z,0) = p(z), x€Q, (3)
and the nonlocal condition
K u = u(x,0) Zuzut (x,t;) =Y(z), €, (4)

where f, F', ¢ and ¥ are given functions; t; = const, 0 < t; <ty <--- <t; <T; A and p are given
constants and n > 2, [ > 1.

Definition. Let f € C(D7 x R), F € Ly(D7), ¢ € I/IO/%(Q), Y € La(2). We call function u
a strong generalized solution of the problem (1)—(4) of the class W3, if u € I/IO/%(DT,F) ={w €
W3(Dr) : w|r = 0} and there exists a sequence of functions u,, € 8’2(5@ ) :={we C*Dr):
w|r = 0} such that w,, — wu in the space I/%/%(DT, I'), Lyuy, — F in the space Lao(Dr), Um|i=0 — ¢
in the space I/(I)/%(Q), and K, um: — 1 in the space La(€2).

It is obvious that a classical solution of the problem (1)—(4) of the space C%(D7) represents a
strong generalized solution of this problem of the class W3 .
Let

g(z, t,u) = /f(:n,t, s)ds, (z,t,u) € Dy x R. (5)

Consider the following conditions imposed on functions f = f(x,t,u) and g = g(z,t,u) from

(1) and (5)

f S C(DT X R ‘f(l' t, u)\ < M + MQ’U‘Q (.%',t, u) S ET X R, (6)
g(.’IJ,t,U) Z_M?n ($,t,U) GDTXR7 (7>
gt € C(ET X R)a gt(x7t7 u) < M47 (.’E,t, U) € bT X R? (8>

where M; = const > 0, 1 <i <4; a = const > 0.

Remark 1. Let us consider some classes of functions f = f(x,t,u) frequently encountered in
applications and which satisfy the conditions (6), (7) and (8):
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1. fla,t,u) = folx,t)B(u), where fo, & fo € C(Dr) and 8 € C(R), |B(u)| < My + Malu|®,

u
M; = const > 0, a = const > 0. In this case g(x,t,u) = fo(z,t) fﬁ )ds and when fy > 0,
0

% fo <0, [B(s)ds > —M, M = const > 0, the conditions (6), (7) and (8) will be fulfilled.
0

2. f(x,t,u) = fo(x,t)|u|*signu, where fo,%fo € O(Dr) and o > 1. In this case g(z,t,u) =

fola, )2 and when fo > 0, & fo < 0, the conditions (6), (7) and (8) will be also fulfilled.

l o
Theorem 1. Let A > 0, Y || < 1, F € La(Dr), ¢ € Wi(Q), o € La(Q); the conditions
i=1
(6), (7), and (8) be fulﬁlled Then, if the exponent of nonlinearity « in the condition (6) satisfies
the inequality oo < ™1, then the problem (1)-(4) has at least one strong generalized solution of the

class W3.

On the function f in the equation (1) let us impose the following additional requirements
£, 1, € C(Dr x R), |fi(x.t,uw)| < a+blul", (v,t,u) € Dp xR, (9)

where a, b,y = const > 0.
It is obvious that from (9) we have the condition (6) for & = v+ 1, and when v < % , we have

a—7—|—1<”+1

l o
Theorem 2. Let A >0, Y |u;| < 1, F € La(D7), o € W (Q), ¥ € La(Q) and the condition
i=1
(9) be fulfilled for v < % , and also hold the conditions (7), (8). Then there exists a positive
number o = \o(F, f, 0,0, u, Dr) such that for 0 < A < Ao the problem (1)—(4) can not have more
than one strong generalized solution of the class W .
l
Remark 2. Note that if condition } |u;| < 1 is violated, as shown by specific examples, even
i=1

in the linear case, i.e. for f = 0, the homogeneous problem corresponding to (1)—(4) may have
finite or even an infinite set of independent solutions.

Remark 3. In the case, when the condition (7) is violated, the problem (1)—(4) may have no
strong generalized solution of the class W4. Indeed, let us consider the following condition imposed
on function f

flz, t,u) < —|ulP, (z,t,u) € Dr x R; p = const > 1. (10)

Theorem 3. Let f € C(Dy xR) satisfy the condition (6), when 0 < o < "t} and the condition
(10); X > 0, function F° € Ly(Dr), FO >0, ||[F°| 1,y # 0 and F = yF°, v = const > 0. Then

there exists the number vo = 0(F°, a, p,A) > 0 such that for v > 7o the problem (1)-(4) does not
have a strong generalized solution of the class W .
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In a finite interval ]a, b[ we consider the nonlinear differential equation

u” = f(t,u) (1)
with the nonlinear nonlocal boundary conditions of one of the following two types:
u(a) = li(u), u(b) = Lfa(u) (2)
and
u(a) =61 (u), u'(b) = Lo(u). (3)

Here, f :]a,b] x]0,4+00[— R4 is a measurable in the first and continuous in the second argument
function, Ry = [0, +o0o[, and ¢; : C([a,b]; R;) — R4 (i = 1,2) are continuous functionals.

Let C([a,b]; R) be a space of continuous functions u : [a,b] — R with the norm

ull = max {|u(t)] : a <t <b};

C([a,b;Ry) = {u € C([a,b;R) : u(t) > 0 for a < t < b}, and let C~’lloc(]a,b[;R) be a space of
continuously differentiable functions u :]a, b[ — R whose first derivative is absolutely continuous on
[a 4 €,b — €] for arbitrarily small € > 0.

A function u € C([a,b]; R) NCL (Ja,b[; R) is said to be a positive solution of the equation (1)
if

u(t) >0 for a<t<b

and
u”(t) = f(t,u(t)) for almost all t €]a,b|.

A positive solution u of the equation (1) is said to be a positive solution of the problem
(1), (2) (of the problem (1), (3)) if it satisfies the equalities (2) (has a finite limit «/(b) = lltiné u'(t)

and satisfies the equalities (3)).

The theorems below on the existence of a positive solution of the problem (1), (2) (of the
problem (1), (3)) deal with the cases where the function f in the domain |a, b] x |0, +oo[ satisfies
the inequality

polt) < —q(a)f(t,z) < pi(t) + p2(t)(1 + ), (4)

and the functionals ¢; (i = 1,2) on the set C([a, b]; R ) satisfy one of the following three conditions:

li(u) <rllull + 7o (1=1,2), (5)
b (u) < rllull +7ro,  La(u) < lullj,t), (6)

and
t(u) + (b= a)la(u) < rljull + ro, (7)

where p; :]a,b]— Ry (i = 0,1,2) are measurable functions, ¢ :]0, +00[— |0, +o0] is a continuous,
nondecreasing function, r and r¢ are nonnegative constants, to € ]a, b[ and

ullfa,t0) = max{u(t) ca<t< to}-
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We are, mainly, interested in the case

lim g(z) =0 and po(t) >0 for t € I,

z—0
where I C [a,b] is a set of positive measure. In this case,

lir%f(t,x) =—o0 for tel,
r—

i.e., the equation (1) is singular with respect to the phase variable.
Let

a(+00) = lim_q(a).

T——+00

The following theorems are valid.
Theorem 1. If along with (4) and (5) the conditions

b
0</(t—a)(b—t)pi(t)dt<+oo (i =0,1), (8)

a

b
rel, /(t —a)(b— Opalt) dt < (1= 1)(b— a)g(+00)

are fulfilled, then the problem (1), (2) has at least one positive solution.
Theorem 2. If along with (4), (6) and (8) the conditions

b
rel, /(t —a)(b— )pa(t) dt < (1= 1)(b — to)g(+00)

are fulfilled, then the problem (1), (2) has at least one positive solution.
Theorem 3. If along with (4) and (7) the conditions

b
0< /(t —a)p;i(t)dt < +o0o (i=0,1),

a
b

r<l, /(t —a)pa2(t)dt < (1 —7r)(b—a)q(+o0)

a
are fulfilled, then the problem (1), (3) has at least one positive solution.
Note that if the conditions of Theorem 1 or 2 (of Theorem 3) are fulfilled, but

b

/pl-(t) dt = +o0 (i =0,1),

a

then the equation (1) has a nonintegrable singularity in the time variable at the points ¢ = a and
t =b (at the point ¢t = a).
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As an example, we consider the differential equation

W = g fk’(t) u/\k fO(t)
=2y )
with the nonlocal boundary conditions of one of the following three types:

b b
u(a) = /hl(U(S)) deo(s), u(b) = /hz(U(S)) dip(s); (10)

ab ato
u(a) Z/hl(U(S))d@(S% u(b) Z/hQ(U(S))dU(S); (11)

ab ab
u(e) = [ ma(u(s)) dots), u/(8) = [ hauls) du(s) (12)

where
0< A\ <1 (i: 1,...,n), to E]a,b[,
fr :]a,b[— Ry (k= 0,1,...,n) are measurable functions, ¢ :]0,+oo[ —]0, +00[ is a continuous,
nondecreasing function, h; : Ry — Ry (i = 1,2) are continuous functions, ¢ : [a,b] — [0,1],
¥ : [a,b] — [0,1] and o : [a, ty] — [0, 1] are nondecreasing functions.
Theorems 1-3 result in the following corollaries.

Corollary 1. If
b b
0</(t—a)(b—t)f0(t)dt<+oo, /(t—a)(b—t)fi(t)dt<—|—oo (i=1,...,n), (13)
lim hi(x)

T——+00 x

<1 (i=1,2),
and
q(—|—00) = 400, (14>
then the problem (9), (10) has at least one positive solution.
Corollary 2. If along with (13) and (14) the conditions
lim i ()

r——+00 x€X

<1, hao(z) <z for x>0

are fulfilled, then the problem (9), (11) has at least one positive solution.

Corollary 3. If
b

b
0</(ta)f0(t)dt<+oo, /(ta)fi(t)dt<+oo (i=1,2),

h h
lim sup (@) + (b —a)limsup ha(@)
xr——+00 x r—400 X

and the condition (14) is fulfilled, then the problem (9), (12) has at least one positive solution.

<1,
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For the hyperbolic partial differential equation

u(mm) = f(xa Y, u) (1)

the Darboux problem

w0 (2,0)=0 for 0<z<a (i=0,...,m—1),
u®" (v(y),y) =0 for 0<y<b (k=0,...,n—1),

and the Cauchy problem
u (z, o)) =0, uOF (2, p@) =0 for 0<z<a (i=0,....m—1; k=0,...,n—1) (3)
are studied. Here m and n are positive integers,

O ru(z, y)

utP(.y) = DaidyF

(t=0,....,m; k=0,...,n),

and 7 : [0,b] — [0,a] and ¢ : [0,a] — [0,0] (i, kK = 1,2) are continuously differentiable functions
such that

7(0) =0, v(y) <a, 7 (y) =20 for 0<y<b,
0(0)=b, ¢'(x) <0 for 0 <z <a.

Problem (1), (2) (problem (1),(3)) is considered in the domain Dy = {(z,y) € R? : ~(y) <
r <a, 0<y<b} (in the domain D = {(x,y) € R?: 0 <z < a, p(z) <y < b}). By Dy and D
we denote the closure of the domains Dg and D.

The existence theorems formulated below concern the case where f is a nonnegative function
defined in the domain Dy x (0,400) (in the domain D X (0, +00)) and satisfies the inequality

p(z,y)2 < f2,y,2) < q(z,y)2 +r(2,y)(1 + 2), (4)

where p, ¢ and r are nonnegative Lebesgue integrable functions in Dgy (in D).

Furthermore, f(-,-,2) : Dy — [0,400) (f(-,,2) : D — [0,400)) is measurable for every
z € (0,+00), and f(z,y, -) : (0,+00) — [0, +00) is continuous almost for every (x,y) € Dy (almost
for every (z,y) € D).

Introduce the functions

Po(z,y) = /y(y - t)”_l( /x (z — 5)™ p(s,t) ds) dt for (x,y) € Dy
0 v(y)

7



and

Yy T
P = [=0m ([ @-omasnds)d for ).
e(z) ¥(t)
where v is the function inverse to .

If
Po(z,y) >0 for (z,y) € Do, ()

then by conditions (4), there exists a set D, C Dy of a positive measure such that

li%lJrf(x,y,z) = +oo for (z,y) € Dj.
Similarly, if
Po(z,y) >0 for (z,y) € D, (6)

then there exists a set D’ C D of a positive measure such that

liI(]gl+ f(x,y,2) = 400 for (z,y) € D'

Consequently equation (1) has singularity with resect to the phase variable. For such case problems
(1),(2) and (1), (3) have not been studied before.

By a solution of problem (1), (2) we understand a continuous function u : Dy — [0, +-0c) which
is positive in the domain Dy and satisfies in that domain the integral equation

) = 1)}@ 5 /x (z — 5™ (/y(y — O f (s, uls, ) ds> dt.
0

7(v)

By a solution of problem (1), (3) we understand a continuous function u : D — [0, +00) which
is positive in the domain D and satisfies in that domain the integral equation

_ 1 / —)nl [ z—8)" (s, t. us s
u(x,y>—(m_1)!(n_1)!(/)<y ) %( ot ) ds ) .
o(x t

Theorem 1. If along with (4) and (5) the condition

// Q(x,y)(PO(x,y))_k%l dz dy < +oo
Do

holds, then problem (1), (2) has at least one solution.
Corollary 1. Let the condition
iz =)y e < fla,y,2) <oz =)y 2 + (e, y) (1 +2)

hold in Dy x (0,400), where l; > 0, la > 0, A > 0, a and  are some constants. Then problem
(1), (2) is solvable if and only if

a>m—-DA—-1, g>n—-1I—-1

Remark. If v(y) = 0, then problem (1), (2) is a characteristic value problem. Thus Theorem 1
and Corollary 1 contain optimal sufficient conditions of solvability of a characteristic value problem.
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Theorem 2. If along with (4) and (6) the condition

// Q(ac,y)(P(nr:,y))_A%1 dx dy < 400
D

holds, then problem (1), (3) has at least one solution.

Corollary 2. Let the condition

iy — @)z < fz,y,2) <la(y — @)z +r(z,y)(1 + 2)

hold in D x (0,+00), where Iy >0, ly > 0, A > 0 and p are some constants. Then problem (1), (3)
is solvable if and only if
pw>(m+n—1)A—1.
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Based on Maxwell’s system [1] the following kind of nonlinear integro-differential model arises
for mathematical modeling of the process of penetrating of magnetic field in the substance [2]

¢
%}t[:—rot [a(/|r0tH\2dT>r0tH]7 (1)
0

where H = (Hi, Hy, H3) is a vector of the magnetic field and function a = a(S) is defined for
S €10, 00).

Note that the system of the integro-differential equations (1) is complex. Equations and systems
of type (1) still yield to the investigation for special cases (see, for example, [2]-[11] and references
therein).

If the magnetic field has the form H = (0,U,V) and U = U(x,t), V = V (z,t), then we have

rot(a(S) rot H) = <0, _a% (a(S)%Z), _% (a(S) g‘;))

and from (1) we obtain the following system of nonlinear integro-differential equations

oU 0 8U}7 v 9 av]7

UL B e ol (G o @)

where
t

S(a,t) = / [(ggf 4 (gﬂ dr. (3)

0

In [6] the asymptotic behavior of solutions as ¢ — oo of initial-boundary value problem for
system (2), (3) with the homogeneous boundary conditions in the norm of the space H'! is given.
Here and below we use usual Sobolev spaces H*(0,1).

In [8] some generalization of the system of type (2), (3) is proposed. In particular, assuming
the temperature of the considered body to be constant throughout the material, i.e., depending on
time, but independent of the space coordinates, the process of penetration of the magnetic field
into the material is modeled by following averaged integro-differential model:

oU o*U ov o2V
EZG(S)W7 EZQ(S)W’ (4)

S(t)jj [(‘?fgj)ﬂ (gf] da dr. (5)
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The existence and uniqueness of solutions of the initial-boundary value problems for the models
of type (2), (3) and (4), (5) are studied in many works (see, for example, [2]-[6], [8] and reference
therein).

Our aim is to study the asymptotic behavior of solutions as ¢ — oo and semi-discrete scheme
for the initial-boundary value problem for system (4), (5) for the case a(S) = (1+S)?, 0 <p < 1.

In the domain [0,1] x [0, 00) for the system (4), (5) we consider the following initial-boundary
value problem

U0,t) =U(1,t) =V(0,t) =V (1,t) =0, t >0,
U( ) (l‘) V(ZL‘,O) = ‘/0(1")7 T e [Oa 1]7

where Uy and Vj are given functions.
The following statement is valid.

Theorem 1. Ifa(S) = (1+S5)?, 0<p <1, Uy, Vo € H3(0,1) N HE(0,1), then for the solution
of problem (4)—(6) the following asymptotic relations hold as t — oo

P <cam(- ). [P <o (- )

(6)

P
) <con( 1), [V con(-1)

Here and below C' denotes a positive constant.

Now let us consider the semi-discrete scheme for (4)—(6) problem. On [0,1] let us introduce a
net with mesh points denoted by z; = ih, ¢ = 0,1,..., M, with h = 1/M. The boundaries are
specified by ¢ = 0 and ¢ = M. The semi-discrete approximation at (z;,t) are designed by u; = u;(t)
and v; = v;(t). The exact solution to the problem at (x;,t) is denoted by U; = U;(t) and V; = V;(¢).
At points i = 1,2,..., M — 1, the integro-differential equation will be replaced by approximation
of the space derivatives by a forward and backward differences.

Let us correspond to problem (4)—(6) the following semi-discrete scheme:

d r
w; 9 p
7 ( +h/z uz k)’ + (vzk) ]dT) Uz, i
du: P M P (7)
% 2
dt_<1+h/z Uz ) ,k)]d7> Vg, is
—1,2,..., M —1,
Uo()—UM()Z’U()—’UM()—Q (8)
ui(0) = Uy, vi(0) =V, i=0,1,..., M. 9)
So, we obtained the Cauchy problem (7)—(9) for nonlinear system of ordinary integro-differential

equations.
It is not difficult to obtain the following estimates:

t t
lu(®)]? + / luglPdr <€, oI + / lval 2 dr < C, (10)
0 0
where
M—1 M
lo@)2 = 3 wlh, sl =3 w2 ()
=1 i=1

The a priori estimates (10) guarantee the global solvability of the problem (7)—(9).
The following statement is true.
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Theorem 2. If a(S) = (1 4+ S)P, 0 < p < 1, and problem (4)—(6) has a sufficiently smooth
solution U(x,t), V(x,t), then the solution of problem (7)-(9) u = u(t) = (uq(t), ua(t), ..., up—1(t)),
v=uv(t) = (vi(t),v2(t),...,vp—1(t)) tends to U =U(t) = (Uy(t),Ua(t),...,Up—1(1)), V=V (t) =
(Vi(t), Va(t),...,Var—1(t)) as h — 0 and the following estimates are true

[u(t) =U@)[ < Ch, o) =V (#)[ < Ch.
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We study the asymptotic for ¢ — +o00 of o-solutions of real system of differential equations:

y1 = o (t) f1(t, y1,92),
{yé — OéQ(t)fQ(t, y17y2), (t7y17y2) € G7 (1)

G ={t € A=Aty = [to,+00) C R; |yl < b, b€ (0,+00) (k =1,2)}, 0 < ap(t) € C(A),
“+00

[ on(t)dt = +oo (k=1,2); 3 lim 22 € [0,+00); fi(ty1,42) € CF22,(G), 3 fu(+00,0,0) = 0,
to —+oo

Elaﬂf"(+ooO())eR(k_1 24,5 € {0,1,2}; (i +7) € {1,2}); 0 # \p(t) € CX (k =1,2) — the

6 z J
real roots of the characteristic equation

d0f1(t,0,0) df1(t,0,0)
AL Py YY)

Iy Yo _0
a2(t) af? (ta 0, 0) Ckg(t) an (t7 0, O) Y ’
ai(t) O ai(t)  Oye

where A1(t) — AY € R, A # 0, Ja(t) = o(1) for t — oo, (252002 4 (\9 _ 91(Eee00))2 5

The case Ag(+o0) # 0 (k = 1,2) was discussed in an article [1] for systems of dimension
n > 1. The results obtained in the article [1] are not applicable for system (1) with predetermined
conditions.

We introduce the following notation.

pz‘j(t)—w (4,5 =1,2);
Fi(£,0,0)paa(t) + ”“h@OOXM@%ﬁm@D
alt) = V1o (t) 1(t) — p11(t))? ,
—f1(£,0,0) (M () - pn( ) + 223 fo(t,0,0)p1a (1)
() = VP%® + On) — (D) '

The functions p;;(t), ¢(t) € CA, pij(+00) = pY;, Gi(+00) = 0 (i,j = 1,2) in view of the
conditions of system (1).
We formulate some theorems.

Theorem 1. Let the system (1) meet the additional conditions:

—+00

(1) #&2@) £11 eR fOT“ t — 400, f 041 )\2( )d o0,
to
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(3) Ipaa ()] + [AL(E) = p1y (B)] = o(ar(t)Aa(t)) for t — +o00.

Then in A(t1) C A the system (1) for t — 400 exists at least one o-solution yj € ClA(tl)
(k=1,2) of the form:

Theorem 2. Let the system (1) meet the additional conditions:

(1) 3/2(;%() — 031 € R fort — +o0, f aq(t)Aa(t)dt = oo
to

(2) @1(t) = o(A2(2)), ;1\227((2) — log € R fort — +o0;

(3) [P (D] + X1 (1) = Phi(B)] = olar(t)ra(t)) for t — +oo.

Then in A(t1) C A the system (1) for t — oo exists at least one o-solution yi € ClA(tl)
(k=1,2) of the form:
yi(t) ~ Aa(t),  y2(t) ~ Aa(t). (3)

Theorem 3. Let the system (1) meet the additional conditions:

(1) ai(t)Aa(t) — €31 € R, l31 # 0 for t — +oo;

(2) £ = ol@(®), a1(t)ar(t) = 0(1), a}(t) = olaz(t)) for t — +o0;

(3) a1((lg)(¢2(t) — l39 € R, b3y # )\(1), (g\z(é)))/ = o(g\i

(4) [Pha(D)] + [M(2) — Py ()] = o(1) for t — +oo.

Then in A(t1) C A the system (1) for t — 400 exists at least one o-solution yj € ClA(tl)
(k=1,2) of the form:

((?)) fort — +o0;

O a, w23, (@)

Theorem 4. Let the system (1) meet the additional conditions:

(1) ar(DAa(t) = Loy € R, La1 # 0, Aa(t) = o(ar (1)), “HIEL — fag € R for t — +oc;

(2) Mo(t) = 0(Ma(t)), s — Lag € R, Lz # A for t — +00;

(3) Ipaa ()] + [XL(E) — p1i(8)] = o(1)for t — +o00.

Then in A(t1) C A the system (1) for t — 400 exists at least one o-solution yj € ClA(tl)
(k=1,2) of the form:
yi(t) ~qu(t),  y2(t) ~ Aa(t). (5)

Theorem 5. Let the system (1) meet the additional conditions:

(1) 28 = o(1 (1)), G} (t) = o(2L8) for t — +oo;

“fir fy (i # j) means that 3 lim {1 # 0, +o0.
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" (t A
@) atham — G € R o # X (G20 admm) — G2 € R 2 0 for t — +oo;

(3) [Pha(D) + [M(E) — pra(B)] = o(au(t)) for t — +o00.
)

Then in A(t1) C A the system (1
(k=1,2) of the form (4).

for t — 400 exists at least one o-solution yp € ClA(tl)

Theorem 6. Let the system (1) meet the additional conditions:

(1) Xa(t) = o(ar(1)), 4} () = 0(Aa(1)), $2(5 — lor € R for t — +oo;

a1(Ha ) @
(3) IPha (O] + (A1) = Pha (D) = o(en ()
)

Then in A(t1) C A the system (1) for t — 400 exists at least one o-solution yi € ClA(tl)
(k=1,2) of the form (5).

(2) 5l =l € R, ln # N, 5ol — Loz € R, Log # 0 for t — +00;
)

for t — +oo0.

The constants ¢;; € R (i = 1,6, j € {1,2,3}) take part in finding the exact asymptotic of
o-solutions.
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On the Properties of Regular Linear Differential Systems
with Unbounded Coefficients
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Consider the linear differential system
t=Alt)z, zeR" t>0, (1)

where n > 2, with the piecewise continuous coefficient matrix. We denote the class of all such
systems (1) by Mz, and by MY we denote its subclass, consisting of the systems, any nonzero
solution of which has a finite Lyapunov exponent. Also we denote by M, a subclass of M},
consisting of the systems with bounded on time semiaxis coefficient matrix. We will identify
system (1) with its coefficient matrix and write thereby A € M. Lyapunov exponents of the
system A € MY are denoted by A;(4) < --- < A\, (A).

The class of the regular differential systems is defined by A. M. Lyapunov [1]. Let us formulate
this definition as well as classical criteria of regularity, since we will need it in order to formulate
Theorem 1. The system A € M,, is called regular if and only if any of the following conditions

holds:

t
(i) the equality A\j(A) + -+ A (4) = lim ¢! [SpA(r)dr is valid;
t—-+o0 0

(ii) the Lyapunov exponents Aj(A) < --- < A\, (A) of the system A are symmetrical with respect
to zero to the Lyapunov exponents A\j(—AT) < --- < \,(—AT) of the conjugate system, i.e.,
the equality A\;(A) = —Ap_ps1(—AT) holds for every k =1,...,n;

(iii) there exists a generalized Lyapunov transformation reducing the system A to the diagonal
system with constant coefficients;

(iv) for every normal basis {z1(-),...,zn(-)} of the solutions to the system A their Lyapunov
exponents are exact (i.e., for every k € {1,...,n} there exists tlim t~ln||zx(t)]]), and for
—00

every k = 1,...,n — 1 an angle v (t) = Z(xx(t),span{xgi1(t),...,zn(t)}), t = 0, has the
exact and zero Lyapunov exponent (i.e., tligrn tHny,(t) =0, k€ {1,...,n—1});
—T 00

(v) there exists such fundamental system {z1(-),...,x,()} of the solutions to the system A,
the Lyapunov exponents of which are exact, and the angle Z(x(t), span{xg+1(t),...,zn(t)}),
t > 0, has the exact and zero Lyapunov exponent for every k =1,...,n — 1.

The condition (i) represents the definition of the regular system [1] given by A. M. Lyapunov,
and the conditions (ii) and (iii) are Perron [2] and Basov-Bogdanov—Grobman [3-5] criteria of
regularity, respectively. The conditions (iv) and (v) give two different forms of Vinograd criterion
[6] of regularity of a system.

We denote by R,, the class of the regular according to Lyapunov linear differential n-dimensional
systems. In [3] the notion of regularity is extended to systems with unbounded on the semiaxis
coefficients: a system is called regular [3] if it can be transformed to a diagonal system with constant
coefficients by some generalized Lyapunov transformation (let us recall, that linear invertible for
every t > 0 transformation z = L(t)y is called generalized Lyapunov transformation if tggloo L(t) =

tligfn L~Y(t) = 0). We denote by R the class of regular n-dimentional systems (in general, with
— 100

unbounded coefficients). In particular, as it follows from the definition, the inclusion R? ¢ MY
holds.
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The question naturally arises, which properties of the regular systems of R,, inherit systems of
RY. It turns out that for the systems of RY all properties (i)—(v) hold. Moreover, each of these
properties can be taken as the definition of the regular system of class RY.

Theorem 1. The system A belongs to the class RC if and only if any of the conditions (i)—(v)
1s valid for it.

However, Lyapunov criterion of the regularity of the system of R, is well-known: the system is
regular if and only if under some (and hence under any) Lyapunov transformation, reducing system
to a triangular form, diagonal elements of the obtained coefficient matrix have exact integral mean
values (moreover, the set of those mean values, taking into account their multiplicities, coincides
with the set of the Lyapunov exponents of the system).

The above condition is necessary for the regularity of the system of M? as well, as the following
theorem shows.

Theorem 2. For any reduction by generalized Lyapunov transformation (and, in particular,
Lyapunov transformation) of the system A € RO to the triangular form, its diagonal coefficients
have finite exact mean values, the set of which, taking into account their multiplicities, coincides
with the set of the Lyapunov exponents of the system A.

It appears that for the systems from the class RY Lyapunov criterion of regularity, generally
speaking, does not hold (i.e., the above condition is not sufficient — Theorem 2 is irreversible).

Theorem 3. There exists an irregular system, Lyapunov exponents of any nonzero solutions of
which are finite and exact, such that for any its reduction by generalized Lyapunov transformation
(and, in particular, the Lyapunov transformation) to a triangular form, its diagonal coefficients
have finite exact integral mean values, the set of which, taking into account their multiplicities, is
the same for any such transformation.

Nevertheless, as the following Theorem 4 shows, the basic property of the systems of R,, — to
save conditional exponential stability, as well as the dimension of the exponentially stable manifold
and asymptotic indicators of its solutions under perturbations of higher order of smallness — is also
valid for the systems of RY.

We denote by PY a class of continuous vector-valued functions f(-,+):[0,+00) x By — R",
where By is a closed ball in R", centered at the origin (dependent on f; its radius is denoted
by r¢), such that f(¢,0) = 0 for all t > 0 and || f(¢t,21) — f(t,22)|| < F(t)N(r)||z1 — x2| for all
x1,%2 € By and t > 0, where r = max{||z1]|, ||z2[/}, and F(-) and N(-) are continuous (dependent
on f) functions, defined respectively on [0,4o00) and [0,7/], satisfying the following conditions:
Lyapunov exponent of the function F(-) is nonpositive and N(r) = O(r®) as r — +0 for some
e > 0 (dependent on f).

Theorem 4. Let the system (1) belong to R and have ezactly k distinct negative Lyapunov
exponents: N(A) < -+ < Ap(A) < 0 of multiplicities ny, ..., ng, respectively. Then for solutions
of the system

&= A(t)x + f(t,z), (t,z) € [0,400) x By, (2)

where f € Péo), the following properties hold:

(1) there exists a ball B C R™ and a sequence of enclosed manifolds 0 = My C My C --- C My, C
B, such that dim M; = n;, i = 1,...,k, and every solution x(-) to the system (2), beginning
att =0 on M; \ M;_1, is extendable on [0,4+00) and for any § > 0 and for all t > 0 satisfies
the two-sided estimate

Coaexp {(Ai(A) = )tz (0)]| < [lz(@®)] < Csexp {(Ai(A) + d)t}[z(0)],

where the constant Cs depends only on 0, and the constant Cs, — only on ¢ and on the
selection of solution z(-);
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(2) any solution to the system (2), beginning at t = 0 in B\ My, leaves the ball B in finite time
if Mpyteotnp+1(A) > 0, and if Ap,4.qpn,+1(A) = 0, then any such solution, continued inside
B on [0,400), has zero exponent;

(3) for everyt >0 and i = 1,...,k an orthogonal projection of manifold M;(t) = {x(t) € R™ :
x(0) € M;} on lineal Vi(t), formed at time t by the values of the solutions of (1), Lyapunov
exponent of which does not exceed A;(A), is a continuous bijection onto its image, and the
manifold M;(t) is tangent to lineal Vi(t) at the origin;

(4) if the vector function f(-,-) is continuously differentiable in x, then for every t > 0 and
i=1,...,k the manifold M;(t) belongs to the class C1.
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Many of the current problems of predicting of physical and mechanical processes are reduced
to study of solutions of evolution equations on large intervals of time in infinite-dimensional phase
space. In recent decades, significant progress has been received in studying of such problems. This
is connected to the fact that the attractors (compact attracting invariant sets) of many evolution
equations generated by partial differential equations have been found. The phase space is not locally
compact for most of evolution equations generated by partial differential equations, which prevents
applying existing results of the theory of dynamical systems in locally compact spaces for studying
of these equations, although the most profound results in studying of neighborhoods of attractors
are obtained for dynamic systems in locally compact spaces. In [1] the class of dynamical systems
which is called L-systems was introduced. These systems satisfy many properties of dynamical
systems in locally compact spaces but their phase space is not necessarily locally compact.

Let f(t,z) be a semidynamical system which is specified in a metric space X. Let ® be the set
of all the motions of semidynamical system f(¢,z).

Semidynamical system f(¢,x) is said to be L-system if it satisfies the following property: there
exists a constant w > 0 such that if the sequence ¢, (t) € ® is bounded on any segment [a—w; b], then
there exists a subsequence of the sequence ¢, (t) converging to some motion p(t) € ® : ¢, (t) —
o(t), t € lasb].

Differential equations and inclusions, functional-differential inclusions, evolution parabolic equa-
tions generate L-systems in corresponding metric spaces.

We will use the following definitions and notations.

D(z)={y e X: Ja, =z, Fpu(t), on(0) =y, It, >0, such that y(t,) — y asn — oo };

D(M) =" D(w);

zeM

The set M is weakly semiattracting, if 3§ > 0 such that for all z € S(M,0), for all motions
©(t), p(0) = x, there exists a sequence of the moments of time ¢,, — 400 such that p(¢(t,), M) — 0
as n — oo;

As(M) ={z € X : Vu, ples(t), M) — 0ast — +00};

Ay(M) ={z € X : Y, It, — 400 such that p(p,(tn), M) — 0asn — oo}.

We say that a subset M of the space X satisfies condition A if there exist constants € > 0,
L > 0, a > w such that for all x € S(M,e), for all p,(t) such that ¢,(—T) € S(M,e) for some
moment T > a, the inequality holds p(p,(t), M) < LVt € [—a;0].

The following theorems are generalizations of well-known properties of semidynamical systems
in locally compact metric spaces for L-systems [2].

Theorem 1. Compact set M is stable if and only if D(M) = M.

Theorem 2. Let f(t,x) be L-system, a compact set M be weakly semiattracting and satisfy the
condition A. Then the set D(M) is the least compact asymptotically stable set containing M and
Ay(M) = Ay (D(M)) = A(D(M)).

The set By C X is said to be an absorbing set of semidynamical system f(¢,x), if for each
bounded set B C X there exists 7' > 0 such that f(¢, B) C By, Vt > T.

In the following theorem which is a generalization of the well-known Yosidzava theorem ([2])
sufficient conditions of existence of the bounded absorbing set for L-system are given.

Theorem 3. Let f(t,x) be an L-system, and let there exist a continuous function V(u),V :
X — R, satisfying the following properties outside of some sphere S(O,ry), O € X, rg > 0:
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(1) V(u) <a(p(u,0)), Yu ¢ S(O,ro), a(r) — positive continuous increasing function for r > 0;
(2) V(u) = +o0 as p(u,0) — oo;

(3) for everyx € X and every pz(t) ¢ S(O,rp), Vit € [t1,t2] the inequality V (px(t1)) > V(pz(t2))
holds;

(4) there does not exist a full motion ©°(t) such that V(p5°(t)) = V(z) = const Vt € R and
V(g (R)) N 5(0,m0) = 2.

Then there exists a bounded absorbing set for L-system f(t,x).

Nonempty set U C X is said to be a global attractor of semidynamical system f(¢,z) if it
satisfies the following properties:

(1) U is a compact;
(2) for each bounded set B C X, 5(f(t,B),U) — 0 as t — 0;
(3) U is strict invariant, i. e. f(U,t) =U Vt > 0.

In the work [4] it is proved that if there exists a compact absorbing set f(¢,x), then there exists
a global attractor f(t,z). If f(t,x) is L-system, then the last conditions could be weakened.

Theorem 4. If there exists a bounded absorbing set for L-system f(t,x), then there exists a
global attractor for L-system f(t,x).
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On the rectangle D = [a, b] X [¢, d] we consider the Darboux problem

2U X
W = p(t.2)u(r(t,2), plt, 7)) +q(t, 2), (1)

u(t,c) = o(t) for tela,b], wula,z)=1(x) for z € lcd], (2)

where p,q: D — R are Lebesgue integrable functions, 7: D — [a,b] and pu: D — [c¢,d] are mea-
surable functions, and ¢: [a,b] — R, v¥: [¢,d] — R are absolutely continuous functions such that
v(a) = ¢¥(c). By a solution to problem (1), (2) we mean a function u: D — R absolutely continuous
on D in the sense of Carathéodory! which satisfies equality (1) almost everywhere in D and verifies
initial conditions (2).

We have introduced the following definition in [2].

Definition 1. Let p: D — R be a Lebesgue integrable function and 7: D — [a,b], u: D — [c, d]
be measurable functions. We say that a theorem on differential inequalities (maximum principle)
holds for equation (1) and we write (p, 7, ) € Sac(D) if for any function u: D — R absolutely
continuous on D in the sense of Carathéodory satisfying the inequalities

O?u(t,z)
-2 > for a.e.
50 2 p(t, x)u(T(t,a:),u(t,x)) or a.e. (t,xz)€ D,
u(a,c) >0, du(t,c) >0 fora.e. t€]la,b], dua, ) >0 fora.e. z€]led),
ot ox
the relation
u(t,x) >0 for (t,z) € D (3)

holds.

It is also mentioned in [2] that under the assumption (p, T, u) € Suc(D), problem (1), (2) has
a unique (Carathéodory) solution and this solution satisfies relation (3) provided ¢(t,z) > 0 for a.e.
(t,x) € D, p(a) =(c) >0 ¢'(t) > 0 for a.e. t € [a,b], and ¢'(z) > 0 for a.e. x € [¢,d]. Moreover,
some efficient conditions are given in [2] for the validity of the inclusion (p, 7, i) € Sac(D) in the
case, where p(t,z) > 0 for a.e. (t,x) € D. For the case where

p(t,x) <0 for a.e. (t,x) €D, (4)

'This notion is introduced in [1].
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we have presented a general sufficient condition in [2] guaranteeing the validity of the inclusion
(p, 7, pt) € Sae(D) under the assumption that equation (1) is delayed in both arguments, i.e., if the
inequalities

Ip(t,x)|(T(t,x) —t) <0, |p(t,z)|(u(t,z) —2z) <0 fora.e. (t,z)€ D (5)

hold. Using that general result, we have also proved in [2] that if p, u, and 7 satisfy conditions (4)
and (5), then (p, 7, 1) € Sac(D) provided

/ Ip(t, x)|dtdz < 1. (6)

D

Observe that assumption (5) is not restrictive in the case (4) because it is necessary as it is shown
in [4]. Moreover, the number 1 on the right-hand side of inequality (6) is, in general, optimal
(see [2, Example 6.2]). However, it does not mean that inequality (6) is necessary and cannot be
weakened. Below, we give an efficient criteria for the validity of the inclusion (p, 7, 1) € Sgce(D) in
the case (4) which are optimal for equations “close” to the equation without argument deviations

O?u(t
LD — pt,wputt, ) + alt, ).
For this equation with a constant non-positive coefficient p the following proposition holds (see,
e.g., [5, § 3.4] or [3, Example 8.1]).

Proposition 1. Let k < 0 and p(t,z) := k, 7(t,x) := t, u(t,z) := x for (t,x) € D. Then
(p, 7, 1) € Sac(D) if and only if

j2
M oo "

where jo denotes the first positive zero of the Bessel function Jy.

Now for any v > —1, we denote by J,, the Bessel function of the first kind and order v and let
Jv be the first positive zero of the function J,. Moreover, we put

sV J,(s) for s >0,
E,(s) =< ,_ 1
2V~ for 5=
T

where I is the gamma function of Euler.

Theorem 1. Let p: D — R be a Lebesgue integrable function and 7: D — [a,b], u: D — [c,d] be
measurable functions satisfying conditions (4) and (5). Moreover, let there exist numbers A €0, 1],
a€[0,1], and B € [0,a] such that the inequalities

- (8)

[t - )z — 0] pit,z)] <

4
[(t—a) (2 — )] (E_a (2(r(t, 2), 7)) — B_alz
< A2 7% a .
2 [(b—a)(d—0)]

Ei_, (z(t,:r)), 9)




are fulfilled a. e. on D, where

(t—a)(z—c)13

(b—a)(d—c) for (t,z) € D.

z2(t,x) == j_qo

Then a theorem on differential inequalities holds for equation (1), i.e., (p, 7, 1) € Sac(D).

Observe that if 7(t,z) =t for a.e. (t,z) € D, then the left-hand side of inequality (9) is equal
to zero. Therefore, assumption (9) of Theorem 1 describes how “close” must 7(¢,2) be to ¢ and
this “closeness” is understood through the composition of the functions £_, and z. Similarly,
“closeness” of pu(t,x) to z is required in assumption (10). A meaning of assumptions (9) and (10)
of Theorem 1 is more transparent in the following corollary.

Corollary 1. Let p: D — R be a Lebesgue integrable function and 7: D — [a,b], u: D — [c,d]
be measurable functions satisfying conditions (4) and (5). Moreover, let there exist numbers a €
[0,1] and B € [0, ] such that the inequalities

Ip(t, z)| <
(x—c)(t—7(t,x))|p(t,x)| < ﬁjiaa (t_

are fulfilled a. e. on D, where

Then (p, 7, i) € Sac(D).
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Consider the linear system
t=Alt)x, zeR" t>0, (1)

with a piecewise continuous and bounded coefficient matrix A. Together with the system (1)
consider the perturbed system

y=AMy+Qt)y, yeR" t=0, (2)

with a piecewise continuous and bounded perturbation matrix (). Denote the Cauchy matrix of
(1) by X4 and the higher exponent of (2) — by \,(A + Q).

One of the basic problem of Lyapunov exponents theory is to evaluate the quantity A(9) :=
sup{ A\, (A+ Q) : Q € M} where M is a smallness class of perturbations (see [1] and the references
therein). The notion of smallness class is not precisely defined in general. The following classes are
commonly used in this problem:

infinitesimal perturbations

Q(t) — 0, t — +oc; (3)
exponentially small perturbations
Q)| < C(Q) exp(—a(Q)t), C(Q) >0, o(Q)>0; (4)
o-perturbations
Q)| < C(Q) exp(—at), C(Q) >0, o> 0; (5)
power perturbations
R <Cc@)t™, C(Q) >0, v>0; (6)
generalized power perturbations
Q)| < C(Q) exp(—0b(t)), C(Q) >0, o>0, (7)
QM) < C(Q) exp(—0(Q)0(2)), C(Q) >0, o(Q) >0, (8)

where 0 is a positive function satisfying some additional conditions;

infinitesimal average and integrable perturbations

t +oo
Jim ; [laola=o. [ Q@] d <+, Q
0 0
and their modifications with some positive weights ¢ and powers p > 1
t +o0o
Jdim ; [emlemira=o [ emleolrd < . (10)
0 0
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Generally to calculate A(901) we can construct an algorithm analogous to a famous Izobov
algorithm for o-exponent. Alternatively, in some cases (e.g., for classes (3), (4), (8)) we have
formulas like the following Millionshcikov formula

m

. — 1
) = lim T S7 D I [ XaGT AT = D) )

for the central exponent. A smallness class 9 is said to be a limit class if A(907) has a representation
similar to (11). Any other general criteria for a class of perturbation to be a limit class are not
known. In order to find such criteria or conditions (necessary or sufficient) we need to have a
general definition of a smallness class.

Let R™ ™ be the normed vector space of all real n x n-matrices with some norm || - || and
PC,(R™) be the space of bounded piecewise continuous functions @ : RT — R™ " where R :=
[0, +00[. The space PC,,(R") with the operation of pointwise multiplication forms an algebra. We
denote it by K,,.

All commonly used classes (3)—(10) satisfy the following natural conditions.

(A0) M # @ and M # PC,(RT).
(A1) The set 9 is invariant with respect to Lyapunov transformations.
(A2) IfQ e M, P € PC,(RT), and |P(¥)| < |Q(t)]| for all ¢ > 0, then P € M.

The axioms (A0), (A1), and (A2) express the obvious necessary requirements to a smallness
class. Unfortunately, these requirements are not sufficient. E.g., for an arbitrary nonempty S ¢ Rt
the set I(S) := {Q € PC,(RT) : Q(t) = 0 Vt € S} satisfies (A0), (A1), and (A2). It seems to be
clear that I(S) is not a smallness class in any sense. In order to eliminate these and some other
improper classes, we propose two additional conditions.

(A3) There exists @ € M such that Q(t) # 0 for all ¢t > 0.
(A4) Q+ P € M for each P,Q € M.
These conditions are valid for (3)—(10) too.

Definition 1. A set b € PC;(R"), b # PCy(R™), is said to be a one-dimensional smallness
class if b is an ideal of K and contains some strictly positive function.

Definition 2. A set MM C PC,(RT), M # PC,(RT), is said to be a smallness class if MM = b"*"
for some one-dimensional smallness class b.

Theorem. Letn > 2. A set M C PCL(RT) is a smallness class iff M satisfies the axioms
(A0)-(A4).
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1 Introduction

We consider here a system of functional differential equations (FDE, FDS) that, formally speaking,
is a concrete realization of the so-called abstract functional differential equation (AFDE). Theory of
AFDE is thoroughly treated in [1, 4, 3]. On the other hand, the system under consideration covers
many kinds of dynamic models with aftereffect (integro-differential, delayed differential, differential
difference, difference) [6, 7, 8].

First we descript in detail a class of functional differential equations with linear Volterra oper-
ators and appropriate spaces where those are considered. We concerned with the representation of
general solution and basic relationships for the Cauchy operator. Next the setting of the general
linear boundary value problem (BVP) is given and discussed, and conditions for the solvability
of BVP are obtained in the case that it is not everywhere solvable. As for linear overdetermined
BVP’s for AFDE in general, the principal results by L. F. Rakhmatullina are given in detail in
[1, 4, 3]. Here we propose a somewhat different approach without recourse to the adjoint BVP and
an extension of the original BVP. Our approach is based, in essence, on the assumption that the
space to which the derivative of the solution does belong is a Hilbert space.

Let us introduce the Banach spaces where operators and equations are considered.

Fix a segment [0,7] C R. By Ly = L%[0,T] we denote the Hilbert space of square summable

T
functions v : [0, T] — R™ with the inner product (u,v) = [u/(¢t)v(t)dt (-’ is the symbol of transpo-
0

sition). The space ACY = AC%[0,T] is the space of absolutely continuous functions z : [0,7] — R"
such that & € Ly with the norm [|z||acy = |#(0)| + /(Z, @), where | - | stands for the norm of R".
In what follows we will use some results from [2, 5, 4] concerning the equation

Lo=d—Ki— A()z(0) = f, (1)

t
where the linear bounded operator K : L — L% is defined by (Kz)(t) = [ K(t,s)z(s)ds, ¢t € [0,T],
0

the elements k;;(t, s) of the kernel K (t,s) are measurable on the set 0 < s <t < T and such that
|kij(t,s)| <u(t)v(s), i,5=1,...,n, u,v € L3[0,T], n x n-matrix A has elements square summable
on [0, 7.
Recall that the homogeneous equation (1) (f(t) = 0, ¢t € [0,7]) has the fundamental matrix
X (t) of dimension n x n:
X(t) = Ea 4+ V(1),

where E,, is the identity n x nm-matrix, each column v;(t) of the n x (n + mn)-matrix V(t) is a
unique solution to the Cauchy problem

v(t) = /K(t, s)v(s)ds + a;(t), v(0)=0, tel0,T],
0
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a;(t) is the i-th column of the matrix A.
The solution of (1) with the initial condition 2:(0) = 0 has the representation x(t) = (Cf)(t) =

¢
[C(t s)ds, where C(t,s) is the Cauchy matrix of the operator £. This matrix can be defined
0

(and constructed) as the solution to
—C’ts /KtT C(r,s)dr+ K(t,s), 0<s<t<T,

under the condition C(s, s) = E,,.
The matrix C(t,s) is expressed in terms of the resolvent kernel R(t,s) of the kernel K(t,s).

Namely, C(t,s) = E, + fR 7,8)dr. The general solution of (1) has the form z(t) = X(t)a +

t
fo s) ds, with arbitrary a € R,
0

2 General Linear Boundary Value Problem

The general linear BVP is the system (1) supplemented by linear boundary conditions
e =7, y€R", (2)

where £ : AC™ — R is the linear bounded vector functional. Let us recall the representation of £:

/ B(s)i(s) ds + Wa(0). (3)
0

Here V¥ is a constant N x n-matrix, ® is N X n matrix with square summable on [0, 7] elements.
We assume that the components ¢! : AC} — R, i=1,..., N are linearly independent.
BVP (1), (2) is well-defined if N = n. In such a situation, BVP (1), (2) is uniquely solvable for
any f, v if and any if the matrix
(X = (6XY, ... 0X™),

where X7 is the j-th column of X, is nonsingular, i.e. det/X # 0. It should be noted that
this condition cannot be verified immediately because the fundamental matrix X cannot be (as a
rule) evaluated explicitly. In addition, even if X were known, then the elements of /X, generally
speaking, could not be evaluated explicitly. By the theorem about inverse operators, the matrix
¢X is invertible if one can find an invertible matrix I' such that ||[(X —T'|| < 1/||[T~Y||. As it has
been shown in [9], such a matrix I" for the invertible matrix /X always can be found among the
matrices I' = /X , where ¢ : AC} — R" is a vector-functional near to ¢, and X is an approximation
of X. That is why the basis of the so-called constructive study of linear BVP’s includes a special
technique of approximate constructing the solutions to FDE with guaranteed explicit error bounds
as well as the reliable computing experiment (RCE), whose theory has been worked out in [7, 9, §].

We assume in the sequel that N > n and the system ¢* : AC} — R, i =1,..., N can be splitted
into two subsystems £; : ACY — R"™ and /5 : ACY — RN~" such that the BVP

El’ = f, 811‘ =7 (4)

is uniquely solvable. Without loss of generality we will consider that ¢; is formed by first n
components of ¢ and the elements of y; in (4) are the corresponding components of . Thus ¢ will
stand for the final (N — n) components of ¢, and elements of 7o € R¥~" are defined as the final
(N —n) components of ~.
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Define the (N —n) x n-matrix B(s) with square summable elements by the representation

6OF — (X)(GX) G 0f = / B(s)/(s) ds (5)
0

for all f € Ly. An explicit form of B is simple to derive by elementary transformations taking into
account (3) and the properties of the Cauchy matrix C(t, s).

T
Theorem. Let the matric W = [ B(s)B'(s)ds, where B is defined by (5), be nonsingular.
0
Then BVP (1), (2) is solvable for all f of the form
f(t) = fo(t) + (1),
where

fo(t) = B'(6)[W ™y = WH{LX) (LX),

o(+) € LY is arbitrary function orthogonal to each column of B'(-): [ B(s)¢(s)ds = 0.

o g
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Our aim is to present new conditions ensuring the continuous dependence on a parameter k of
solutions to linear integral equations of the form

x(t) =T + /d[Ak] x+ fr(t) — fr(a), t €la,b],k €N, (eqr)

a

where —0o0 < a < b < o0, X is a Banach space, L(X) is the Banach space of linear bounded
operators on X, 7 € X, Ay : [a,b] — L(X) have bounded variations on [a,b], fi : [a,b]— X are
regulated on [a,b]. The integrals are understood as the abstract Kurzweil-Stieltjes integrals and
the studied equations are usually called generalized linear differential equations (in the sense of
J. Kurzweil, cf. [3] or [4]). Basic results on the theory of Kurzweil-Stieltjes integral in abstract
spaces can be found, for example, in [5] and [10].

Continuing in our research from [6], here we focus our attention on the case when the variations

var® A, need not be uniformly bounded. More precisely, here we extend Theorem 4.2 from [6],
which is an analogy of the Opial’s result [7] for ODEs. The new result reads as follows:

Main Theorem. Assume: A, € BV([a,b], L(X)), fr € G([a,b],X), T € X for k € N,
o AcBV(a,b,L(X)), feBV(ab,X),7ecX,

o [I-AA(t)]"! € L(X) fort € (a,b],

o I1—T,

o lim (14 varj Ag) [ Ap—Afloo = 0,

o klim (14 varb Ap) |l fr—flloo = 0.

Then the equation
¢

x(t) = 5+/d[A]x+f(t) — f(a), t€la,b], (eq)

has a unique solution x € BV([a,b], X), equation (eqx) has a unique solution and xj, € G([a,b], X)
for k € N sufficiently large and x,, = = on [a,b].

The proof relies on the following lemma which is an analogue of the assertion formulated for
ODEs by Kiguradze in [2, Lemma 2.5]. Its variant was used also for FDEs by Hakl, Lomtatidze
and Stavrolaukis in [1, Lemma 3.5].

Lemma. Assume: A € BV([a,b], L(X)) for k € N,
e AeBV([a,b], L(X)) with [I-A~A(t)] "' € L(X) fort € (a,b],
. klim (1+ varl Ap)||Ar— Al = 0.
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Then there exist r*>0 and kg € N such that

t

lylloe < 7’*<Hy(a)HX + (vl 44 sup [0 -u(a)- | d[Ak]yHX)

te(a,b)
a

for ally € G([a,b], X) and k > k.

In the sequel, we present the example that shows that the condition f € BV([a,b], X) in Main
Theorem can not be avoided.

Example. Let [a,b] =[0,1]. For k € N put

ng = [k3/2]+1, Tm,k

for m € {0,1,...,nk}

T 9ng—m

(where [\] stands, as usual, for the integer part of the nonnegative real number \),

e B
a g — —_— — — —
0,k E 0,k k7
an—m—i-l 3
A = (1) — b = (—1)"e—mHL - for m € {1,2,...,n,—1},

and define

0 for t € [0, 7],

Ak(t) — [ D]
U kt+bm g for t € [To iy Tma16) and m € {0,1,...,ng—1},

At) =0 for te[0,1].

We can verify that varg Ax<oo for all k € N and

1 2
tim (1 varh, 4) [ Ax—Alloo < lim (E+ﬁ> —0.

Consider the function

(—1)F
&) =4 vn
0 if ¢=0,

if te (27, 2= Y] for some n €N,

and define fi(t)=f(t) for t € [0,1] and k € N. Note that, the conditions of the Main Theorem are
satisfied, except for the fact that var{ f=oo. However, it is possible to prove that the sequence of
solutions xj, of (eqr) does not converge to the solution of (eq). Roughly speaking, we can observe

[e.°]
that, for each k € N, zx(1) involves partial sums of divergent series mZ:2 4%/%' Therefore, xj(1)

cannot have a finite limit for k—oo.

Applications to linear dynamic equations on time scales are then enabled by their relationship
with generalized differential equations as disclosed by A. Slavik in [8].
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Nonlocal Boundary Value Problem

for Strongly Singular Higher-Order
Linear Functional-Differential Equations
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Consider the differential equations with deviating arguments

m

w0 (1) = 37 p(0)ulD (1 (1)) + a(t) for a <t <b, (1)
j=0

with the boundary conditions

u(s) dp(s) =0 where ¢(b) —¢(a) # 0,

Se—_

(2)
uWD(a) =0, vDB)=0 (i=1,...,m).

Here m € N, —oo < a < b < 400, pj,q € Lige(]a,b]) (j =0,...,m), ¢ : [a,b] — R is a function
of bounded variation, and 7; :]a, b[ — ]a, b are measurable functions. By u((a) (resp., u( (b)), we
denote the right (resp., left) limit of the function u(Y at the point a (resp., b).

The Agarwal-Kiguradze type theorems [1] are obtained by us, which contains unimprovable in
a certain sense conditions guaranteeing the unique solvability of problem (1), (2).

We use the following notations.

R* = [0, +o0[;

[]+ is the positive part of a number x, that is [z]; = atlal

Lio(]a,b]) is the space of functions y :]a,b[— R, which are integrable on [a + €,b — ¢] for
arbitrary small € > 0;

Lo g(]a,b]) (Liﬁ(]a, b[)) is the space of integrable (square integrable) with the weight (t—a)®(b—
t)? functions ¥ :]a, b[ — R, with the norm

b

ol = [ (= a0 Pluelas (lolsz, = ( /b (s — (b - 55 (s) ds)m);

a

L(la,b]) = Loo(Ja, b)), L*([a,b]) = L§ y(la, b]);
M (Ja, b]) is the set of measurable functions 7 :]a, b[ — ]a, b[;
Lg‘ﬁ(}a, b]) is the Banach space of functions y € Li,.(]a, b]) such that

I9lizz , = maX{[/t(s—a)"‘</ty(€)d£)2ds] 1/2: a<t< a;b}Jr

S

S

+max{[/b(b—s)’8</y(§)d§)2ds]l/2: “;b gtgb} < +o0.
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Cl " (Ja,b[) is the space of functions y :]a, b — R which are absolutely continuous together with
v, y",...,y" on [a+e,b—¢] for an arbitrarily small & > 0.
C”’m(]a, b[) (m < n) is the space of functions y € C;2.(]a, b[), satisfying

/ 1™ (5)[2 ds < +o0. (3)

When problem (1), (2) is discussed, we assume that the conditions

Dbj € Lloc(]av b[) (J = Ov s 7m) (4)

are fulfilled.

A solution of problem (1), (2) is sought for in the space C 2™™+1(]q, b]).

By hj :]a,b[ x]a,b[— R4 and f; : R x M(Ja,b[) — Cioc(la,b] x ]a,b]) (j =1,...,m) we denote
the functions and, respectively, the operators defined by the equahtles

1(t,s) ‘/ d§

(5)
hi(t,s) = ‘/mg)ds' G=2..m)
and,
t 5(8) ' /2
et =[] [ 6= raal a G=1.m) (©)
and also we put that
t
fo(t.9) = [ lon)1 e
Let m = 2k 4+ 1, then
1 for m<0
mll = .
1-3:5----m for m>1
Along with (1), we consider the homogeneous equation
L) ( Zp] (1) for a<t<b. (10)

Theorem 1. Let there exist ag E]a,b[, bo € lao, b, numbers ly; >0, yko > 0, v >0 (k=0,1;
j=1,...,m) such that

(t —a)*™Ihi(t,s) <lo; (j=1,...,m) for a <t <s < ap,

limsup (f —a)"" 2~ fo(t, 5) < +oo, (7)

t—a

limsup (¢t — a)mféfwﬂ'f]‘(a, 7;)(t,s) <+o0 (j=1,...,m),

t—a

(b—t)*™Ih;(t,s) <ly; (j=1,...,m) for bg <s<t<b,

lim sup (b — t)m*%*%ofo(t, 5) < 400,
t—b (8)

limsup (b — t)m*%*“jfj(b,Tj)(t,s) <400 (j=1,...,m),
t—b
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and
m

(2m — j)22m—J+1
Ik <1 (E=0,1). 9
ZQm—l”2m—2j—|—1)!! <1l (k=01) (9)

j=1

Let, moreover, the homogeneous problem (ly),(2) have only the trivial solution in the space

C2mm+l(q b]). Then problem (1), (2) has a unique solution u for an arbitrary q € E%mfz,mez(]av b)),
and there exists a constant r, independent of q, such that

[ PR : (10)

2m—2,2m—2

Theorem 2. Let there exist numbers t* €la,b[, lgo > 0, ly; > 0, lg; > 0, and ko > 0, Y5 > 0
(k=0,1; j=1,...,m) such that along with

Bo= (g ) (o 2 v /b e et

+ Z( QmQT 1_'13 );im J;ff D1 @m _22; i 11)('15(2;1@%;)53/%) < % (11)
b= lw((mim_ 13)!!)2 ((1)2;1(?”;)11//22 ztr:l; - /b = b))‘ - ;(EL)T 0L

* Z ( QmQT 1_|i7 )zim— J;i D1 " 2m - 2;; - 11)(v?(;ni)—%3)lﬁj\/ﬂ> <y ()

the conditions

(t —a)m0 Y2 £t 5) < oo,

A _ 13
(t—a)®™Ihi(t,s) <loj, (t—a)™ %72 fi(a,75)(ts) <o )
fora<t<s<t*and

(b— )"0 2 fo(t, 5) < o,

) 14
(b= 0P Ihy(t,s) <Ly, (b= 0" 20,7 (ts) <1y .

Jort* < s <t <b hold with any j = 1,...,m. Then problem (1), (2) is uniquely solvable in the
space G110, b)) for every q € Tm_s.am_a(a:b]).
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On the half-line Ry = [0, +00[ we consider the second-order differential equation

u”(t) + p(t)u(r(t)) =0, (1)

where p: Ry — R, is a locally Lebesgue integrable function and 7: Ry — R, is a continuous
function such that

T(t) <t for t >0, lim 7(t) = +oo.
t—-+4o00
Solutions to equation (1) can be defined in various ways. Since we are interested in properties
of solutions in a neighbourhood of 400, we introduce the following commonly used definition.

Definition 1. Let ¢p € Ry and ap = min{7(t) : ¢t > to}. A continuous function u: [ag, +oo[ —
R is said to be a solution to equation (1) on the interval [to,4oo[ if it is absolutely continuous
together with its first derivative on every compact interval contained in [tg, +oo[ and satisfies
equality (1) almost everywhere in [tg, +oo[. A solution u to equation (1) on the interval [tg, +00]
is called proper if the inequality sup{|u(s)\ s> t} > 0 holds for ¢t > .

Definition 2. A proper solution to equation (1) is said to be oscillatory if it has a sequence of
zeros tending to infinity, and non-oscillatory otherwise.

400
We have proved in [3, Proposition 2.1] that if [ sp(s)ds < +oo, then (1) has a proper non-
0
+oo
oscillatory solution. Therefore, we assume in what follows that [ sp(s)ds = 4+o00. Moreover, we
0
consider the case where
+o00
/ Tf)p(s) ds < +o00 (2)
0
and
t +oo
_ 1 . 7(s)
limsup — [ s7(s)p(s)ds <1, limsupt [ —=p(s)ds <1, (3)
t—+too t t—+to0 s

because otherwise every proper solution to equation (1) is oscillatory (see, e.g., [2, Corollaries 3.4
and 3.5]).
In the paper [1], R. Koplatadze proved, among other things, the following oscillation criteria.
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Criterion 1 ([1, Theorem 1]). Let there exist a continuous non-decreasing function o: Ry —
R such that the inequalities

) <o)<t for t>0 (4)
and .
liriligop / T(s)p(s)ds > 1 (5)

o(t)
are fulfilled. Then every proper solution to equation (1) is oscillatory.
Criterion 2 ([1, Theorem 2]). Let the inequality
¢
ltlgﬁgjf / 7(s)p(s)ds >% (6)
(1)

hold. Then every proper solution to equation (1) is oscillatory.

Remark 1. In Criterion 2, the constant % is optimal and can not be in general improved.
A counterexample is constructed in [1] for equation (1) with a proportional delay.

Below we present new Myshkis type oscillation criteria for equation (1), which generalise known
results of R. Koplatadze. In particular, under some natural additional assumptions, we improve
constants on the right-hand side of inequalities (5) and (6).

Let
1 t +0o0 ()
TS
G, := liminf — ds, F,:=liminft — ds.
m inf / s7(s)p(s) ds i fnf / 5 Ple)ds
0 t

In view of assumption (2), the number F is well defined and, moreover, assumptions (3) yield that
Gy <1 and Fy < 1. We shall also assume in what follows that

+o0

1-eGy
/3’\<T88)) ) p(s)ds < +oo forall A< 1, €][0,1], (7)
0

because otherwise every proper solution to equation (1) is oscillatory without any additional con-
dition (see [3, Theorem 2.4]). It allows one to define, for any A < 1 and ¢ € [0, 1], the function

+o00o
1—eGy
Q(t; N, e) := 1 / s’\<7——8)) p(s)ds for ¢t > 0.
s
t
Moreover, for any p > 1 and ¢ € [0, 1[, we put
1 £ 1 G
—EGx
H(t;p,e) : t/ TS p(s)ds for ¢t > 0.
s
0

Corollaries 2.11 and 2.12 stated in [3] claim that every proper solution to equation (1) is oscillatory
provided that for some A < 1, x> 1, and € € [0, 1],

either Q.(\, &) > or Hi(u,e) >

_1
41—\
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where

Q.«(\e) :=liminf Q(t; \,e), Hi(p,e) :=liminf H(t; p, ).
t—+o00 t—+o00

Therefore, it is natural to restrict ourself to the case where

1
H,(p,e) < -1

Under these assumptions, we can improve Criteria 1 and 2, for example, as follows.

Q«(\e) < forall A<1, p<1, e€]0,1].

1
S 41— Ny

Theorem 1. Let there exist numbers A < 1, up > 1, € € [0,1] and a non-decreasing function
o: Ry — Ry such that condition (4) is fulfilled,

A2-N) 1 w(2—p) 1

Wiy =@ =Ty oy SO S gy ®)
and .
0—(5 eG
lﬂlfip / (s)p(s) (@) ds > Ry — auro,
o(t)
where
0=y (1-VIZ A0 NQe) ), Ro=3 (14 VI 4 DE(we) ), (9)

a(t) )1—5F*

and o, = liminf (5~ . Then every proper solution to equation (1) is oscillatory.

t——+o0

Remark 2. Observe that 0 < o, < 1 and max{%,O} <rg < % < Ro < min{4,1}. Therefore,
we have Ry— (3,ro < 1 and thus Theorem 1 improves (under additional assumptions (8)) Criterion 1.

Theorem 2. Let there exist numbers A < 1, u > 1, and € € [0,1] such that inequalities (8) are
satisfied and

t
t
lgin_ﬁg - < +o0, hgl_ﬁ&f 70 (t / 71750 (s)p(s) ds > Ry — Baro,
7(t)
where the numbers ro and Ry are given by relations (9) and [y := lgminf(T(tt))EG*. Then every
—T 00

proper solution to equation (1) is oscillatory.

Remark 3. Observe that 0 < 8, < 1, the numbers ¢y and Ry given by relations (9) satisfy

Ro—ro= 5 (VI— 40 - NQ-0ne) + VI~ 4G~ DH(w5) ),

and thus the difference Ry — 19 converges to zero if Q.(\,e) — ﬁ and H.(p,e) — ﬁ.

Consequently, it may happen that Ry — Bsrg < é in which case Theorem 2 improves Criterion 2.
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In a positive semi-axis 0, +o00[, we consider the second order differential inequalities

" p(t)
Y02 Fawy W
and

qu(t)) — ~ qo(u(t)’

where p, po :]0,4+00[— [0,+00] are measurable and ¢, go : [0, +0o[— [0, 400 are continuous
nondecreasing functions such that

+oo +oo
0< /(s —t)p(s)ds < /(s —t)po(s)ds < 400 for t >0,
t t

qo(z) > q(z) >0 for = > 0.

A nonincreasing function u : [0, 4+00[ — |0, +00] is said to be the Kneser solution of the differ-
ential inequality (1) (of the differential inequality (2)) if it is absolutely continuous together with
u’ on every finite interval contained in [0, +oco[, and satisfies this differential inequality almost
everywhere on ]0, +-00].

The Kneser solution u of the differential inequality (1) or (2) is said to be vanishing at infinity
if

lim w(t) =0.

t—+00

Let

T

Q) = / 4)dy for x>0,

0

and let Q! be the inverse function to ). Suppose

+o0

r(t) = Q—1< /(s—t)q(s) ds) for ¢ > 0.

t

The following theorems are proved.

Theorem 1. Every Kneser solution of the differential inequality (1) admits the estimate

u(t) > r(t) for t>0.
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Theorem 2. If
+00

= s — Po(s) S oo for
ro(t)_/( t)qo(r(s))d < 4+ for t >0,

then every vanishing at infinity Kneser solution of the differential inequality (2) admits the estimates

r(t) < u(t) <rolt) for t > 0.
Note that the above formulated theorems cover the case, where ¢(0) = ¢o(0) = 0 and

t t
/p(s) ds = 400, /po(s) ds = +oo for t >0,
0 0

i.e. the case, where the differential inequalities (1) and (2) have singularities both in time and
phase variables.
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We consider the problem on the existence of a solution of the differential equation
" = f(t,u,u’), (1)
satisfying the conditions
uw(0) =c¢, u(t) >0, u(t)<0 for t>0. (2)
Here f: D — Ry is a continuous function,
D={(t,z,y): t>0,2>0, y<0}, Ry=][0,4o0[,

and c is a positive constant.
This problem is often called the Kneser problem since it was first studied by Kneser in the case
where f(t,z,y) = fo(t,z) and fo: Ry x Ry — R, is a continuous function such that fy(¢,0) = 0.
We are interested in the case where the inequality

gO(t) < x)“y’“f(t7$7y) < gl(t) (3)

is satisfied in the domain D, where A and p are positive constants, and g; : (0, +00) — (0, +00)
(1 =0,1) are continuous functions. In this case

lim f(¢t,z,y) = 400, lim f(t,z,y) = +o0,
z—0 y—0

i.e. equation (1) has singularities in phase variables.

The Kneser problem for differential equations with a singularity in one of the phase variables
first was investigated by I. Kiguradze [1]. However, in [1] the Kneser problem is considered not for
general but for the Emden—Fowler type higher order differential equation

u™ = p(t)yu>.

A continuous function w : [0, +00) — (0,400) is said to be the Kneser solution of equation (1)
if it is twice continuously differentiable on the open interval (0, +00) and satisfies the inequality

u'(t) <0

and equation (1) on that interval.
The Kneser solution is called vanishing at infinity if

u( ) ’

lim w(t) > 0.

t—-4o0

The following theorems are valid.
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Theorem 1. Let inequality (3) be fulfilled. Then for the existence of at least one Kneser solution
of equation (1) it is necessary the conditions

+00 +o0  +o0 1

+1
/ go(s)ds < 400 fort >0, / < / go(s) ds) Tt < 4o (4)
t 0 t

to be fulfilled. In addition, if conditions (4) hold, then for any Kneser solution of equation (1) the
estimate
u(t) > vo(t;0) for t >0

1s valid, where

too 400 1 1
1 1+ v
vo(t;0) = [5”—%— (1+u)1+ﬂu/ </go(:c) da;> ' ds] ,
t s
1
§ = u(+oo), v= irvtp
1+ p
Theorem 2. If
+oo +oo  +oo 1
+1
/ g1(s)ds < 400 fort > 0, / < / g1(s) ds> Tt < +o00, (5)
t 0 t

then for each positive number § equation (1) has at least one Kneser solution satisfying the equality

lim wu(t) = 9. (6)

t—+o00
Theorem 3. If along with (3) and (5) the conditions

+o0 +oo 400 1
1
/ f\h(s) ds < 400 for t >0, / </ 21<3> ds)ﬂ dt < 400
v (s,0) J AR (s,0)
t

are satisfied, then equation (1) has at least one vanishing at infinity Kneser solution.

Suppose conditions (5) hold. We introduce the function

+o0 —+o00 1
vl(t;é):é—i—[(l—i-,u)/</v§]t§f25> da;)““ ds], £>0, §>0,
0 )

t S

and the constant

co = inf {v1(0;0) : 6 > 0}.
Theorem 4. Let conditions (3) and (5) be fulfilled. If, moreover,
¢ > ¢,
then problem (1), (2) has at least one solution, and if
¢ < vp(0;0),
then problem (1), (2) has no solution.
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Remark. In the case where conditions (5) hold and

€ (v0(0;0), o],

0), ¢
then the question on the solvability of problem (1), (2) remains open.
Consider now the case, where g1(t) = £go(t), { =
has the form

go(t) < 2yl f(t, 2, y) < Loo(2),

const > 1, i.e. the case where inequality (3)

(7)

where, as above, gp : (0, +00) — (0, 400) is a continuous function and A, p are positive constants.

From Theorems 1, 2, and 4 it follows

Corollary 1. Let inequality (7) be fulfilled. Then the following assertions are equivalent:

(A) Conditions (4) are satisfied;
(B
(C
(D) Problem (1

Equation (1) has at least one remote from zero Kneser solution;

Problem (1), (6) is solvable for each positive number 0;

)
)
) )
) ), (2) is solvable for large c.

Corollary 2. Let inequality (7) be fulfilled, where

t7 for 0<t <1,
go(t) = ! -8 y B
vt for t > 1,

v >0, a = const, § = const. Then the following assertions are equivalent:

A) a<24p, 8>24+p;

B) FEquation (1) has at least one remote from zero Kneser solution;

D

(A)
(B)
(C) Equation (1) has at least one vanishing at infinity Kneser solution;
(D) Problem (1), (6) is solvable for each positive number §;

)

(E) Problem (1), (2) is solvable for large c.
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One of the important issues of a theory of multi-frequency oscillations is roughness of invariant
manifold and its preservation under small perturbations [6]. In numerous papers (e.g. [1, § 10])
a direct Lyapunov method was utilized for the investigations of roughness of invariant toroidal
manifold. It was proved that a sufficiently small perturbation of right-hand side of system do not
ruin the invariant torus.

Here were have established new conditions for the preservation of the asymptotically stable
invariant toroidal manifold that demand the perturbation to be small not on the whole surface of
a torus 7,,, but only in non-wandering set of dynamical system on torus (see [4] for details).

Consider the perturbed system of differential equations defined in the direct product of a torus
7, an an Euclidean space R"

9 —ae), S = (At BN+ (o) M)

where ¢ € T, x € R”, a(p) € CrLip(Tm), A is a constant matrix, B(y), f(¢) € C(7,,). Our goal
is to establish new sufficient conditions for the existence of invariant torus of system (1) when an
unperturbed system ; p
") x

has an asymptotically stable invariant toroidal manifold. As it is known [1, § 10], system (1) has an
invariant torus for an arbitrary function f(y¢) € C(7,,), if a perturbation term B(y) is sufficiently
small for every ¢ € 7,,,. We are weakening this condition and demand that ||B(¢)|| < d only for
@ € Q, where () is a non-wandering set of dynamical system Ccll—f = a(yp).

Definition 1. A point ¢ is called non-wandering if there exist a neighbourhood U(y) and a
positive constant 1" such that

Ulp) - ¢e(U(p)) =0 for ¢ >T. (3)

Denote by W and Q = 7,,, — W a set of wandering and non-wandering points respectively. From
compactness of torus it follows that a set €2 is non-empty and compact.

Theorem 1. Let in system (1) real parts of all eigenvalues of matriz A be negative: Re \;(A) <0,
j=1,...,n. Then there exists § > 0 such that for an arbitrary function B(p) € C(7,,) such that
IB(@)|| <0, ¢ € Q and for an arbitrary function f(p) € C(Zy,), system (1) has an asymptotically
stable invariant toroidal manifold.

From theorem 1 it follows an important corollary that allows to investigate a qualitative behavior
of solutions of complex systems that have simple dynamics in non-wandering set €.

Corollary 1. Consider the system

dp dx

kg A 4
o = aw), o = Az +fe), (4)
where ¢ € Ty, © € R”, a(p) € CrLip(Tm), A(p), f(v) € C(Tm). Let matriz A(p) be constant in
non-wandering set £ and real parts of all eigenvalues of constant matrix be negative. Then for
an arbitrary function f(p) € C(7,,) system (4) has an asymptotically stable invariant toroidal
manifold.
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Utilizing a classical perturbation theory for multi-frequency systems it is easy to prove a suffi-
cient conditions for the existence of asymptotically stable invariant toroidal manifold of nonlinear
system of the form

dp dx

E - a((p) =+ al(@?'x)a %
where ¢ € T, © € T, a(9) € CLip(Tw), a1(p,x) € Crip(Ton, Jn), F(p,x) € CO(T,,, Tp),
Jp={xz € R", ||z|]| <h, h > 0}. System (5) may be rewritten in the form

= A(p)z + F(p,z), (5)

dy dx

i a(p) + a1 (p, x), i Alp)z + Ar(p, 2)z + f(p), (6)

where Aj(p,x) = 8F((‘p’m) dr, f(e) = F(p,0).
0

Corollary 2. Let in system (5) matriz A(p) be constant in non-wandering set Q0 and real parts
of all eigenvalues of constant matrix be negative:

A(Q)|pea = A, ReX;(A) <0, j=1,....n
Then there exist sufficiently small constants n and § and sufficiently small Lipschitz constants Ly

and Ly such that for an arbitrary functions ai(p,x) € CLip(Tm, J1), F(p,x) € CO(T,,, Jy) such
that

max _ [lax(p, )| < n, max _ || A1(p,2)|| <6,
0ETm, zE€EJp Y€, z€J
Hal((p’x/)_al(@7x//)H SLl”l”/—ﬂ?NHv HAl((va) Al QO, H <L2H‘T //”7

for any o', 2" € Ty, system (5) has an asymptotically stable invariant toroidal manifold.

Consider a case when function A(p;(p)) is periodic with respect to ¢ for ¢ € Q. For example,
such a situation appears when a set {2 consists only from a single trajectory that is a cycle.

Corollary 3. Consider the system

dp dx

o =) o =Alp)r + fle), (7)
where ¢ € Ty, x € R", a(p) € CrLip(Tm), A(p), f(p) € C(Tp,). Let matriz A(pi(p)) be a periodic
with respect to t for ¢ € Q and all the multipliers of linear periodic system % = A(pi(p))z,
v € Q lie inside the unit circle. Then for an arbitrary function f(yp) € C(7,,) system (7) has an

asymptotically stable invariant toroidal manifold.

Note that one should built a fundamental matrix of periodic system to get the multipliers. In
general case it could be very difficult problem, but in the set 2 matrix A(¢i(¢)), ¢ € Q may be
simpler and easier to investigate.

Generalizing corollaries 1 and 3, it is easy to formulate sufficient conditions for the existence of
an asymptotically stable invariant torus of linear extension of dynamical system that has a simple
structure of limit sets and recurrent trajectories.

Corollary 4. Let non-wandering set ) of dynamical system ‘fl—f = a(p), ¢ € T, consist
only from the finite number of stationery points {@y,..., ¢t = P and finite number of cycles
{Cy,...,C;} and the real parts of all eigem;alues of matrices A(p), ¢ € ® be negative and all the
multzplzers of linear periodic systems % S = Alpe(p))z, 0 € Ci, i =1,...,1 lie inside the unit circle.
Then system (7) has an asymptotically stable invariant toroidal manifold for an arbitrary function

fp) € C(T).
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The proof of theorem 1 is sufficiently flexible. Utilizing the inequalities of Gronwall-Bellman
type one can get similar results for equations of different types, for instance for impulsive differential
equations [7, 5]. In papers [3, 2] the analog of corollary 1 is proved for a linear extension of dynamical
system on torus with impulsive perturbations at non-fixed moments.

Theorem and corollaries stated here allow to investigate the behavior of sufficiently wide class
of multi-frequency systems effectively. Linear extensions of dynamical systems on torus that have
a simple structure of non-wandering set are suitable for qualitative analysis without finding funda-
mental matrices.
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In this article we investigate the behavior of solutions of a certain discontinuous dynamical

system in the plane:
t=Jzx, (a,z)#0; Ax‘<a 2y=0 = Bz. (1)

Here z = col(x1,x2), (a,x) = a1x1 + agxe = 0 is a given line in the plane, J = (_aﬁ ﬁ),

«

B = <b11 b12> are constant matrices.

bo1  bao
The act of motion of the phase point (x(t), x2(t)) is defined by the given system of differential
equations © = Jx, when this point is out of the line zo = kxq, k = —Z—;, and at the time t = t*,

when x2(t*) = kx1(t*), phase point “instantly” jumps to a point

() = () ()

Note that the linear homogeneous transformation

R L+bin bio z1(t)
(E+B): (172) — < b1 1+ b22) (962(75)
of the plane (r10x2) into itself maps the line xo = kzy into the line x9 = px1, where the angular
coeflicients k£ and p relate to equality:

k(14 b22) + b
1+4b11 + kbig

The phase point will necessarily meet the line zo = ux; despite the initial position. So it is
enough to investigate the behavior of solutions that begin on this line.

Without loss of generality, we consider only the case when k > 0. Other cases are investigated
similarly.

Since the solutions of differential systems are explicitly written out, simple cases reduce the
investigation of behavior of discontinuous trajectories to the study the Poincare mapping

H : R — R line into a line:

% (arctg p—arctg k) 1+ /1'2
1+ k2

H:x1—e (1+b11+kb12)x1, if u>k>0,

and

a . ar 1 2
H: 1 _>€5(7T+a ctg p—arctg k) 1—_::/];2 (1+bll—|—/€512)1‘1, if,uﬁ k.

Denote by h the relation

6% (arctg u—arctg k) 1+ /1'2

e (1 + b1y + kbyo)xy, if p>k>0

@
eﬁ(

m+arctg p—arctg k) 1+ ,u2 .
T2 (1 + b1y + kbio)xy, if p<k
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Theorem 1. If the parameters of the original discontinuous dynamical system (1) are such that
|h| < 1, then all its solutions over time tends to zero; if |h| > 1, then all solutions tends to infinity
ast — oo. If h =1, then all of the solutions which touch the line xo = px1 are periodic with one
impulsive perturbations per period (all trajectories are one-impulsive cycles). If h = —1, then the
system has an one-parameter family of two-impulsive cycles, which were generated by discontinuous
periodic solutions with two breaks per period.

As an example, consider the possibility of undamped oscillations of a linear oscillator with

friction
jé—f—QO@—l—wzx:O, a >0, w? > a?.

We assume that the perturbation of oscillator subjected to impulsive perturbations at the
moment, when the instantaneous speed of the phase point is zero, and the value of the pulse action
is proportional to the strength of the coefficients v position of the phase point at this moment,
namely,

Aj:}i:o =z, (5:[3‘

Having the replacement o
y=;(¢+a:v), B=Vw?—a?,
we obtain a system of the form (1)
&= —ax+ Py

. o )
Y= —Pr - ay, y#Bx

_7
Ay‘y:% : =3 x.
Here

o

8 —a K=—

s=( Y, so( b

-3 —a)’ —= 0 | = at+y
b 5
Direct calculations show that when p > k, the system has no one-impulsive and two-impulsive
cycles.

If © < k, namely v < 0, one-impulsive cycles in the system do not exist, but there are two-
impulsive in case v = v*, where v* is a negative root of the equation
_9a Y 1+ k2
e 5<7T+arct (k‘—{——)—arct k)zi.

References

[1] A.M. Samoilenko and N. A. Perestyuk, Impulsive differential equations. World Scientific Series
on Nonlinear Science. Series A: Monographs and Treatises, 14. World Scientific Publishing
Co., Inc., River Edge, NJ, 1995.

[2] N. A. Perestyuk, V. A. Plotnikov, A. M. Samoilenko, and N. V. Skripnik, Differential equations
with impulse effects. Multivalued right-hand sides with discontinuities. de Gruyter Studies in
Mathematics, 40. Walter de Gruyter € Co., Berlin, 2011.

[3] K. Mamsa and Y. Perestyuk, A certain class of discontinuous dynamical systems in the plane.
Math. Anal., Differential Equations Appl., 2011, 121-128.

[4] Yu. M. Perestyuk, Discontinuous oscillations in an impulsive system. (Ukrainian) Nelinzini
Koliv. 15 (2012), No. 4, 494-503; translation in J. Math. Sci. (N. Y.) 194 (2013), No. 4,
404-413.

117



Boundary Value Problems with State-Dependent Impulses

Irena Rachunkova and Jan Tomecéek

Palacky University, Faculty of Science, Olomouc, Czech Republic
E-mail: irena.rachunkova@upol.cz; jan.tomecek@upol.cz

Impulsive differential equations have attracted lots of interest due to their important applica-
tions in many areas such as aircraft control, drug administration, and threshold theory in biology.
A particular case of impulsive problems are problems with impulses at fized moments. This occurs
when the moments, at which impulses act in state variable, are known. Very different situation
arises, when the impulses appear in evolutionary trajectories fulfilling a predetermined relation
between state and time variables. This case, which is represented by state-dependent impulses, is
discussed here. Studies of real-life problems with state-dependent impulses can be found e.g. in
1], [3-15)-

In particular, here we investigate the solvability of boundary value problems with state-dependent
impulses. As the methods used for problems with finitely many impulses acting at fixed points do
not apply to problems with state-dependent impulses, only few paper dealing with boundary value
problems in the state-dependent case may be found in the literature. Most of them consider periodic
problems which can be transformed to fixed point problems of corresponding Poincaré maps. So,
in the case of a periodic boundary conditions, difficulties with the construction of a proper function
space and a proper operator representation have been cleared, see e.g. [2].

The main cause of difficulties in the investigation of boundary value problems with state-
dependent impulses lies in the following fact: the operator, corresponding to the problem with
state-dependent impulses which is constructed in a standard way (used for problems with fixed-
time impulses), is not continuous. Therefore, in [6]-]9] we provide a new approach which makes
possible to find sufficient conditions for solvability of the ordinary differential equation

2Z'(t) = f(t,2(t),2'(t)) for a.e. t € [a,b], (1)
subject to the impulse conditions
2(1i+) — 2(1) = Ji(1i,2(1)), 2 (1i+) — 2 (1i—) = M;(73, 2(73)), (2)
where the points 7,...,7, depend on z through the equations
i =vi(2(m)), i=1,...,p, p€ N.
Problem (1), (2) is studied together with the general linear boundary conditions
(2,2 =c1, lo(z,2) = ca. (3)

Here f fulfils the Carathéodory conditions on [a, b] x R2, the impulse functions J;, M;, i =1,...,p,
are continuous on [a,b] x R, ¢ = (c1,¢c2) € R?, and /1, f5 are linear and bounded functionals in
the space G'([a,b]; R?) of left-continuous regulated vector functions. Consequently, £ = (¢1,42) is
represented by the formula containing the Kurzweil-Stieltjes integral

b
U(z) = Kz(a) +/V(t)d[a?(t)], z = (z1,22) € Gr([a,b]; R?),

a

where K is a constant matrix and elements of a function matrix V are functions of bounded
variation on [a,b]. The barriers v;, i = 1,...,p, which determine the impulse points 7;, i = 1,...,p,
are ordered and differentiable on some compact real interval.
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A function u : [a,b] — R is a solution of problem (1)—(3) if for each i € {1,...,p} there exists
a unique 7; € (a,b) such that

i =vi(u(r), a<m <1< <7 <Db,

the restrictions u|[a7ﬁ], u|(n,7’2}> ceey u|(7p,b] have absolutely continuous first derivatives, u satisfies
(1) for a.e. t € [a,b] and fulfils conditions (2) and (3).

Provided the data functions f, J;, M;, i = 1,...,p are bounded, transversality conditions which
guarantee that each possible solution of equation (1) in a given region crosses each barrier v; at
a unique impulse point 7; are presented, and consequently the existence of a solution to problem
(1)—(3) is proved. In order to do it, we choose the way which we have developed in our joint papers
[6]-][9]. The main idea of our approach lies in the representation of the solution u of problem (1)—(3)
by an ordered (p + 1)-tuple of functions smooth on [a,b]. In particular, we define a Banach space
X = [CY([a,b]; R)]P™!, a set © C X and an operator F: Q — X which is compact. We prove the

existence of a fixed point (u1,...,up+1) € Q of the operator F, and then we construct a solution u
of problem (1)—(3) by means of this fixed point.
Such existence result can be extended to unbounded functions f, J;, M;, i = 1,...,p by means

of the method of a priori estimates. This can be found for the special case of £ in [9].

References

[1] F. Cérdova-Lepe, M. Pinto, and E. Gonzalez-Olivares, A new class of differential equations with
impulses at instants dependent on preceding pulses. Applications to management of renewable
resources. Nonlinear Anal. Real World Appl. 13 (2012), No. 5, 2313-2322.

[2] I. Bajo and E. Liz, Periodic boundary value problem for first order differential equations with
impulses at variable times. J. Math. Anal. Appl. 204 (1996), No. 1, 65-73.

[3] J. Jiao, Sh. Cai, and L. Chen, Analysis of a stage-structured predatory-prey system with birth
pulse and impulsive harvesting at different moments. Nonlinear Anal. Real World Appl. 12
(2011), No. 4, 2232-2244.

[4] L. Nie, Zh. Teng, L. Hu, and J. Peng, Qualitative analysis of a modified Leslie-Gower and
Holling-type II predator-prey model with state dependent impulsive effects. Nonlinear Anal.
Real World Appl. 11 (2010), No. 3, 1364-1373.

[5] L. Nie, Zh. Teng, and A. Torres, Dynamic analysis of an SIR epidemic model with state
dependent pulse vaccination. Nonlinear Anal. Real World Appl. 13 (2012), No. 4, 1621-1629.

[6] I. Rachunkova and J. Tomecek, A new approach to BVPs with state-dependent impulses.
Bound. Value Probl. 2013, 2013:22, 13 pp.

[7] I. Rachunkova and J. Tomecek, Second order BVPs with state dependent impulses via lower
and upper functions. Cent. Eur. J. Math. 12 (2014), No. 1, 128-140.

[8] I. Rachunkové and J. Tomecek, Impulsive system of ODEs with general linear boundary con-
ditions. Electron. J. Qual. Theory Differ. Equ. 2013, No. 25, 16 pp.

[9] I. Rachunkovd and J. Tomecek, Existence principle for BVPs with state-dependent impulses.
(submitted).

119



Construction of Periodic Solutions and
Interval Halving Procedure

A. Rontd

Institute of Mathematics, Academy of Sciences of the Czech Republic, Brno, Czech Republic
E-mail: ronto@ipm.cz

M. Ronté

University of Miskolc, Miskolc, Hungary
E-mail: matronto@uni-miskolc.hu

N. Shchobak
Uzhgorod National University, Uzhgorod, Ukraine

We are interested in a constructive numerical-analytic method of investigation of the periodic
boundary value problem

u'(t) = f(tu(t), telab], (1)

u(b) = u(a), (2)

where f : [a,b] x R™ — R™ is a continuous function Lipschitzian with respect to the second variable:
|f(t,21) = f(t,22)| < K|21 — 2| (3)

for all z1, 2z from a certain bounded set D. The inequality and the absolute value sign in (3) are
understood componentwise. The numerical-analytic scheme based on the successive approximations
(see, e.g., the references in [1])

t b
Um(t,z) ==z + /f(s, Um—1(s,2)) ds — Z: Z/f(s,um_l(s, z)) ds, (4)

where ug(t,z) := z, t € [a,b], m = 1,2,..., z € D, allows one to both study the solvability of the
problem and practically construct approximations to its solution. The idea of use of iterations (4)
to study problem (1), (2) is based on the fact that, in the case of solvability, the free parameter z
involved in (4) can always be chosen so that the limit of sequence (4) is a solution of the problem.
The parameter z plays the role of an unknown initial value of the solution.

In order to guarantee the applicability of this approach, the previous works contained the
assumptions that the eigenvalues of the Lipschitz matrix are sufficiently small and the domain D
where (3) holds is, in a sense, wide enough. In particular, the method based on (4) is known to be
convergent provided that 0

) 5
3(b—a) (5)
We have shown recently in [2] that, at some computational expence, the scheme of the method can

be modified so that the convergence condition becomes twice as weak as the original one. More
precisely, the mentioned modified version converges provided that

20
50-a)’ )

r(K) <

r(K) <

which is a considerably weaker assumption. The idea is to construct the iterations from suitable
sequences defined on the half-intervals.
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Let 2 be a closed convex subset of D, in which one looks for initial values of periodic solutions.
We assume that f satisfies the Lipshitz (3) condition on D. Note that the main role is now played
by Q, and not D. Let & and n be arbitrary vectors from 2. By analogy to [2], put

roft, &) = (1= A= Dy 2Dy e agna),

o 2(t —a—10) 2t—a—1b
yO(tvgvn) T (1_ b—a )5—1_ b—a

& te(a+b)/2,b],

define the recurrence sequences of functions z,, : [a, (@ +b)/2] x Q* — R™ and y,, : [(a +b)/2,b] x
02 - R", m=0,1,..., according to the formulas

t
l’m(t,§,7]) = $0(ta§777) + /f(87xm—1<37€777)) ds—

A /f(s,xm_l(s,f,n))ds, t € la,(a+0b)/2], (7)

a

t
ym(ta§7 ) —yotfn +/f8ym 13577>)d8—

b
S [ fma(sbm) ds, tel@rn/2b(8)

a+b
2

where m > 0. Note the presence of the two parameter vectors, £ and 7, in (7), (8), in contrast to
one appearing in (4).

Let
da(f) = maX{5[a,(a+b)/2],Q(f), 5[(a+b)/2,b],Q(f)}: 9)
where 0;0(f) := max f(t,2) — min f(¢,2) for any closed interval J C [a,b]. Given a
(t,2)ETXQ (t,2)ETXQ
non-negative vector g, put Q, := |J B(, ), where B(§,0) :={z € R": |£ — 2| < po}.
£eq

Theorem 1. If the spectral radius of K satisfies (6) and

b
do: Q,CD and o>

— % 50,(f) (10)

then, for all fized (&,m) € Q2, the sequence {x,(-,&,m) : m > 0} (resp., {ym(-,&,m) : m > 0})
converges to a limit function xoo(-,&,m) (1€SP., Yool +,&,m)) uniformly in t € [a,(a + b)/2 ] (resp.,
€ [(a+b)/2,b)).

Condition is twice as weak as the original inequality (5). Furthermore, comparing condition
(10) with similar assumptions from earlier works, we find that (10) is easier to verify because in
order to do so one has only to find the value dq,(f), which is computed directly by estimating f.
It is also clear from (9) that the value dg,(f) does not change when D grows.

Theorem 2. If (6) and (10) hold, then the function us(-,&,n) : [a,b] — R™ defined by the formula

_ Jr(t,&m) if t€[a,(a+b)/2],
toeltson) = {yoo(taé,n) if t€(a+b)/2,0],
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for (€,m) € Q2 is a solution of problem (1), (2) if and only if
5(5777) = 07 H(gv’r/) = Oa

where

E(fﬂ?) == 5 - /f(Ta xoo(7757n)) dTa

b
H(&,’I’]) :f_n_ f(Tayoo(TagaT/)) dr.

a+b
2

Moreover, for every solution u(-) of problem (1), (2) with (u(a),u(F2)) € Q2, there exists a pair
(607770) n 02 such that U() = 'LLOO( : 7507770)‘

Theorems 1 and 2 suggest a scheme of investigation of the periodic boundary value problem
(1), (2), which can be realised on practice by using certain approximate determining functions con-
sidered for a finite number of step and, thus, computable explicitly. These approximate determining
functions also allow one to obtain constructive conditions guaranteeing the solvability of problem
(1), (2) (see [2]).

Multiple interval divisions can be carried out, which, at the price of increase of the number
of determining equations to be solved numerically, proportionally diminishes the constants in the
conditions. For example, with [a,b] divided into 4 parts at once, we replace (6) by the weaker
condition 0

3(b—a)’

The condition on the neighbourhood of €2 also becomes proportionally weaker: instead of (10), one
arrives at the assumption that

r(K) < (11)

b—a

16

do: Q,CD and 9> da, (f). (12)

Assumption (12) is, clearly, weaker than (10).
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It is known that self-oscillation (in time) processes in neuron systems exhibit the phenomenon
of alternation of pulse bursts (sets of several consecutive intensive spikes) with relatively smooth
intervals of membrane potential variation. This phenomenon is referred as bursting behavior.

Bursting behavior was studied in numerous works (see, for example, [1-5]). As a rule, the math-
ematical modeling of this behavior is based on singularly perturbed systems of ordinary differential
equations with one slow and two fast variables; under certain conditions such systems may possess
stable bursting cycles (periodic motions with bursting behavior). We propose an different approach
to the solution of this problem by introducing time delays.

For the mathematical model of an individual neuron we will take the difference-differential

equation
u! = A f(ult — b)) — glu(t — 1))]u. (+)
Here u(t) > 0 is the membrane potential of the neuron, the parameter A > 0 (characterizing the

time rate of change of electric processes in the system) is assumed to be large, and the parameter
h € (0,1) is fixed. We assume that the functions

f(u),g(u) € CY(RY), R ={ue R:>0},
possess the following properties: f(0) =1, g(0) =0, and as u — +o0

Flu) = —ag + O(L/w), uf'(u) = O(L/u),
g(u) = by + O(1/u), ug'(u) = O(1/u),

where a¢ and by are positive constants.

Our main result is as follows. For any fixed natural number n, one can choose the parameters h,
agp, bo so that, for all sufficiently large A, the equation (x) will have an exponentially orbitally stable
cycle u = u*(t,\) of period T%(X), where T%(\) tends to a finite limit 7% > 0 as A — oco. On a
closed time interval of period length, the function u*(¢, A) has exactly n consecutive asymptotically
high (of order exp(Ah))) spikes of duration At = [1 + (1/ag)]h,while it is asymptotically small at
other times. In other words, under such a choice of the parameters h, ag, by bursting behavior is
realized.

u

LJ.J|ILJIM JL“J‘LLML t

The properties of the bursting cycle u*(¢, A) is illustrated on the graph in the plane (¢, u) scaled
25 : 1 for the case h = 1/26, A = 130 and for the functions

fu) =1 —u)/(1+0.5u), g(u)=4u/(1+u).
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Let G(gg) = {t,e :teR, €0, ), €0 € R+}.

Definition 1. We say that a function f(¢,¢), in general a complex-valued, belongs to the class
Sm(eo), m € NU{0}, if

(1) f:G(g0) — C;
(2) f(t,e) € C™(G(ep)) with respect to t;
(3) d*f(t,e)/dtk = ek fi(t,e) (0 <k <m),

def N ]
1 £llsmeo) = D sup | fi(t,e)] < +oo.
k=0 G(c0)

Definition 2. We say that a function f(t,e,6) belongs to the class F? (g,a) (m € N U {0},
a € (0,+00)) if
(1) t,e € G(eo), 6 € R;
(2) f: G(é‘o) xR —=R;
(3)
o
f(t,e,0) = Z fn(t,e) exp(ind),

n=—0oo

and

(a) fn(t>5) € Sm(EO)a f—n(t>5) = fn(ta€)§
3K € (0,400): [[fullsm(eo) < K exp(—|n|a), n € Z;

— 7 N
o o
SN— S—

oo
def K(1+e™)
1 lEs oy = D Ifallsmen) < By
n=-—oo

So the function f(t,¢,60) and its partial derivatives with respect to t up to m-th order inclusive
are analytic with respect to 6 € R.

Definition 3. We say that a function f(t,e,x) belongs to the class S¥, (o, zo, d), if
(1) t,e € G(ep), z € Ry
(2) f:G(e0) x R — Ry
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flt,e,z) Zflte a:—a:o)

and

(a) fi:G(eo) = Ry
(b) fl(tvg) € Sm(€0);

[e.@]
(c) the series [/ fills,,(c0) (7 — x0)! is convergent if |z — x| < d.
1=0

Thus the function f(¢,e,x) is real, analytic with respect to x, if |z — zg| < d together with its
partial derivatives up to m-th order inclusive. Moreover, Vz € (xg—d,zo+d) : f(t,e,x) € Sp(eo).

Definition 4. We say that a function f(¢,¢,0,z) belongs to the class Fy%x(so,oz,mo,d) (m €
N uU{0}, a € (0,+00)) if

(1) t,e € G(ep), 0 € R, z € R;
(2) f:G(e0) x RxR — R;
(3)

f(t,e,0,z) Z anlt€ i (z — ap),

n=-—o00 [=0

and

(a) fn,l(ta 5) € Sm(50)7 f—n,l(tag) = fn,l(t7€)7
(b) 3K € (0,400) : VneZ,Vpe (0,d):
Ke~Inla

Init:Mlsie) < =

We denote

Xo(t, e, x) /Xta@ac

Consider the following system of differential equations
dz
i uX(t,e,0,x)+ea(t,e,0,x),

(1)
Zi w(t,e) + uO(t,e,0,x) + €b(t, e, 0, x),

where t,e € G(eg), 0,z € R; X,0 € Fg{m(eo,a,xo,d), a,b € Fgl’fl(eo,a,xo,d), w € Sn(eo),

inf w=wy>0,uec0,u).
Jnf, 0 1 € (0, po)

We study the question of the existence of the integral manifold z = w(t,e,0, 1) € F,f(sl, a1)
(k<m—1,e1 <ep, a1 < a) of the system (1).
Let us assume that the following conditions hold.

(A) There is a real function z((¢,¢) such that
(1) XU(ta & l’o(t, 6)) =0;
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(2)
inf aXU(t, g, l’o(t, 8))

= 0; 2
G(go) 6:1/’ ’y > i ( )

(3) in system (1) a function zo(t,e) is taken as a point z¢ and is taken as d — sufficiently
small positive number in the d-neighborhood of the point xg is no other roots of the
equation Xo(t,e,x) = 0, than xg. Owing to the condition (2) the number d are exists.

(B) Parameters p and ¢ are related by inequalities

pEsem, 3

where r,m1 € N, r > 2my, m > 2mq, mq > 1,
€

2 <9, (4)

[+
where 0 € (0, +00).

Theorem. Suppose that the system (1) satisfies conditions (A), (B). Then 3y € (0, +00) such
that ¥V € (0,00) (0 — value in condition (B)) the system (1) has the integral manifold

z=w(t,e,0,p) € Fy, _1(e7,a%),

where €5 € (0,€0), a* € (0,), and on this manifold the system (1) is reduced to the equation

do
pri w(t,e) + puO(t,e,0,w(t,e,0, 1)) +ebt,e,0,w(t e, 6,un)).
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Let T € (0,00) and let {ay,} C (0,1) be such that lim «, = 1. We investigate the sequence of
n—oo

singular fractional boundary value problems

%CDa"u(t) = pp(t)° D u(t) + p(t)a(t) f(t, u(t)), (1)
u(0) = Do u(t)|,_p,  DOut)],_, = ‘W, )

where p € (—00,0), f € C(]0, 7] x R) and the functions p, a satisfy the condition
T

(Hi) pe C(0,T],a € C[0,T],p>0,a>0on (0,7 and [ p(t)dt = .
0

Here, D is the Caputo fractional derivative.

We say that a function u : [0,7] — R is a solution of problem (1),(2) if D% u € C[0,T] N
C1(0,T), u satisfies the boundary conditions (2), and (1) is satisfied for ¢ € (0, T].

The Caputo fractional derivative ‘D7z of order v > 0, v € N, of a function z : [0,7] — R is
given as [1, 2]

: N NG G < P
DVx(t) = e / Th-v) (az(s) - kZO o sk> ds,
0 -

where n = [y] + 1 and [y] means the integral part of the fractional number ~.
Hence equation (1) can be written in the form

t t
2
=/ (Ft T (u(s) = ul0) ds = () 5/ (Ft T (u(s) = wl0) ds + p(D)a(0) (1, u(0)).
0 0

The special case of (1) is the equation

d
— Deny(t) =
3 D u(t)

a(t) f(t, u(t))

ﬁ CDanu(t) + h y

tY

where v € [1,00) and p € [0,7].
Along with problem (1), (2), we discuss the singular differential boundary value problem

u"(t) = pp(t)d(t) + p(t)a(t) f(t, u(t)), (3)
w(0) = W/(T), w/(0) = ‘%)’“(0)). (@)

A function u € C*[0,T]) N C?%(0,T] is called a solution of problem (3),(4) if u satisfies (4), and (3)
holds for ¢ € (0,T].

The following result is proved by the Rothe fixed point theorem [3] and gives the existence
result for problem (1), (2).
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Theorem 1. Let (Hy) hold and let

(H2) f € C([0,T] x R) and there exist a positive constant S such that for t € [0,T] and |z| < S,
the estimate

max{1,T} -1
< - > ' 7
a®)|f(t,2)| < (F = +1) lols
is fulfilled, where A = min{I'(7) : 1 <7 <2} (=0.88).
Then for each n € N problem (1), (2) has at least one solution u, and

lun|| < S for neN.

Remark. If f satisfies condition
(Hs) f e C([0,T] x R) and for (¢,x) € [0,T] x R the estimate
a(t)|f(t, x)| < w(|z])

holds, where w € C[0,c0), w is nondecreasing and lim w(v)/v =0,
V—00

then f satisfies condition (Hz).

The relation between solutions of problems (1), (2) and (3), (4) is stated in the following theorem.

Theorem 2. Let (Hy) and (Hz) hold. Let u, be a solution of (1), (2). Then there exist a
subsequence {uy, } of {un} and a solution u of (3), (4) such that

lim ||ug, —ul| =0, lim [|[D%nuy, —u'|| = 0.
n=oc0 n-oo
The following results deals with the uniqueness of solutions to problems (1), (2) and (3), (4).
Theorem 3. Let (Hy) hold. Let f € C([0,T] x R) and
lf(t,x) — f(t,y)| < K|z —y| for t€[0,T] and z,y € R,

where
ol
(T +1)|all

Then for all sufficiently large n problem (1), (2) has a unique solution u, and

K <

lim |lu, —ul| =0, lim [|[D*u, — /|| =0,
n—oo n—oo

where u is the unique solution of (3), (4).
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We study invariant sets of Ito stochastic systems

k
dr = a(t,z)dt + Y b(t,x)dW,(t), (1)
r=1
where t > 0, x € R", a(t,x), b.(t,z) are in R™, and Wi,..., W, are jointly independent scalar

Wiener processes defined on a complete probability space ({2, F, P).

We assume that functions a(t, z) and b, (¢, z) are Borel on the set of variables and Lipschitz in
x for {t > 0} x R™ and a(t,0), b.(t,0) are bounded. It is well known that those conditions assure
an existence and uniqueness of a solution of the Cauchy Problem for ¢ > 0.

Let S be a Borel set in {t > 0} x R® and Sy = {z: (t,z) € S}. Let S; # @ for t > 0.

Definition 1. The set S is a positive invariant set for the system (1) for ¢t > 0 if the equality
P{(t,x(t,tg,a:g)) €8, vit> to} -1 2)

holds under the condition (tp, zo(w)) € S with P1, where x(¢, %o, zo) is a solution of the system (1)
with an initial condition z(to, to, x0) = xg, to > 0.

In other words, if a solution starts in an invariant set, then it remains in the same set.

Remark 1. Note that the set S from the definition (1) is nonrandom (deterministic). Thus we
want to obtain the conditions ensuring that the random process “settles” on a deterministic set.

Definition 2. An invariant set S is stochastic stable if for all e > 0 and €3 > 0 there exists
d > 0 such that for p(xo, St,) < J the next inequality holds

P{ sup p(x(t,to,xo),St) > 61} < €9. (3)

t>to

Here is a distance from a point to a set p(z, St) = inSf 2 —yll.
YESt

Let D be a bounded domain in R"™, and a nonnegative Liapunov function V (¢, x) be defined for

{t > 0} x D and continuously differentiable twice in = and once in .
Let N be a set of zeros of V(t,z) in {t > 0} x D and Ny = {x € D : V(t,z) = 0}. Assume that
N, # @ for t > 0 and let the projection of set N on R™ be closed in D.
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We want to find conditions for the set N = {(¢,z): V(t,2) = 0} to be an invariant set for the
system (1). Consider the generating operator for the system (1)

k
ov 1 2
LV = a + (v‘/v a(t,x)) + 5 ; (V, br(ta .T)) Vvv (4)
where V = (3%1’ ce %) and (-, -) is a scalar product.

Theorem 1. If the inequality LV (t,x) < 0 holds in domain {t > 0} x D, then the set
V(t,x)=0, t>0, x €D (5)
is positively invariant for (1). If, in addition,

inf V(t,z) = Vs >0
t>0, zeD, p(Ntvw)>6

for & > 0, then the set (5) is stochastically stable.

Let the system (1) have positively-invariant set S which is a part of bigger invariant set N,
S C N, and on set N system (1) degenerate into deterministic one.

Definition 3. A set S is stable on N for ¢ > tg if for all € > 0 there exists § > 0 such that for
any xo € N with p(z,S) < ¢ the next inequality holds

p(x(t, to, zo), S) < e for t > to. (6)

Theorem 2. Let a positively-invariant set N C D C R™ of system (1) include a closed
positively-invariant set S (S C N ) which is asymptotically-stable on N.

Then, if the set N is of the form V(x) = 0, x € D, V(z) is nonnegative-defined twice
continuously-differentiable in R™ function and

LV < -1V, (7)

V= ‘i|nf V(z) — 00, r— o0, (8)
x|>T

’UT(tva‘)F < C2V(x)7 (9)

where c; > 0, ca > 0 are constants, then the set S is uniformly stochastically stable for system (1).
That is for any e1 > 0, €9 > 0 there exists 6 = §(e1,e2) such that for p(xo,S) < & the next inequality
holds

P{ sup p(z(t, to, z0), ) > 51} < ea. (10)

t>to

Remark 2. The condition (9) means that the system (1) degenerates into deterministic one
on N.

Now we come to an analogue of the Pliss reduction principle.
Let for z € R™, y € R™ and t > 0 we have the Ito system

{dm = X(t,y)dt, (11)

dy = A(t)ydt + o(t, z,y)dW(t),

where X is n-dimensional vector, A(t) is m X m-dimensional matrix, o is m X r-dimensional matrix,
W (t) is r-dimensional Wiener process.
Functions X and o are Lipschitz over x and y with constants L; and Lo, respectively.
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Let the fundamental matrix ®(¢,s) of the system

dy
— = A(t 12
U Aty (12)
satisfy the condition
l2(t, s)| < Kexp{ —p(t—s)} (13)

fort>s, K>0,p>0.

Let X (0,0) = 0 and o(¢,x,0) = 0. Consequently, (0,0) is a solution of the system (11) and
the set y = 0 is an invariant set for the system (11). Also on the set y = 0 the original stochastic
system degenerates into deterministic one

dx = X (z,0)dt. (14)

We study stability of a trivial solution of the stochastic system (11) using a fact that on the
invariant set y = 0 the trivial solution is stable as a solution of the deterministic system (14).

1
Theorem 3. Let a trivial solution of the system (14) be asymptotically stable and Lo < % .
Then a trivial solution of the system (11) is stochastically stable.
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Let I :qia, b] be a finite interval and let R™ be an n-dimensional vector space of points x =
(x',...,2")T, where T means transposition. Suppose that O C R" is an open set and M C O
is a convex set. Let the function f(t,z,y) = (f'(t,z,y),..., f"(t,z,y))" be defined on I x O?
and satisfy the following conditions: for almost all fixed ¢ € I the function f(t,z,y) is continuously
differentiable with respect to (z,y) € O?; for any fixed (z,y) € O? the functions f(t,z,y), f(t,z,v),
fy(t,z,y) are measurable on I; for any compact set K C O there exists a function mg(t) €
L(I,]0,00)) such that

|f(t,ﬂ?,y)’ + |f$(t7xvy)| + |fy(t’$7y)’ < mK(t)

for all (z,y) € K? and for almost all ¢ € I. Further, let D be the set of continuous differentiable
scalar functions (delay functions) r(t), t € I, satisfying the conditions: 7(t) < t, 7(t) > 0 with
7 := inf{7(a) : 7(t) € D} is finite. By ® we denote the set of continuously differentiable initial
functions ¢(t) € M, t € [7,b].

Let a < tg1 < toa < t11 < t12 < b be given numbers and let the functions ¢*(to,t1, ), i =1,...,1
be continuously differentiable with respect to all arguments t¢g,t; € I and x € O.

The collection of initial moment ty € [to1,t02], finally moment ¢; € [t11,t12], delay function
7(t) € D and initial function p(t) € @ is said to be initial data and will be denoted by w =
(t(]a U1, T(t)a Qp(t))

To each initial data w = (to,t1,7(t), p(t)) € W = [to,t1] X [t11,t12] X D x ® we assign the
quasi-linear neutral functional differential equation

#(t) = A(t)a(o(t) + f(t,2(t),2(1(1))), t € [to,t1] (1)
with the initial condition
z(t) = (1), t € [T, to]. (2)

Here A(t) is a given continuous matrix function with dimension n xn and o(t) € D is a fixed delay
function. The condition (2) is said to be continuous initial condition since always x(tg) = ¢(to).

Definition 1. Let w = (to,t1,7(t), p(t)) € W. A function z(t) = z(t;w) € O, t € [T,t],
is called the solution of equation (1) with the continuous initial condition (2) or the solution
corresponding to the element w and defined on the interval [7,¢;], if x(¢) satisfies condition (2)
and is absolutely continuous on the interval [tg, 1] and satisfies equation (1) almost everywhere on
[t07t1]'

Definition 2. An initial data w = (to,t1,7(t), ¢(t)) € W is said to be admissible if the corre-
sponding solution z(t) is defined on the interval [7, 1] and the following conditions hold

qi(to,tl,x(tl)) = 0, 1= 1, e ,l.
The set of admissible initial data will be denoted by Wj.
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Definition 3. An initial data wy = (tgo, t10, 70(t), wo(t)) € Wy is said to be optimal if for any
w = (to, t1,7(t), p(t)) € Wy we have

q° (too, t10, 2o(t10)) < ¢°(to, t1, z(t1)),
where xo(t) = z(t; wo), x(t) = z(t; w).
The initial data optimization problem consists in finding an optimal initial data wy.

Theorem. Let wy € Wy be an optimal initial data and toy € [to1, to2), t10 € (t11, t12]. Moreover,
the function f(t,z,y), (t,z,y) € I x O% is bounded and there exist the finite limits io(o(t10)—),

lim f(z) = f*, 2= (t,z,y) € [too, t10) x O7,

zZ—20

lim f(z) = f~, z € (too,t10] x O,
z—21

where zog = (too, vo(too), o(T0(teo0))), z1 = (t10,x0(t10), zo(T0(t10))). Then there exist a wvector
m = (m0,...,m) # 0, mo <0 and the solution (x(t),9(t)) of the system

X(t) = =) f2[t] — (@) fy[ro(H)]F0(2),
¥(t) = x(t) +¥(pt)Alp(2))p(1), t € [too, t1o), (3)
x(t) =(t) =0, t > t10

such that the conditions listed below hold:
- the condition for x(t) and ¥ (t)
X(ti0) = ¥(ti0) = mQoq,
where Q@ = (¢°,...,¢")", Qox = Qx(too, t10, Zo(t10));

- the condition for the optimal initial function po(t)

x(to0) o (too) + / P(0(1)) £y Lo )0 (B) o (t) dt + / Blp(t) A(p(1) 1) polt) dt =
70(too) o(too)
= max [x(topto)t [ wGoAblneO e [ vl Appee |
70(t00) a(too)

- the condition for the optimal delay function To(t)

t10 tio

/%Z) ) fylt]Zo(t)To(t =mm/w ) fyltlo(t)T(t) dt

- the condition for the optimal initial moment tyg
TQot, + ¥ (too) [sbo(tlo) — A(too)$o(too) — fﬂ < 0; (4)
- the condition for the optimal final moment tyg

TQot, + Y(t10) [A(tlo)fﬁo(ff(tlo)—) + f_} > 0. (5)

Here ~y(t) is the inverse function of 19(t) and p(t) is the inverse function of o(t);
falt] = fa(t, 20(t), zo(10(2)))-
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Some comments

The essential innovation in this work is necessary optimality condition for delay function. The
above given theorem is proved by a scheme described in [1]. Let f(¢,z,y) be continuous at the
points zp and z1, and let Zo(t) be continuous at the point o(t1p), then instead of inequalities (4)
and (5) we have equalities

TQot, + ¥ (too) [Sbo(tlo) — A(too)$o(too) — f(zo)] =0
and

7Qot, + Y (t10) [A(tlo)fﬂo(ff(tlo)) + f(21)] = 0.

The function 1 (t), generally, is discontinuous at points o(t10), (o (t10)), .- .. (see system (3)). The
initial data optimization problem for linear neutral functional differential equation with constant
delays and the discontinuous initial condition is considered in [2].
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We consider the system of differential equations

(1)

{y; = fi(tvyla o 73/71)7

1= 1,n,

42 —_
where f; : [a,w][x [] Ayo — R (i = 1,n) are continuous functions, —0o < a < w < 400, Ayo
i=1 i
(i € {1,...,n}) is a one-sided neighborhood of the point Y, and Y;? equals either zero or +ooc.

Definition 1. A solution (y;)!_; of system (1), defined on an interval [tg,w[C [a,w][, is called
Puw(Aq, ..., Ap_1)-solution, where —oco < A; < 400 (i = 1,n — 1) if it satisfies the following condi-
tions

yi(t) € Ayo while t € [ty,w], ltle yi(t) =Y (i=T1,n), (2)
()Yl (t _
hmw:/\i (i=T,n—1). (3)
ttw y; (t)yit1(t)
Earlier the asymptotic behavior of P, (A, ..., A,—_1)-solutions of cyclic systems of differential
equations

Y; = aipi(t)pir1(yiv1) (i=1,n—1),
Yp, = anpr(t)e1(y1),
where oy € {—1,1} (i = L,n), p; : [a,w[—]0,+00[ (i = I,n) are continuous functions, ¢; :

A(Y) —]0;+o0[ (i = 1,n) are continuous and regularly varying functions (see [1]) when y; — Y
of o; orders, which satisfies the conditions

/ n
L Yiei(i) :
lim =222 =g0; (i=1,n), ||O“§£1,
yi—YP Sol(yl) ! — '

Y, €AY))

was investigated in [2—4].

The aim of the present paper is to derive necessary and sufficient conditions for the existence of
Pu(A1, ..., Ap—1)-solutions of system (1) of a more general form and asymptotic formulas for such
solutions as ¢t T w for the case in which the A; (i = 1,n — 1) are nonzero real constants.

In this care can be determined nonzero real constant A,,, which establishes relationship between
the first and nth components of the P, (A1, ..., A,—1)-solution. We have

A — iy PO _ [yn(t)y%_l(t) _”yz(t)yi(t)] _ 1
" ey (O () e Ly (Wyaa () eyt A Ay

We set p; = 1 if either V! = +o00 or V! = 0 and A(Y}") is a right neighborhood of the point 0 and
wi = —1 if either Y? = —c0 or Y;? = 0 and A(Y,?) is a left neighborhood of the point 0. Note that

(4)
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the numbers y; (i = 1,n) determine the signs of the components of the P, (A1, .., A,_1)-solution
in some left neighborhood of w.

We examine the question of the existence of P, (A1, ..., Ap_1)-solutions of system (1) with fixed
values A; € R/{0} (i = 1,n — 1) and the question of the asymptotic behavior of such solutions as
t T w for the case in which the system is in some sense close to the cyclic with regularly varying
nonlinearities.

Definition 2. System of differential equations (1) satisfies the condition N(Aq,...,An—1),
where A; € R/{0} (i = 1,n — 1), if for each k € {1,...,n} there exist a number oy, € {—1,1}, con-
tinuous function py, : [a,w]| — |0, +00[ and ¢g11 : AYkOH — 10, +00[ continuous function properly
varying as yp41 — Y)), of order o441 such that for any functions y; : [a,w[— Ayo (i = 1,n) with
conditions (2), (3), we have the representation

Fe(t.1(t), - yn(t) = awpr ()1 (1 (D)1 + 0(1)] as T w. ()

Let us introduce notation considerations while the system satisfies the condition N(Aq,...,Ap_1)
for some A; (i € {1,...,n —1}) and the orders o, (k = 1,n) of the functions ¢j, are such that the
conditions

n
[[ox#1 (6)
k=1
n
From (4) it follows that [[ A; = 1; therefore, by the condition (6), the expression 1 — A;0541 is
i=1
nonzero for at least one i € {1,...,n}. Let

J={ie{l,...,n}: 1—Njoy41 #0}, T={1,...,n}\7J

and let | be the minimal element of the set J o
Taking into account the choice of I, we introduce auxiliary functions /; (i = 1,n) and nonzero
constants ; (i = 1,n) by the relations

t
/pz for i €7,
A;
Ii(t) = t
/Il 7)dr for i€ 7,
A;
1— Aoy, for 1 €7,
_ A for ie{l+1,....,n}\J
ﬁ’i: AlAz_l’ Y 9 Y
bi for i€ {l,...,0—1}\7
Ao Ay Ay’ P

where limits of integration A; € {w,a} are chosen in such way that the corresponding integral I;
tends either to zero or to infinity as ¢ T w.
In addition, we introduce the numbers

* 1, if Ai:a, -
A; —{_1’ A= w (i=1,n).

It follows from the condition N (A1, ..., A,—1) and (2) that for the existence of P, (A1, ..., Ap_1)
— solutions of system (1), it is necessary for each i € {1,...,n}

a;p; >0 for Y, = 4+oo, a;u; <0 for Y; =0.
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Theorem. Let A; € R\ {0} (i =1,n — 1), system of ordinary differential equations (1) satisfy
the condition N(A1,...,An—1) and the orders of properly varying functions ¢ (i = 1,n) in the
representations (5) be such that the conditions (6) hold. Let, moreover, | = minJ. Then, for the

existence of Py(A1, ..., An—1) — solutions of system (1), it is necessary and, if the algebraic equation
about p
n i—1 n i—1
T (TI+0) ~TI(s 1) =0 (7)
i=1  j=1 =1 j=1
does not have roots with zero real part, it is also sufficient that for each i € {1,...,n}

lim Li(1) 4 () _ A Bi+1
tTw I

iOLa () B
and the following conditions to be satisfied
AiBi >0 if Yy =+o0, AjBi <0 if Vi =0,
Sigl’l [OéZA:‘ﬂz] = .

Moreover, components of each solution of that type admit the following asymptotic representation
ast T w:

vi) e e
ey (@) PO for i€,
) L) e s
@) P Wl foried

and also the asymptotic representations in plicit form

yilt) =l L) 7Y (=T for ¢ ] w;

and there exists the whole k-parametric family of these solutions if there are k positive roots
(including multiple roots) among the solutions of algebraic equation (7) with signs of real parts
different from those of the number Af[;.
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Let us consider the linear differential system
t=A(t)xr, x € R", t>0, (1)

where n > 2 and A(-) is a sectionally continuous and bounded matrix-function. Denote the set of
all such systems by M,,. Identifying system (1) with its matrix, we use the notation A(-) € M,,.
Let A\(A) < -+ < A,(A) be the Lyapunov exponents of system (1). Let us also consider the
perturbed system

&= (Alt)+Q(t)x, zeR", t>0, (2)

with a sectionally continuous n x n-matrix-perturbation @(-), which belongs to E,. By E, we
denote the class of exponentially decreasing perturbations (i.e. the Lyapunov exponent of [|Q(-)||
is negative: A\[Q] < 0). Following our notation, let A\;(A+ Q) < --- < A\ (4 + Q) be the Lyapunov
exponents of system (2). From article [1] it follows that the Lyapunov exponents of system (1) can
be unstable under perturbations from E,. Let Ag(A) = inf{\y(A+ Q) : Q € E,} be the exact
lower bound of mobility of Ax(A) and Vi(A) = sup{\:(A+Q) : @ € E,} be the exact upper bound
of mobility of A\x(A) with £ =1,...,n. Hence there arises a natural problem of calculating Ay (A)
and Vi (A) by the Cauchy matrix of the initial system (1). The values of so-called Izobov exponents
A1(A) and V,,(A) were calculated in article [2]. In this paper, for any system A(-) € M,, and each
k=1,...,n we calculate the exact upper bound V(A) of mobility.

The formulated problem of calculation of the exact extreme bounds of mobility can be considered
for any other class of perturbations. The exact upper bounds of mobility of the Lyapunov exponents
were calculated in article [3] for the class of small perturbations. Although the given below theorem
coincides with I.N. Sergeyev theorem by form and is proven by using the same ideas, there are still
some substantial technical differences in the proofs. The fundamental difference is contained in the
following definition.

Line-elements N(-) and L(-) of solutions of system (1) are called exponentially integrally di-
vided if for any € > 0 there exists a T, > 0 such that for all ¢t > 7 > T inequality (||z1(¢)||/||lz1(7)|]) :
(le2 (@) |I/lx2(7)]]) = exp(—et) holds for any nonzero solutions z1(-) € N(-) and z2(-) € L(-). In
such a case the line-element N (-) is called exponentially larger than line-element L( -). Moreover,
the line-elements N(-) and L(-) are called strongly exponentially divided if they are exponentially
integrally divided and the angle Z (N(-), L(-)) between these line-elements has the exact zero the
Lyapunov exponent. The notion of exponentially integrally divided line-elements was introduced
in [4]; the definition of strongly exponentially divided line-elements was introduced in [5] implicitly.

The notion of strongly exponentially divided line-elements when Q(-) € E,, is the exact analog
of the notion of integrally divided line-elements. The following lemma is very important for the
proof of the theorem.

Lemma. If system (1) has strongly divided line-elements N(-) and L(-) such that dim N +
dim L =n and N(-) is exponentially larger than L(-), then every system (2) with Q(-) € E,, has
strongly exponentially divided line-elements Ng(-) and Lg(-) such that Ng(-) is exponentially
larger than Lg(-), dim Ng = dim N and dim Lg = dim L.
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Let us define the upper exponential exponent V|1 (A) of the line-element L(-) of solutions of
- m o
system (1) as V|.(A) = lim lim 0™ In||X|.(¢7,6°~Y)||. By X|.(¢t,7) we denote the
0—14-0 Nom—+oo j=1
restriction of the Cauchy operator X (¢, 7) of system (1) to L(7).

Theorem. Let i be the least number greater than or equal to k such that there exist strongly
exponentially divided line-elements N(-) and L(-) for which N(-) is exponential greater than L( -)
and dim N +dim L = n, dim L = i then Vi (A) is equal to V|L(A).
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