Memoirs on Differential Equations and Mathematical Physics

VoLuME 73, 2018, 1-20

Khalida Aissani, Mouffak Benchohra, Mustapha Meghnafi

CONTROLLABILITY FOR IMPULSIVE
FRACTIONAL EVOLUTION EQUATIONS
WITH STATE-DEPENDENT DELAY
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1 Introduction

Fractional order differential equations are generalizations of classical integer order differential equa-
tions. These are increasingly used to model problems in fluid flow, mechanics, viscoelasticity, biology,
physics, engineering and other applications. In recent years, there has been a significant development
in ordinary and partial fractional differential equations; see the monographs by Abbas et al. [1,2],
Baleanu et al. [9], Diethelm [14], Hilfer [22], Kilbas et al. [25], Miller and Ross [28], Podlubny [30],
Samko et al. [33], Tarasov [38], and Zhou [41,42] and the references therein.

Functional differential equations with state-dependent delay appear frequently in applications as a
model of equations and for this reason the study of this type of equations has received great attention
in the last years (see [3,4,6,11,17-21,24,27,35,39,40]).

The problem of controllability of linear and nonlinear systems represented by ordinary differential
equations in finite dimensional space has been extensively studied. Several authors have extended the
controllability concept to infinite dimensional systems in Banach space. Mophou et al. [29] studied
the controllability of semilinear neutral fractional functional evolution equations with infinite delay,
whereas Tai and Wang [37] discussed the controllability of fractional-order impulsive neutral functional
infinite delay integrodifferential systems. Controllability of impulsive fractional differential equations
with infinite delay is studied by Aissani and Benchohra [5].

Motivated by the previous literature, the purpose of this work is to establish the controllability
for a class of impulsive fractional equations with state-dependent delay described by

Dix(t) = Ax(t) + Bu(t) + f(t,xp(t,wt),x(t)), te Jp = (tk, tey1], E=0,1,...,m,
Az(ty) = I(z(ty ), k=1,2,...,m, (1.1)
z(t) = o(t), t e (—o0,0],

where D is the Caputo fractional derivative of order a, 0 < a < 1, A : D(A) C E — E is the
infinitesimal generator of an a-resolvent family (S (t))i>0, f : J X B x E — E is a given function,
J=100,T], T >0,and p : J x B — (—o00,T] is an appropriate function, B is a bounded linear
operator from E into E, the control u € L?(J; E), the Banach space of admissible controls. Here,
O=to<t1 < - <ty <tmg1=T,1;: E— E, k=1,2,...,m, are the given functions, (E, | -||) is
a complex Banach space, Az(ty) = z(t]) — z(t;,), z(t)) = }ILILI%) x(ty + h) and z(t;) = }]I:Jir%) x(ty — h)
denotes the right and the left limit of x(¢) at ¢ = tx, respectively. We denote by z; the element of B
defined by z;(0) = z(t +0), 6 € (—o00,0]. Here x; represents the history of the state up to the present
time t. We assume that the histories x; belong to some abstract phase space B, to be specified later,
and ¢ € B.

2 Preliminaries

In what follows, we recall some notations, definitions, and results that we will need in the sequel.
Let C' = C(J, E) be the Banach space of continuous functions from J into E with the norm

lylle = sup {ly(@®)l| : t € J}.

L(FE) is the Banach space of all linear and bounded operators on E.
A measurable function y : J — E is Bochner integrable if and only if ||y|| is Lebesgue integrable.
L'(J, E) is the Banach space of measurable functions y : J — E that are Bochner integrable, with
the norm

T
Iyl = / ly(®)]| dt for all y € L'(J, E).
0

B, (z, F) represents the closed ball in E with the center at x and of radius r.
We need some basic definitions and properties of the fractional calculus theory which will be used
further in this paper.
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Definition 2.1. Let a > 0 and f : Ry — E be in L'(R,, E). Then the Riemann-Liouville integral
is given by

i L[S
110 = 757 | s 2

0
For more details on the Riemann—Liouville fractional derivative, we refer the reader to [13].
Definition 2.2 ([30]). The Caputo derivative of order « for a function f : [0,4+00) — E can be
written as

t

o f(n) n—o n
Df( = /t—sa+1 ndS:I f()(t),t>0,n—1§0z<n.

0

R R 0
th(t)_F(l—oz)/(t—s)ads'
0

If 0 <a <1, then

Obviously, the Caputo derivative of a constant is equal to zero.
In order to define a mild solution of problem (1.1), we recall the following

Definition 2.3. A closed linear operator A is said to be sectorial if there are constants w € R,
6 € [5,m], M > 0, such that the following two conditions are satisfied:

1. > ={AelC: N#w, larg(A —w)| <0} C p(A) (p(A) being the resolvent set of A).
(0,w)

2. [[RON Al < | s AE (QZ)

Sectorial operators are well studied in the literature. For details see [15].

Definition 2.4 ([8]). Let A be a closed linear operator with domain D(A) defined on a Banach space
E and o > 0. We say that A is the generator of an a-resolvent family if there exist w > 0 and a
strongly continuous function S, : Ry —L(FE) such that {A*: Re(\) > w} C p(A) and

(NI — A) e = /e_)‘tSa(t)xdt, ReA>w, z € FE.
0

In this case, S,(t) is called the a-resolvent family generated by A.

Definition 2.5 (see Definition 2.1 in [7]). Let A be a closed linear operator with domain D(A) defined
on a Banach space F and o > 0. We say that A is the generator of a solution operator if there exist
w > 0 and a strongly continuous function S, : Ry —L(E) such that {A* : Re(\) > w} C p(A) and

AT — Al = /efMSa(t);l: dt, ReA>w, z€E.
0

In this case, S, (t) is called the solution operator generated by A. For more details see [26,31].

In this paper, we will employ an axiomatic definition for the phase space B which is similar to
those introduced by Hale and Kato [16]. Specifically, B will be a linear space of functions mapping
(—00,0] into E endowed with a seminorm | - ||, and satisfying the following axioms:

(A1) If z : (—00,T] — E is such that xo € B, then for every ¢t € J, 2; € B and
@) < Cllztlls,

where C' > 0 is a constant.
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(A2) There exist a continuous function Cq(t) > 0 and a locally bounded function Cy(t) > 0in ¢ > 0
such that

l|z4]|5 < Ci(t) sup [z(s)[| + C2(t) |0l 5,
s€(0,t

for t € J and z as in (Al).
(A3) The space B is complete.

Example 2.6. The phase space C, x L?(g, X).

Let » > 0,1 < p < o0, and let g : (—oo,—r) — R be a nonnegative measurable function
which satisfies the conditions (¢ — 5), (g — 6) in the terminology of [23]. Briefly, this means that g
is locally integrable and there exists a nonnegative locally bounded function A on (—o0, 0] such that
g(6+0) < A(€)g(f) for all ¢ <0 and 6 € (—oo, —7) \ N¢, where N¢ C (—o0, —7) is a set with Lebesgue
measure Zero.

The space C, x LP(g,X) consists of all classes of functions ¢ : (—00,0] — X such that ¢ is
continuous on [—r,0], Lebesgue-measurable, and g|¢||? on (—oco, —r). The seminorm in || - || is
defined by

-Tr

Iolla = s ||s0(9)||+< / g<9>||so<e>||Pd9) .

cl—r,
—00

The space B = C, x LP(g, X) satisfies axioms (A1), (A2), (A3). Moreover, for r = 0 and p = 2, this
space coincides with

1

0 =
Co x L*(g,X), H=1, M(L‘):A(—t)%7 K(t)=1+</g(7')d7') )

For more details see [23, Theorem 1.3.8].

Definition 2.7. A function f:J x B x E — F is said to be a Carathéodory function if it satisfies:
(i) for each t € J, the function f(¢, -, -) : Bx E — E is continuous;
(ii) for each (v,w) € B x E, the function f(-,v,w):J — E is measurable.

Definition 2.8. Problem (1.1) is said to be controllable on the interval J if for every initial function
¢ € B and r1 € E there exists a control u € L?(J, E) such that the mild solution z(-) of (1.1) satisfies

Next, we give the concept of a measure of noncompactness [10].

Definition 2.9. Let B be a bounded subset of a seminormed linear space Y. The Kuratowski’s
measure of noncompactness of B is defined as

a(B) =inf{d > 0: B has a finite cover by sets of diameter < d}.

We need to use the following basic properties of o measure and Sadovskii’s fixed point theorem
(see [34)).

Lemma 2.10. Let A and B be two bounded sets of the Banach space E. Then:
1. If AC B, then a(A) < a(B);
2. a(A) =0 <= A is compact (A is relatively compact);
3. a(A+ B) < a(A) + a(B).

Theorem 2.11 (Sadovskii’s fixed point Theorem). Let N be a condensing operator on the Banach
space X, i.e., N is continuous and takes bounded sets into bounded sets, and a(N (D)) < a(D) for
every bounded set D of E with (D) > 0. If N(S) C S for a convez, closed and bounded set S of X,
then N has a fized point in S.
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3 Controllability results

Before going further, we need the following lemma [36].

Lemma 3.1. Consider the Cauchy problem

Dia(t) = Axz(t) + Bu(t) + f(t), 0 <a <1,

o0 — a1 (3.1)

if [ satisfies the uniform Hélder condition with exponent 3 € (0,1] and A is a sectorial operator, then
the unique solution of the Cauchy problem (3.1) is given by

t
x(t) = xo—i—/Sat—sBu ds+/S (t—s)f(s)ds,
0

where

B\T denotes the Bromwich path, S, (t) is called the a-resolvent family and T, (t) is the solution operator
generated by A.

Theorem 3.2 ([12,36]). If « € (0,1) and A € A*(bp,wy), then for any x € E and t > 0, we have
1 Ta®)lLs) < Me*" and ||Sa(®)||rz) < Ce* (1 +t*7"), t>0, w> wp.
Let

Mr = sup ||[Ta(®)lrmy, Ms= sup Ce*'(1+t>7h),
0<t<T 0<t<T

hence we have . .
1Ta®)lLz) < Mz, [|Sa(t)|lLm) <t M.

Let us consider the set of functions
Bi = {x : (=00, T] — E such that m|Jk € C(Ji, E) and there exist
(t]) and a(t))) with 2 (ty) = 2(t;), 70 = ¢, k=1,2,... ,m}.
Endowed with the seminorm,
zll5, = sup {{|z(s)[l - s €[0,T]} + |65, € B,

where x|, is the restriction of z to Ji = (tg, tr+1], k=1,2,...,m
From Lemma 3.1 we can define a mild solution of system (1.1) as follows.

Definition 3.3. A function x € By is called a mild solution of (1.1) if it satisfies the following integral
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equation:

(t), t € (—00,0],

/tSa(t — 5)Bu(s) ds +/t5a(t —8)f (8 @p(s,2.),2(s)) ds, t€[0,t1],

0 0

To(t — t1) (2(ty) + Li(=(t))) + /tSa(t — s)Bu(s) ds

z(t) = + /t Sa(t = 8)f (5,2 p(s 0.5 2(5)) ds, te (ty,ts], (3.2)

To(t = tw) (z(t,) + I (x(t,,))) + /t S, (t — s)Bu(s) ds

+/t5a(t — 8) f (8 T p(s,2.), 2(3)) ds, t € (tm,T].
Set )

R(p™) = {p(s,) : (5,0) € J x B, p(s,¢) < 0}.

We always assume that p : J x B — (—o00,T] is continuous. Additionally, we introduce the following
hypothesis:

(H,) The function t — ¢ is continuous from R(p~) into B and there exists a continuous and bounded
function L? : R(p~) — (0, 00) such that

l¢ells < L(t)lIglls for every t € R(p™).

Remark 3.4. Condition (H,) is frequently verified by the continuous and bounded functions. For
more details see, e.g., [23].

Remark 3.5. In the rest of this section, Ci and C3 are the constants

Cy =supCy(s) and C; = sup Cs(s).
seJ sedJ

Lemma 3.6 ([21]). If z : (—oo, T| — X is a function such that xo = ¢, then
lzslls < (C3 + L)|élls + C sup {{ly(0)|] = 0 € [0,maz{0,s}]}, s€R(p™)UJ,

where L? = sup L®(t).
tER(p™)

Let us introduce the following hypotheses:
(H1) The semigroup S(t) is compact for ¢ > 0.
(H2) f:J x B x E — E satisfies the Carathéodory conditions.

(H3) There exist a continuous function 4 € L'(J,R*) and a continuous nondecreasing function 1 :
R* — (0, +00) such that

1t 2, 9)|| < pt)e(lzlls + llyll), (tz,y) € JxBxE.
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(H4) The function Iy : E — E is continuous, and there exists € > 0 such that

Q= max {|[Ix(2)|: = € B,}.

1<k<m

(H5) The linear operator W : L?(.J, E) — E defined by

T
Wu = [ So(T — s)Bu(s) ds,
/

has an inverse operator W‘l, which takes values in L?(J, E)/ker W and there exist two positive
constants M7 and M, such that

IBllz(m) < My, W |1am) < M.

Remark 3.7. The construction of the operator W1 and its properties are discussed in [32].

Theorem 3.8. Assume that Hypotheses (H,), (H1)-(Hb5) are satisfied with My < 1, then the IVP
(1.1) is controllable on (—oo,T].

Proof. We transform problem (1.1) into a fixed-point problem. Consider the operator N : B; — By

defined by:

(1), t € (=00,0],

t
Se(t — s)Bu(s)ds + /Sa(t = 8)f(8:Tp(s,z.),x(s)) ds, t€[0,t1],
0

To(t —t1)(x(ty) + Ii(z(t]))) + /Sa(t — $)Bu(s)

t
+/Sa(t - S)f(S,l'p(S,xswx(S)) dS7 te (tlth]a

ty

S— .

To(t = tm) (2(t,) + Im (2(t;,))) + / Sa(t — s)Bu(s)ds
—i—/Sa(t — 8)f (8 @ p(s,2.), 2(5)) ds, t € (tm, T

tm
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Using hypothesis (H5), for an arbitrary function z(-), we define the control

W‘l[asl —/TSa(t—S)f(S Tp(s,z,), T(s ))ds}( ), te€0,t],
0

_/Sa(t — ) F(5:Zp(s.00, 2(5)) ds} (1), te (t,tal,

o [x CT(T — ) (a(t) + In(a(£52))

T
_/Sa(t - S)f(saxp(s,ws)vx(s)) d8:| (t)v te (tmaT]'

Clearly, fixed points of the operator N are mild solutions of problem (1.1).
Let us define y(-) : (—o00,T] — FE as

-fpe g

z(t), te.

(1) = {o, t € (—o0,0),

If z(-) satisfies (3.2), we can decompose it as z(t) = y(¢) +
3)

(t) for t € J, which implies x; = y; + Z;
for every t € J, the expression of the control given by (3. ec

z
becomes

T
|: /Sa t— 5 S y Yp(s,ys+2(s)) + Zp(s,ys-i-f(s)), y(s) + Z(S)) d8:| (t)7 te [Oa tl]v
0

et [x T — ) [yt + 2(6) + T (u(tT) + 2(t0))]

T
u(t) = - / Sa(t = 8)f (5 Yp(s,pat2(5)) T Zp(sps+7(s)): Y(8) + Z(5)) dS} (t), te (t,ta],
t1

W [x LT = ta) [y(t) + 2(65) + Lyt + 2(65))]
T
- / Sa(t - s)f(s, Yp(s,ys+2(s)) T Zp(s,ys+2(s))s y(s) + z(5)) d8:| (t)a te (tm’ TL

tm
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and
t
/Sa(t — s)Bu(s)ds
0
t
+/5a (t = 8)F (S Up(s,pat2(s)) T Zp(s,yetz(s))> U(s) +2(s)) ds,  t€[0,t1],
0
t
To(t —t1) [y(ty) +2(t7) + Li(y(ty) + 2(t7))] +/5a(t — s)Bu(s) ds
ty
2(t) = / _ _
+/Sa(t — ) F (S Yp(s.yatz(s) + Zp(setz(s)) Y(s) +Z(s)) ds, € (t1,ta],
ty
t
Talt — tn) [ot) + 2(t5) + Llu(t) + 2(6,))] + [ Salt = 5)Bu(s)ds
t fm
+ / Sa(t - S)f(57 Yo(s,ys+2(s)) + Ep(s,strE(s))v y(S) + 2(S)) dS, te (tma T]
tn

Moreover, zg = 0.
Let
:{zEBlz zon}.

For any z € By, we have
2115, = sup [[2(£)]| + [[z0]l5 = sup [|z(#)]]-
ted teJ

Thus (Ba,| - ||s,) is a Banach space. We define the operator P : By — By by

t

/Sa(t — $)Bu(s) ds
0
t
+/Sa t - 5 S yp(s,ys+3(s)) +§p(s,y5+5(s))7 y(S) +E(S)) d87 te [05 tl]a
0

Tt — t) [y(ty) + 2(67) + L (y(t7) +2(67) /s t — 5)Bu(s) ds

P(2)(t) /
A =
+ / Sa(t - S)f(87 yp(s,ySqLE(s)) + Ep(s,ys%»E(:;))a y(S) + E(S)) dSa te (tlv t2]7
ty

To(t —tm) [y(ty) + 2(t) + I (y(t) + 2(t))] + /Sa(t — $)Bu(s) ds

+/Sa(t — S)f(S,yp(s’yS+§(s)) +Ep(syys+g(s)), y(s) +§(S)) ds, t e (tm7T].

tm

Obviously, the operator N has a fixed point is equivalent to P to have a fixed point, so it remains to
prove that P has a fixed point. Let

B, ={z€By: |zls, <r},
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where 7 is any fixed finite real number which satisfies the inequality

M9 Mg
r> — 4 2 Ci+I1? +(C¥ 4+ 1)r 1.
Ty 1_MT1/)(( 2 Nels + (C + 1)) |lullr

Clearly, the subset B, is a closed, bounded and convex set of B>. We need the following

Lemma 3.9. If x € B,, then we have

9n(s,5s+2(5)) + Zo(syetz(sn B < (C5 + LO)|1l|s + Cir,

and
T
My [|$1 + Mg /(t — 1) u(r)
0
X¢(’|yp(r,yT+E(r)) + Zp(r 42| 5 + 19(7) +?(T)||) dT} t€0,t],
T
Ml + i+ 9) + B [ (¢ = 7 utr)
u(s)]| < 0 (3.4)

<V ([[9ptrar+30) + Zotrarszon s + 197 + 201 dT] te (b tal,

T
My [|$1 + MT(T +Q)+ Ms b/(t — T)o‘fl,u(T)

0 (Wt 2 + Fote 20yl + 100) +30) . €€ (e 1
Proof. Using Lemma 3.6, (H3) and (H5), we obtain

[9p(s.9.+2(5)) + Zotswe 20 || 5
< (C3 +L?)| ¢z + Ci sup {|y(0)] : 6 € [0,maz{0,t}]} < (C5 + L?)|¢|lz + Cir.
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Also, we get

T

740 el + 7 [0y

0
Hf T Yp(ray-+2(r) T Zp(rye+2(r)) Y(T) +2(T HdT] t €[0,t1],
T
W= [||:v1|| + Mp(r+ Q) + Mg /(t — 7yt

Ju(s)]| < 0
Hf T Yp(rye+2(r) T Zp(ry-+2(r), Y(T) + (7 )HdT], t € (t1,ta],

T
T [||:c1|| 4T+ 9) 4 s [0
0
Hf T Yp(ryr+2(r) T Zp(ry,+2(r)), Y(T) + Z(7 Hdr] t € (tm, 1]
T

Mol + s [ (¢ =) ut)

0
X¢<Hyp(‘r yr+2(7)) +z Zp(1,y-+Z(1)) HB + ||y H ) :| te [O,tl],

T

M, [nxln T Mr(r + ) + M / (t— )" ()

W(Hyp(w#z(f)) + Zp(ry 42y |5 + [1y(7) ||) dT] t € (t1,t2],

IN

T

My {||:U1|| + MT(T +Q)+ MS /(t — T)ailll,(’r)
0

qu(HyP(TerrZ(T))+zp(‘ryf+2('r) 5+ lly(r) +2(7)|| 5 ) ] € (tm,T)-

Thus the lemma is proved. O
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Now, we define two operators P; and P on B, as

t

/ Sa(t = $)F (8, Up(s,pat2() + Ep(s.+(s)), U(5) +Z(s)) ds, t€ 0,1,
0
Tyt —t1) [y(tl_) +2(t7) + L (y(ty) +E(tf))}

t
+ / Sa(t o S).f(sa Yp(s,ys+2(s)) + Ep(s,ys+2(s))a y(s) + E(S)) dS, te (tla t2],

Pi(2)(t) = ;
Tt = tm) [y(t) + Z(t) + I (y(t,) + Z(8,))]
+/5a(f = )£ (8, Yp(s,yat2(5)) T Zols.patz(s)), Y(8) T Z(s)) ds, t € (tm, T],
/Sa(t — $)Bu(s)ds, te€[0,t],
Ot
/Sa(t — s)Bu(s)ds, te€ (t1,ta],
Py(2)(t) = {{

/Sa(t — s)Bu(s)ds, t € (tm,T].

tm

Firstly, we show that the operator P; maps B, into itself, next, we prove that P, is completely
continuous.

Step 1: Let z € B,, then show that Pz € B,. For t € [0,;], we have
t
1PN < [ 18at = )i |75 tsnr500) + Zotsszion (s) + () | ds
0
< MS

(t = ) 1) ([ Yot 2061 + Zntsazton 15 + () +2(5)][) d

< Ms | (t—5)"""u(s)0((C5 + L) @lls + Cir+7) ds

S L O~

t
< Msu((C5 + L9l + (5 + 1) [ uts)ds
0
Mst((C5 + L) |lls + (C; + 1)l

T.

INIA
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Moreover, when t € (t;,t;4+1], ¢ = 1,...,m, we have the estimate

IPLWN < Talt = ) [2(67) + Li(=(67)]
b 180t = e[ 75yt 20 + Zotom 2 v(s) +25) | ds
0

< Mr(r+Q) + Msy((C5 + L) |g]ls + (CF + 1)r) |l s
T.

IN

Step 2: P, is completely continuous. This will be given in several claims.
Claim 1: P, is continuous.
Let {z"}nen be a sequence such that 2" — z in By as n — oo. Since f satisfies (H2), we get

f(myr +22,y(r) +2"(1)) — f(T,yr + Z7,y(7) +2(7)) as n — oco.

Now for all ¢ € [0, 1], we have

1B(=)(0) — Pa=2)(0)]| < / |t = 5)B(un(s) = u(s)]] .y ds
0

t

< [ 18a(t = 5)l i) 1Bl oy 1un (5) = ) ds < M1 [ (¢ =) un(5) = ) ds
0 0

T
< M1M2M§ /(t - s)a—l (T - T)a_l Hf(Ta Yp(r,y-+z" (7)) + Eg(r,yT+§7L(r))7 y(T) + En(T))
0 0
2a

_ _ ~, T
- f(Ta yp(T,yTJrE(T)) + zp('r,y.,.+§(7’))7 ZU(T) + Z(T)) H drds < MIMQM,% ? g,
where € > 0, ¢ — 0 as n — co. Moreover,

[P2(:m)0) = a0 < MuMaiEs (6= ) [ir[a2(67) = 2(60) |+ [5G 00) = B0 )]

ti
T

+ Ms /(T - T)a_le(Tv Y(ryetz (7)) T Zprys 430 (r)» Y(T) + Z(7))
ti
= F (T Ypryet20)) F Zpryrtz(0))s Y(8) + Z(5)) H df] ds
2a

—~ ~ T« e L
< MM MMy = [[[27(67) = 260 | + 11" (6) = L) ] + MidM - e,

where ¢ > 0, ¢ — 0 as n — oo, for all ¢ € (¢;,t;11], ¢ = 1,...,m,. The impulsive functions I,
k=1,...,m, are continuous, and we get

lim ||Py2" — P2z, = 0.
n—oo

This means that P, is continuous.

Claim 2: P, maps bounded sets of By into bounded sets in By. So, let us prove that for any r > 0,
there exists £ > 0 such that for each z € B, = {z € By : ||z, < r}, | P2z]lB, < & Indeed, for any
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z € B, t €[0,t1], we have

1P2(2)(#)]l S/IISa(t—S)HL<E>||B||L<E)|IU(S)||ds
0

< M, My Mg /t(t —s)e! [||x1|l + Mg /T(T — 1) u(7)
0 0

X w(||y,o('r,y1—+2('r)) +Ep(s,y7—+2('r))‘|5 + ”y(T) +E(T)|D dT:| ds
t T
< MM [(0- 5 [uwln s [0 =t
0 0

< (05 + L)|8lls + Cir +7) dT} s

2a

7o T .
< M1 MyMsg o |21 || + My Mo M3 o Y((C5 + L) ||¢lls + (CT + 1)r /N

0
2

~ T~ ~ T X X
< MyiMzMs — ||| + My My MG 7 ((C3 + Lol + (CF + 1)r)|ull 1

Moreover, when ¢ € (¢;,t;41], i1 =1,...,m, we have the estimate

67

— T« ~ o~ T
[P2(2)(#)]| < My MaMs o lz1]| + My My Mg Mr(r + Q) o

T2a
+ M, M2M§

This implies that

[e3%

~ T= ~ T
||P22||52 S MlMQMS ; ||J,‘1|| + MlMngMT(T + Q) ?

20

AT T * *
+ MMM — 9 ((C5 + L) [@lls + (CT + 1))l -

Claim 3: P(B;) is bounded and equicontinuous. Letting u,v € [0, T], with v < v, we have

IPo(2)(0) — Pa(2)()]| < Q1 + Qs
Q1 = / 1Sa (v — )10y |1 Bll o lu(s)l| ds,

Q2 = [ 115a(0 = ) = Sl = 5) ()| Bl (o) ds.
0

5 O((C5 + L) 6lls + (CF + 1)r) |l -
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In view of (3.4), for t € [0,¢;], we have

Q1 — / 1Sa (v — )l 1Bl llus) | ds

S M]MQMS /(’U — 8)0171

u
T

x [Ilzlll + Mg /(T*T)wlf(ﬂ Yp(ryr (7)) +Zp<r,y7+z<r>>vy(7)+Z(T))d7] ds

~ (v—u)” ~ 1 * *
< w08 I (4 80 (05 4 20l + (05 + 1) ).

Hence, lim @1 = 0. Similarly, for u,v € (¢;,t;41], with u < v, i=1,...,m, we get
u—v

Q1 = / 1Sa v — )| | Bl llus) | ds

< MM s [ (0= s [nmn M+ 9)

u

T
+ Mg /(T — ) (T Yp(rytz(r)) + Zp(riye 20 Y(T) +Z(1)) dr | ds
0
1 (U _u)a AT ~ T * ) *
< Mi{MsMg Y [||$1|| + Mr(r+ Q)+ Mg o w((C2 + L) ¢lls + (CT + 1)7“) ||,u||L1].

Hence, we deduce that liin Q1 =0.
Using (3.4), for all ¢t € [0,¢1] we get

Q2 = [ [18a(v=9) = Salu = 9 1y 1B iy ) s
0
T« . i}
< MMy [l + Vs — (€5 + L)N0lls + (G + Vr) s
X / |Sa(v —s) = Sa(u— S)HL(E) ds.
0
Similarly, when u,v € (t;,t;+1], ¢ = 1, ..., m, we have the estimate
Q2 = [ [8a(v=9) = Salu = 9] ) 1Bl iy ) s
0
N T« i X
< MMy [lfoa]| + MG+ 9) + Ms — (G5 + L) 6lls + (CF + 1) Il
X / HSa(v —5) — Sa(u— S)HL(E) ds.
0

Since

HSQ(U—S) — S (u < QMs(ti — )t

- S)HL(E)
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which belongs to L' (J,R.) and S, (v — 8) — So(u—s) — 0 as u — v, S, is strongly continuous. This
implies that lim ()2 = 0. Thus, from the above inequalities, we have
uU—rv

lim || P(2)(v) — P(2)(w)]| = 0.

uU—v

So, P2(B,) is equicontinuous.

Finally, combining Claims 1 and 3 together with the Arzela—Ascoli’s theorem, we conclude that
the operator P is compact. In fact, by Step 1-Step 2 and Lemma 2.10, one can conclude that
P = P, + P, is continuous and takes bounded sets into bounded sets. Meanwhile, it is easy to see that
a(Py(B,)) = 0, since Pa2(B,) is relatively compact. It comes from P;(B,) C B, and a(Px(B,)) =0
that

a(P(B,)) < a(Pi(B,)) + a(Pa(B,) < a(B,)

for every bounded set B, of By with «(B,) > 0.

Since P(B,) C B, for a convex, closed and bounded set B, of Bs, using Theorem 2.11, P has a
fixed point z in B, C Bs. It is easy to see that x is a fixed point of the operator N which is a mild
solution of (1.1) satisfying x(T") = 1. Thus, system (1.1) is controllable on (—o0, T]. O

4 An example
To apply our abstract results, we consider the impulsive fractional integro-differential system:

of 0?
o 10:0) = 55 0(8: ) + ap(t.)

+ [ arls = 00(s = p@pallo(®D). ) ds + £ cos ot O t€ 0.7, ¢ € o,

v(t,0) = v(t,m) =0, te0,T], (4.1)

U(t7C) = UO(eag)a 0 e (_OO’O]’ C € [0771-]7

23

Av(te)(C) = /pk(tk ) dycos(ut)(©), k=1.2,....m,

— 00

where 0 < ¢ <1, w >0, p:[0,7] X [0,7] = [0,7], pr : R—=>R, k=1,2,...,m, and ay : (—o0,0] = R,
pi [0, 4+00) = [0,400), i = 1,2, vg : (—00,0] x [0, 7] — R are continuous functions.
Set E = L2([0,7]) and let D(A) C E — E be the operator Aw = w” with the domain

D(A) ={w € E: w, w’ are absolutely continuous, w” € E, w(0) = w(r) =0},

then -
Aw = an(w,wn)wn, w € D(4),

n=1
where wy, (z) = \/% sin(nx), n € N, is the orthogonal set of eigenvectors of A. It is well known that
A is the infinitesimal generator of an analytic semigroup {T'(¢)};>0 in E and is given by

Z Yw,wp)wy, forall we E and all t > 0.

From these expressions it follows that {T'(¢)};>0 is a uniformly bounded compact semigroup such that
R(A\, A) = (A — A)~! is a compact operator for all A € p(A), that is, A € A%(0y,wo).
For the phase space, we choose B = Cy x L?(g, X) (for details, see Example 2.6).
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Set

z(t)(¢)
©0)(©)

0

=v(t,¢), t€0,T], C€[0,7];
o = (0
ft,o,z(t)(¢) = / a1(s)p(s, &) ds + t* cos |z(t)(¢)|, t€[0,T], ¢ €]0,7];

v(0,¢), 6 € (—0,0], ¢ €0,n];

p(s,p) =5 — pi(s)p2(]e(0)]);
0
L2 (t0)(C) = / pelts —y) dy cos(@(te)(C), k=1,2,....m:

— 00

Bu(t)(¢) = wplt, ¢).

Under the above conditions, we can represent system (4.1) in the abstract form (1.1). Assume that

the

has

operator W : L?(J, E) — X defined by
T
Wu(-) = /SQ(T — s)wu(s, - )ds
0

a bounded invertible operator W= in L2(.J, E)/ker W.

The following result is a direct consequence of Theorem 3.8.

Proposition 4.1. Let ¢ € B be such that (H,) holds, and assume that the above conditions are
fulfilled, then system (4.1) is controllable on (—o0,T).
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DIFFERENTIAL EQUATION USING GAMMA SERIES
OF DELAY DENSITY FUNCTION



Abstract. The linear chain trick can be used to solve differential equations with distributed delays
of gamma type. In this paper we show that other densities of delay can be expressed as a sum of
gamma densities, which can then be used to find approximate solution of differential equation with
distributed delay.!
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1 Introduction

In this paper we are looking for an approximate solution of a differential equation with distributed
delay, i.e.,

i(t) = f(t,x(t),fx(t - s)g(s)ds)v (1.1)
0

z(t) = o(t), t <to,

where f : R3 — R is a Lipschitz function (to ensure the existence and uniqueness of the solution), ¢ is
an initial function (we usually need it to be continuous and bounded on its domain) and g : [0, 00) —
[0,00) is a weight function which describes how past states of x are affecting present rate of change.

oo
We can presume that g is normed, that is, [ g(s)ds = 1. This means that g is a density of some
0

nonnegative random variable which we interpret as a delay.
Problem (1.1) is a generalization of a differential equation with a constant delay, i.e.,

i(t) = f(t, x(t),z(t — 7)),

z(t) = ¢(t), t € [to—T,to], (1.2)

where f, ¢ are the same as in (1.2) and 7 > 0 is a constant delay. We can find a solution of
(1.2) by the method of steps. However, the method of steps can be used to transform (1.1) to an
ordinary differential equation only if 0 ¢ supp(g). This restriction may be quite problematic, not
often describing the modelled phenomena well.

Another possible way to solve (1.1) is the use of the Laplace transform. This is not a versatile
method, since it entails several nontrivial steps, such as finding the Laplace transform of g, solving
an algebraic equation and, finally, applying an inverse Laplace transform on a possibly complicated
function.

In a special case, where g is a density of gamma distribution, that is,

aptp—le—at
oy ) o t=0,
ga(t) = I'(p) (1.3)
0, otherwise,

where a > 0, p € N and T'(¢) denotes the gamma function at ¢, we can transform (1.1) to a system of
ordinary differential equations. This process is called the linear chain trick and is in detail explained
in [3]. We will briefly describe it for the case of a scalar equation with one distributed delay of gamma
type, but it can be easily generalized to the case of a vector equation or multiple distributed delays
of gamma type.

Consider (1.1) with g = g?. We can introduce new variables y1,y2, . . ., Yp,
o0
/xt—sga )ds, k=1,2,...,p. (1.4)
0
Since i = alg- - 2 p>1
“ ¢ o ’ (1.5)
o = —ag},
new variables y; satisfy the system of ordinary differential equations
9p(t) = a(yp-1(t) — yp(t))
ypfl(t) = a(ypr(t) - ypfl(t))
(1.6)
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Together with the original equation

.’L'(t) = f(t7x(t)7yp(t))7 (17>

we obtain a system of p 4+ 1 ordinary differential equations. The initial values are given by

o) = [ olto — )gh(s)ds, k=1.2..0..p (18)
0

System (1.6) is in itself an autonomous linear system with constant coefficients, therefore if (1.1) is
autonomous or linear (with constant coefficients), the same is true for the new system.

2 The main result

The linear chain trick can only be used for gamma densities. However, if we could express other
densities of nonnegative random variables as a sum of gamma densities, we could apply linear chain
trick on each element of the sum. In other words, we are interested in describing the linear span of
{¢8, a >0, pe N}

The method of expanding density of a nonnegative random variable into a sum of gamma densities
is described in [1]. We perform similar construction for a = 1. The choice of the value of parameter
a is not important at the moment, so the optimal value is to be discussed.

Consider the space L% (R{), i.e., the linear space of real functions f : [0,00) — R satisfying

o0

/e_fo(x) dr < o0. (2.1)

0

This is a Hilbert space with the inner product (f, ) given by

o0

(. g)s = / e~ f(2)g(x) dz. (2.2)

0

Lemma 2.1. The set of Laguerre polynomials
_ ¢ A _ _ ~(n (_1)j J
{Ln(w)—aw(me ),nEN}—{Ln(x)—Z<_),x,neN (2.3)

is a complete orthonormal set in L%(Rf{).

Proof. See [2]. O

Let f be a density of a nonnegative random variable. We want to express it as a series
oo
fl@)=e> apLy(x). (2.4)
k=0

For n € N (using orthonormality of Laguerre polynomials),

/f(:t)Ln(ac) dz = /Ln(x)e_” Z arLy(z) de = ay (2.5)
0 o k=0
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holds. This is well-defined if the first n raw moments of the density function f are finite. Series (2.4)
is, in fact, a sum of gamma densities, since

-z S — - —z . k (71)j J
e ];)akLk(I) = kZ:O (e akj;) (j) TI )
0 kg
=3 (e—wakz (]>( 1) it ) Zakngrl (2.6)
k=0 =0

where oy, contains all coefficients at the corresponding gamma density ng

gamma series of the function f.
We have assumed that (2.4) held. Regarding that, there arises the important question for what
densities f the corresponding gamma series converges to the original function f.

We call series (2.4) the

Theorem 2.1. Let f be a density of a nonnegative random variable with all of the raw moments
finite and let there exist xg > 0 and constants ¢ > 0, § > 0 such that for all x > x¢, the inequality
fz) < ce—"E s satisfied. Then the gamma series of f converges to f in the sense of

o0

lim [ €* (f(m) —e 7 kz_oakLk(x)>2 dz = 0. (2.7)

n—00
0

Proof. Denote h(z) = €* f(x). The gamma series of h is > axLi(x). The Laguerre polynomials are
k=0
a complete orthonormal set in L%(Rar ), therefore h € L%(Rg) must hold. To prove this, we calculate

its norm in L%(RS‘), ie.,

e "h(z)d(z) = [ e*f*(z)dx = [ " f*(x)dx+ [ " f*(z)dz. (2.8)
Jewio-Jorm [erua
I I

The first term I is an integral of a bounded function over a finite interval, so I < oco. Using the
theorem’s assumptions, we can show Iy < oo as well, since

o0
2
I < CQ/em_I(H‘;) dz = %exo < 0. (2.9)

Zo

This means that h € L% (RSr ) and the rest of the theorem is a consequence of the Fourier series theory,
specifically the Riesz—Fischer theorem. O

Corollary 2.1. Any density of a nonnegative random variable with a compact support can be expressed
as a gamma series.

This result can be used to find an approximate solution of equation (1.1):
e Find the first n terms of gamma series of g.

e Apply the linear chain trick to each term.

o Solve (analyze) the resulting system of ordinary differential equations.

Remark 2.1. To find the first n terms in the gamma series of a function we need only the first n
raw moments. This is useful in the case where delays are measured experimentally and we need to
estimate the probability density function, since we can use sample raw moments instead of theoretical
ones and thus obtain an estimation in the form of a gamma series.



26

Jan Béhm

Table 1. The first n coefficients of gamma series (2.6) of hat distribution (3.2).

n=1 n=3 n=>=5 n =10 n =20
o 1 0.083308 | —0.591735 —0.154871 0.152195
aq 0 2.333400 5.291708 1.046663 —0.978461
Qo —1.916725 | —7.011521 11.170907 6.456673
Qs 0.500017 4.766992 | —40.563154 71.573716
oy —1.719577 71.475719 —598.149055
Qs 0.261133 | —80.029644 2354.843929
Qg 60.821780 —6267.150889
ar —31.534065 12544.162081
as 10.745646 | —19803.452473
Qg —2.178752 25272.614335
Q1o 0.1997700 | —26411.951554
a1l 22735.938215
Q12 —16129.161624
Q13 9390.531536
14 —4446.376297
als 1686.572512
Q16 —500.587669
17 112.058428
ai1g —17.798574
19 1.788478
Q20 —0.085504
by 1 1 1 1 1
3 Example

Consider the initial value problem

i(t) = =2 [ ot = s)gn(s) ds,

—
w
=

~+ o

z(t)=1, t <0,

where gj, is the probability density function of the hat distribution, to be specific,

t, te0,1],
gn(t)=<¢2—t, te]l,2], (3.2)
0, otherwise.

We will compare an approximate solution Z, obtained by expanding g, into the gamma series with
the first n terms and another approximate solution x,, where xj is obtained by a discretization

200

on(t+h) = (t) — 20> a(t — hk)gn(hk)

k=0

(3.3)

with step size h = 0.01.

To illustrate the method, we compute the approximate solution of problem (3.1) for different values
of n, in particular, for n = 1, 3,5, 10, 20.

First, we compute the first n coefficients of gamma series of the hat distribution by numerically
integrating (2.5) and then sum the results according to (2.6). Numerical values of coefficients ay,
k=0,1,...,n, are given in Table 1. Notice that the sum of coefficients for each n is 1.
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Instead of the initial value problem (3.1), we can solve the problem

2/ (t—s) ngﬂ )dSZ—QZakO/ T(t—s)gh(s) ds, (3.4)

k=0

Using the linear chain trick, we obtain a system of n + 1 ordinary differential equations with constant
coefficients

Z(t) 0 —200 —201 - —2a,\ [Z(t)
RN I S R TP Rl A
gpt) | =0 1 -1 0 ya2(t) | . (3.5)
Yn(t) UNIY 0 —1 Yn(t)
Initial values are £(0) = y1(0) = --- = y,(0) = 1.
" — a0 8:(0)
o | - 61(‘) - 610“)
° 63(‘) - 620“)
N
o | o
0 | 2 3 .

Figure 1. Approximation of the hat probability density function g; by the first n terms of its gamma
series.

Figure 2. Approximate solutions Z,, of (3.1) obtained by approximating g;, by the first n terms of its
gamma series and approximate solution x; computed by discretization.
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We denote by Z,, the solution of (3.4) obtained by using the gamma series of order n. Solutions
zp and T, are computed by using R. Approximation of the hat density is given in Figure 1 and
the corresponding solutions are given in Figure 2. Since we do not know the exact solution, we do
not know how precise our solutions are. To our knowledge, there is no distributed delay differential
equation (except for a delay of gamma type) with a known exact solution that could by used as a test
case.
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Abstract. The boundary value problem

D%u(t) + pa(t) (¢, u(t)) - q(t) = 0,

u(0) = ' (0) =+ = u™D(0) =0, u(l) = )\/u(s) ds
0

is studied, where p is a positive parameter, f : [0,1] x [0;+00) — [0;4+00) and a : (0,1) — [0, +00)
are continuous functions, while ¢ : (0,1) — [0,400) is a measurable function. The case, where the
function a has singularities at the points ¢ = 0 and ¢ = 1, is admissible.

Conditions are found guaranteeing, respectively, the existence of at least one and at least two
positive solutions. Examples are gives.!
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Key words and phrases. Fractional differential equation, positive solution, integral boundary
conditions, Green’s function, dependence on a parameter, perturbed term.
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D%u(t) + pa(t) f (¢, u(t)) — q(t) =0,

u(0) = (0) =--- =u"2(0) =0, u(l)= )\/u(s) ds

0
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1 Introduction

Fractional differential equations have applications in various fields of science and engineering and
have been a focus of research for decades (see [6,9,10,12] and the references therein). There is a large
number of important subjects in various fields of fractional calculus and related applications such as
the solvability, existence and multiplicity of positive solutions for the given boundary value problems
of fractional differential equations. For more details see [1,3,4,11].

Namely, A. Cabada and Z. Hamdi [3] presented the existence results for the following boundary
value problem

Deu(t) + ug(t) f(u(t) = 0 i [0,1],

where p is a positive parameter 2<a<3,0<A<aand f, gare continuous functions. Under the

conditions g € L'([0,1]) and f g(t) dt > 0, they derived various existence and multiplicity results of
1/2
positive solutions depending on the parameter p > 0.

However, all of the above mentioned works are based on a key assumption, that is, the nonlinear
term is required to be nonnegative. When nonlinear fractional differential equations involve a sign-
changing term, J. Henderson and R. Luca [5] investigated the existence of a positive solution for the
nonlinear fractional problem, and then under the similar conditions X. Zhang, L. Liu and Y. Wu [13]
studied the existence of positive solutions of the boundary value problem for a singular fractional
differential equation with a negatively perturbed term. More precisely, the authors considered the
following problem

{—D%( ) = p(t) f(t,u(t)) — g(t) in (0,1),
u(0) = u/(0) = u(1) = 0,

where 2 < o < 3. The function p is continuous nonnegative on (0,1) and f is in C([0,1] X
[0,+00),[0,+c0)). The perturbed term ¢ : (0,1) — [0,400) is Lebesgue integrable and may be
singular at some zero measure sets of [0, 1].

Under other boundary conditions, X. Zhou, J.-G. Peng and Y.-D. Chu [14] studied the following
problem

u(0) = w'(1) =

where 2 < o < 3. The functions p and ¢ are Lebesgue integrable on (0,1) and f is in C([0,1] X
[0, +00), [0, +00)).

The existence of positive solutions of a fractional differential equation with a perturbed term,
integral boundary and parametric dependence, however, has not been studied previously. In this
paper, motivated by [2, 3,13, 14], we give sufficient conditions for the existence and multiplicity of
positive solutions for problem

{D%(t) = p(t)f(t, u<t>> g(t) in (0,1),
(1) =

Du(t) + pa(t) f (¢, u(t)) — q(t) = 0 in (0, 1),

uw(0) =u'(0) = =u""20) =0, u(l)= )\/u(s) ds. 1)
0

The results derived depend on the positive parameter p.

The outline of this paper is as follows. In Section 2, we present some preliminaries and lemmas
that will be used for the proofs of our main results. The main theorems are presented in Section 3.
The final section of the paper contains examples to illustrate our results.
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2 Preliminaries and lemmas

In this section, we introduce definitions and preliminary facts that will be used throughout this paper.
We refer the reader to [2,6,8] for more details.

Definition 2.1. The Riemann-Liouville fractional integral of order o > 0 for a measurable function
f:(0,400) — R is defined as

t

o f(t) = ﬁ/(t—s)o‘_lf(s) ds, >0,

0

where I' is the Euler Gamma function, provided that the right-hand side is pointwise defined on
(0, +00).

Definition 2.2. The Riemann-Liouville fractional derivative of order o« > 0 for a measurable function
f:(0,400) — R is defined as

t

D°10) = e (35) [ = as = (§) o0,

I'n—«
0

provided that the right-hand side is pointwise defined on (0, +00). Here n = [o] + 1, [a] denotes the
integer part of the real number «.
Lemma 2.3. Let a > 0. Let u € C(0,1) N L*(0,1). Then

(i) D*I%u = u.

(i

) Ford>a—1, D = FO+D _ y5-a Moreover, we have D®t*~t =0,i=1,2,...,n.
(iii) D%u(t) = 0 if and only if u(t) = c1t* L+ ot 2+ +cpt® ™, ; €R, i =1,2,...,n.
)

T(o—a+1)
(iv) Assume that D%u € C(0,1) N L1(0,1), then we have
I“DYu(t) = u(t) + 1t P+ et 2 4 et G ER, i=1,2,...,n.
Now, we give the explicit expression of the Green function for the linear fractional differential
equation associated to the problem (1.1).

Lemma 2.4 ([2]). Letn >3, n—1<a <n and A € (0,a). Lety € C([0,1]). Then the unique
solution of the linear fractional differential problem

Deu(t) +y(t) =0 in (0,1),

w(0) = u/(0) = --- =u"2(0) =0, wu(l)= )\/lu(s) ds, (2.1)
)
is given by 1
u(t) = [ Gits)y(s) ds
where for all t, s € [0,1], O
Gt g = EA=9) T @A 08) — (= Nt = 9)) (22)

(@ =M (a) ’

G(t,s) is called the Green function of the boundary value problem (2.1). Here, for x € R, z* =
max(z,0).
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Now we recall some properties of the Green function.

Proposition 2.5. Letn e Ny n >3, n—1<a<n, and A € [0,a). Then the function G defined by
(2.2) satisfies the following properties:

(i) G is a nonnegative continuous function on [0,1] x [0,1] and G(t,s) > 0 for all t,s € (0,1).

(i) G(t,s) <nK(s) for allt,s € [0,1], where K(s) = % and n = 2.

(iii) G(t,s) <t 1Ki(s) for allt,s € [0,1], where K1(s) = % .

A
(iv) G(t,s) > n\*t*"1K(s) Vt,s € [0,1], where \* = —.

(%

(v) If0 €(0,3), s €[0,1], then guln Q]G(t ,8) > yK(s), where v = (%5 + 25)02 7L
te

Proof. The proofs of (i), (ii) and (v) are given in [2]. To prove (iii), we use Lemmas 2.5 and 2.6 in [2].
Assertion (iv) follows immediately from Proposition 2.7 in [2]. O

Using assertion (ii) of Proposition 2.5, we have the following
Proposition 2.6. Let g be a nonnegative measurable function on (0,1). Then w(t) = [ G(t,s)q(s)ds
1
is continuous on [0,1] if and only if [(1 —t)*"1q(t)dt converges.
0

Now we state the following key lemma.

Lemma 2.7. Letn >3, n—1<a<nand0 < X < a. Assume that (1—t)*"1q(t) € C(0,1)NL(0,1).
Then the boundary value problem

D>w(t) 4+ q(t) =0 4n (0,1),

1
2.3
w(0) =w'(0)=---=w"20)=0, w()= /\/w(s) ds (23)
0
1
has a unique nonnegative solution w(t) = [ G(t, s)ds € C(|0,1]) satisfying
0

1
/1—sa H(s)| ds
0

on [0,1].
Proof. First, we will prove that D*w(t) + ¢(t) = 0 on (0,1). By Proposition 2.6, we have that w

is continuous on [0, 1] and so I™~%*|w| is bounded on [0,1]. Thus, using Fubini’s theorem, for each
t € (0,1) we obtain

n—ao _ 1 [ _Snfozfl s s — /
() = s / / (1 — )"~ Gls, €)a(€) d de / HOa6)ds,  (24)

where

1 t n—a—1
H(tvﬁ)zwo/(t—s) G(s,§)ds
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Now, let us find an explicit form of H(t,&). Let ¢,€ € (0,1) and ¢ = (o — M)T'(a)T'(n — «), then
t

(@ = A+ X1 -t /(t —s)elselds 0<t<E<,

0
t

H(t,f) = (a — A+ )\5)(1 — €)a71 /(t _ S)nfa715a71 ds

t
/ s s =)l ds, 0<e<t<1.
¢

Using the fact that for each a,b > 0 and p,q > 0,

b
/(b —0)P(0 —a)?db = F(II::; iﬂ;(g)l) (b— )+t
we get
S T G P Y I0 B3 L A 0<t<e<l,
Ht,8) = (= N)(n—1)! {(a —A+X)A =T —(a=N{E=" T, 0<E<t<1 (2:5)

Thus, by (2.4) and (2.5), we obtain

t

(00— N)(n — DU u(t) = / (1= o= A+ A — (o — A)(t — &) V)gl€) de

’ 1
+ / (1— ) a— A+ A" q(€) de

_ L)+ (t).

From the hypothesis, we deduce that the function £ — ¢(§) is continuous and integrable near 0 and
the function & — (1 — £)* 1¢(€) is continuous and integrable near 1. Hence, I; and Iy are integrable
n (0,1). So we get, I and I are differentiable on (0,1) and for each ¢ € (0,1) we have

d

(=Dl = NI w()

t

— (1) / (1= & Mo = A+ A2 = (a0 — N)(t — €)"2)q(€) de

0

1
n—l/ ) o — A+ X 2q(€) dE.
t

Analogously, using the same arguments as above, we prove that " “w(t) is differentiable on (0, 1)
and for each ¢ € (0,1) we have

(%)”((n = Dla = NI""w(t)) = —(n — Dla — Nq(t).

Thus
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So, Dw(t) + q(t) = 0 for all ¢t € (0,1).
Next, let us verify the boundary conditions. Using Proposition 2.5(iii), for each t € [0, 1], we have

1

()] < et / Ky (3)lqs)| ds

0

which implies that w(0) = 0.
On the other hand, for each ¢ € (0,1), we have

t

(a = M()w(t) = / ((a=A+As)(L=s)* 1> — (= A)(t — 5)* ")q(s)ds
0

1
+ /(a — A+ A8t 1 = 5)*g(s) ds

= Ji(t) + Ja(t). (2.6)

It is clear that }in(l) ‘Jltﬂ = 0. Thus hm (t) = 0 and hence w’(0) = 0. Now, using
—

the fact that J; is continuous and integrable near 0 and Jg is continuous and integrable near 1, we
deduce that J; and Js are differentiable on (0,1) and thus we can take derivatives from both sides of
(2.6). So for each ¢t € (0, 1), we have

=0 and lim 281 —
t—=0 !

t

(a =N (a)w'(t) = (a—1) / (@ =X+ As)(1 =) 122 — (= A)(t — 5)* ?)q(s) ds

1
(a—1 /a—)\+)\s t*72(1 — 5)* 1q(s) ds
i

Ly (t) + La(t).
Since lim ‘Llit(t)l =0 and lim ‘Lz’t(t)l 0, we deduce that hm (t) =0 and then w”(0) = 0.
=0 =0
In a similar way as above, we prove that w®)(0) = --- = w(” 2) (0) =0.

Now, using Fubini’s theorem, a simple calculus yields

1

Qﬂ/w@ﬂhi/(m—A+AﬂO—Q”4jﬁ*dt
0 0

0
1

+ / (a=A+As) X =s)* 1 — (= N)(t—s)*"") dt) q(s)ds

S

:/s(l—s)aflq(s) ds = W/G(l,s)q(s)ds,
0 0

1
which implies that w(1) = X [ w(t) dt
0

Finally, let us prove the uniqueness of the solution. Suppose w; and ws are two continuous solutions
on [0,1] of the boundary value problem (2.3). Then we have D*(w2(t) — w1 (¢)) = 0 on (0,1). Thus,
by Lemma 2.3(iii), there exist ¢, ..., ¢, € R such that

wo(t) —wy(t) = et P4 ot 2 4 et
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Using the boundary conditions, we find ¢, = -+ = co = 0. So we get
UIQ(t) - wl(t) = Clta_l. (27)

On the other hand, using (2.7), we get

w2(1) — wl(l) =A

O\H
S
[\v]
=
SN—
|
S
=
—~
N
u
~
I
| >
o
A%

This implies that ¢; = 0. Then w; = ws. ]

In the proofs of our main results we shall use the Guo—Krasnosel’skii fixed point theorem presented
below.

Lemma 2.8 ([7]). Let P be the cone of a real Banach space E and let 21, Qg be two bounded open
balls of E centered at the origin with Q1 C Qo. Suppose that T : PN (Q2\ Q1) — P is a completely
continuous operator such that either

i) |Tz|| = ||z|l, x € PN Yy, and | Tz| < ||z||, x € P NN,
or
(ii) |Tz|| < ||z||, z € PNOQ, and | Tx| > ||z||, x € P NNy,
hold. Then the operator T has at least one fived point in PN (Qa \ Q1).
Let E = C([0,1]), the Banach space endowed with the supremum norm |lu|| = sup |u(t)|. Let

t€(0,1]
6 €10,1), and set Jy = [#,1 — 6]. For a function b: (0,1) — (0, +0c), we denote

Next, define the cone
Q={ueE: ult)>0o0nl0,1], ult) > Xt*"ul},

and for r > 0, let
Q ={ueQ: |z <r}.

In the rest of the paper, we suppose that the following assumptions hold:
1
(H1) ¢:(0,1) = [0,400) and 0 < ¢ < 0o, where o = [ ¢(t)K1(¢) dt.
0

(Hz) a € C((0,1),[0 + 00)) and 0 < 0?2 < cc.

(Hs) f € C([0,1] x [0, +00), [0, +00)).

(Hy) There exists tg € (0,1) such that f(tg,u) > 0 for each u € (0, +00).
Remark. We note that (H;) implies 0 < o < co.

In this work we are concerned with a positive solution of problem (1.1). By a positive solution
we mean a function u € C([0,1]) satisfying (1.1) with u(¢) > 0 for all ¢ € [0,1] and u(¢t) > 0 for all
t € (0,1].
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Now, we introduce the following intermediary boundary value problem

Dx(t) + pa(t) f (¢, [x(t) —w(®)]*) +q(t) =0 i (0,1),
2(0) = 2/(0) = - = 2"D(0) =0, (1) = )\/:z:(s) ds, (28)
0
D*w(t) +2q(t) =0 in (0,1),
w(0) =w'(0) =--- =w™2(0) =0, w()= )\/w(s) ds, (2:9)
0

where [z(t) — w(t)]* = max{z(t) — w(t),0} for each ¢ € [0, 1] and w is the unique solution of problem
(2.9) given by w(t) = Q}G(t,s)q(s) ds.
By Lemma 2.7, the golution w of problem (2.9) satisfies
w(t) < 2not*t Vi e o,1]. (2.10)

We shall prove that there exists a solution z(t) for the boundary value problem (2.8) with x(t) >
w(t) for any ¢ € [0,1] and x(t) > w(t) for any ¢t € (0,1). In this case, z:(t) — w(t) represents a positive
solution of the boundary value problem (1.1).

Next, we define the operator T': E — E as follows:

= /G(t,s) (ua(s)f(s, [z(s) — w(s)]") + q(s)) ds Vit €0,1]. (2.11)
0

Lemma 2.9. Suppose that (Hi1)—(H4) hold. Then x € C([0,1]) is a solution of the boundary value
problem (2.8) if and only if x € C([0,1]) is a solution of the integral equation

= /G(t: s) (,ua(s)f(s, [z(s) — w(s)}*) 4 q(s)) ds.
0

That is, x is a fized point of the operator T defined by (2.11).
Proof. The proof is immediate from Lemma 2.4, so we omit it here. O
Lemma 2.10. Suppose that (Hy)—(Hy) hold. Then T : Q — Q is completely continuous.

Proof. Since G, f are nonnegative continuous functions, using (H;), (Hz) we conclude that T': Q@ — E
is continuous. Let = € €, then by Proposition 2.5(iv), for all ¢ € [0, 1], it follows that

Ta(t) > p\ ot /K s)f (s, [z(s) —w(s)]*) + q(s)) ds
> N\t /G (s)f (s, [(s) —w(s)]*) + q(s)) ds V1 €l0,1].

So, for each t € [0, 1], we have

7€[0,1]

Tx(t) > Nt max {/16‘ (s)f (s, [2(s) —w(s)]*) + q(s)) ds}

= N o .
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Then T(92) C Q. Now, let S be a bounded set of 2, then there exists a positive constant M > 0 such
that ||z]] < M for all z € S. Therefore, [2(s) — w(s)]* < ||z|]| < M.

Let My := 1 t .
oA max{ 7t6[0,11]1,13)€([0,M]f( ’I)}

From hypotheses (H;), (H2) and Proposition 2.5(ii), for all ¢ € [0, 1] and for all z € S, we have

1
Ta(t) < [ K(5)(nao)f (s, ols) = w(s)") + a(s)) ds < Munuo? + o2,
0

So we obtain || Tz|| < Min(pol + 09). Hence, T(S) is uniformly bounded.

Now, let us prove that T'(S) is equicontinuous on [0, 1].

Using Proposition 2.5, we obtain that G is uniformly continuous on [0, 1] x [0, 1]. Then for t1,ts €
[0,1] and for all s € [0, 1], we get

IG(tQ,S) — G(tl,S)l — 0 as to = t1

and
|G(t2, s) = G(t, s)| < 2nMy(a(s)K(s) + q(s)K(s)).

By (H;) and (Hsg), 2nM;(a(s)K(s) + q(s)K(s)) is a nonnegative integrable function on (0,1). Thus
by the Lebesgue control convergence theorem, we obtain

|T.’E(t2) — T{E(tl)| — 0 as |t2 — tz‘ — 0,

and so T'(.5) is equicontinuous. Consequently, by Ascoli’s theorem, we conclude that T'(S) is relatively
compact in E. Hence, T : Q — € is completely continuous. This completes the proof. O

3 Main results

We shall give the existence results of positive solutions for the nonlinear boundary value problem
(1.1).
Theorem 3.1. Suppose that conditions (Hy)—(Hy) hold. In addition, suppose that there exists 6 €
(0,3) such that
t
foo := lim {min M} =
rz—o0 Ltedy xT

Then there exists p* > 0 such that for every 0 < p < p*, problem (1.1) has at least one positive
solution.

Proof. Choose

2no
> .
r> s
— 0—0
Define p* = er;Zquv where M = max f(t,x), and let 0 < p < p*.

te[0,1], z€[0,r]
Then for each z € 9Q, and s € [0, 1], we have

[2(s) —w(s)]" < z(s) < [lzf =7

Therefore, by Proposition 2.5(ii), for any = € 9Q,, we have
1
T(x)(t) < nu/K(s)a(s)f(s, [2(s) —w(s)]*) ds + 2noy < pnMoy + 2noy < p*nMoy + 2noy) =r.
0

So we get
ITz| < ||z|| for = € IR, (3.1)
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Now, if the condition f,, = oo holds, then for A =
flt,x) > Ax Vit € Jy, Vo > B.
Define R = max{2r, 1z22— }. Then, using (2.10), for any z € Q2 and ¢ € [0, 1], we obtain

W, there exists B > 0 such that

2(t) — w(t) > z(t) — 290t > z(t) — 2n0 ﬁg > (1) (1

_ 2no
MR

1
)2 5a(t) >0,
Therefore, we conclude that for all £ € Jy,
A* A*
[Cﬂ(t) — 'U)(t)]* Z ?Rta71 Z ? R0a71 Z .B7

and so for any = € 0Qg and t € Jy, we have

2|

Ft[2(t) —w®)]") = Ala(t) —w(®)]" = 5 2(t). (3.2)

By (3.2) and Proposition 2.5(v), it follows that for any € 0Qg and ¢ € Jy,

1-6
Tx(t) > wy / K(s)a(s)f (s, [z(s) —w(s)]*) ds > % 0%0°"1AR = R.
0

Then we have
|Ta] > |lz]) Va € 924, (3.3)

Thus, using (3.1) and (3.3), we deduce by Lemma 2.8 that the operator T has a fixed point in Qg \ Q..
Therefore, by Lemma 2.9, z is a nonnegative continuous solution of problem (2.8) satisfying

r<|lz]| < R. (3.4)

So we deduce that  — w is a nonnegative continuous solution of problem (1.1).
Now, let us prove that x — w is a positive solution of (1.1), that is, x(t) —w(t) > 0 for all ¢ € (0, 1].
Since x satisfies (3.4), using (2.10) we obtain

z(t) —w(t) >t 1 (\r —2n0) >0 VYt € (0,1].
Hence,  — w is a positive solution of problem (1.1). This completes the proof. O

Theorem 3.2. Suppose that conditions (Hy)—(Hy) hold. In addition, assume that the following
assertions hold:

(A1) there exits 6 € (0,%) such that fZ := lim {min f(t,z)} = oo;

r—00 " tEJy

(Ag) f°:= lim { max f(tT’m)} =0.

r—00 © te(0,1]
Then there exists p* > 0 such that problem (1.1) has at least one positive solution for every u > p*.

Proof. First, suppose that (A1) holds, then there exists Ry > 0 such that

ft,z) > ;O Vte g, Vo> Ry.

Now, fix Ry > max {%, 4;7:’}. Define p* = vﬁgR}; > 0 and let g > p*. Then, for each z € 0Qpg,
and ¢ € [0, 1], we have
2y x(t)

2(t) = w(t) = a(t) = 2mot° " 2 a(t) - Lo Tl 2 x(t)(l -
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So, for x € 00g, and t € Jy, we get

[2(t) — w(t)]* > = a(t) > %A*@MRl > Ry.

N |

Then for any = € 0Qr, and t € Jy, we obtain

o < Joo
Pt [2(6) =w(®)]7) = =
It follows that for any € 0Qg, and t € Jy,

1-6

1-6
Tolt) 2 1y [ K(5)alo)f (s, o)~ we)") ds 2 i T2 [ K(s)ats)ds = pn T ot = .
[’ 7

Thus
ITz|| > [|z|| V& € 0Qg,.

On the other hand, since f>*° =0, for e = Mlao > 0, there exists B > 0 such that for each ¢ € [0, 1],

x > B, we have f(t,z) < ex. Therefore, we obtain

flt,z) <M +ex Vte|0,1], Vo >0,

where M = max f(t,x). Let My = max{1l, M} and choose
tel0,1], z€[0,B]

1 -1
Ry > max {2R1,,u7702M1 (5 - uognes) ,277M102}.

It follows that for any = € 9Qg, and t € [0, 1],

Ta(t) <y [ K(5)a()f (s, ols) = wls)]") ds + o
0

1
< Mol + e [ K(s)a(o)las) (o))" ds +nof < jndaot + pnoleRs + o]
0

1
< Ry(5 — uolne) + pmoleRy + nidio) = |all.
So, we get
[Tz < ||z V& € 0Qr,.

Thus, by Lemma 2.8, we deduce that the operator T' has a fixed point in Qg, \ Qg,. Therefore, by
Lemma 2.9, z is a solution of problem (2.8). Thus, we deduce that  — w is a nonnegative solution of
problem (1.1).

The positivity of the solution is shown as in the proof of the previous theorem. O
Now we state the multiple existence result.

Theorem 3.3. Assume that p = 1 and (Hy)—-(Hy) hold. In addition, suppose that the following
conditions are satisfied:

Rl —no

0
noQ

0
(Ay) there exists Ry > 4;’*” such that f(t,z) < vt e [0,1], x € [0, R];

(Ay) there exists 0 € (0,%) such that the following assertion holds: 3Ry > 2Ry : ~volf(t,z) > R,
Vte Jp, Vo € [3N*0° Ry, Ro;

(A3) f*° = lim { max —f(’;’w)} =0.

r—o0 ~ te0,1]
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Then problem (1.1) has two positive solutions.
Proof. First, suppose that condition (A;) holds, then for each z € 9Qg, and ¢ € [0, 1], we have
1
[2(s) —w(s)]" < z(s) < Ry and [z(s) — w(s)]" > 5 z(s) > 0.
So, for each x € 0Q0R, and t € [0, 1],

Therefore, for any x € 0Qg, and t € [0, 1], we get

i R o0
Talt) < [ K(s)als)f (s, o) — w(s)]") ds -+ nf < ol (=%
0

Thus, we have
[Tz|| < |lz|| Va € 0Qng,. (3.5)

On the other hand, if (Ag) holds, it follows that for Ry > 2R; and z € 9Qp,, t € [0,1],

1 3N*
z(t) —w(t) > N t* 1Ry — 2not*™ 1 > Nt 1Ry — 5 ANOIR, > TtailRQ.
Thus, for all z € 0Qpr, and t € Jy, we have
z(t) —w(t) > Z N0°IR,.

Therefore, for all x € 0Qg, and t € Jy, we get
v00f (s, [2(s) = w(s)]) > Ro.
So, for any = € 0Q0g, and t € Jy, we obtain
1
Ry

-0
Ta(t) 2y | K(s)a(s)f (s, [a(s) —w(s)]") ds 2907 =5 = R

0

Thus,
[ Tz]| > |[=]| Vo € g, (3.6)

Now, hypothesis (As) implies that for ¢ = m% , there exists B > 0 such that f(t,z) <ex Va > B

Therefore, we obtain
ft,2) <M+ex Vte[0,1], >0,

where M = max  f(t,x). Put My = max{1, M} and choose
t€l0,1], z€[0,B]

1 —1
R3 > max {2R2,7702M1 (5 — 02775) ,277M102}.

Then for any z € 90, and t € [0, 1], we have
1
Talt) < [ K(s)ao)f (s, [ols) = w(s)]") ds + o
0

1
<Ml + une / K(s)a(s)[z(s) — z(s)]" ds + 1702 < Mo + noleRs + nM102
0

1
< Ry(5 — o0ne) + noleRs + o) = |||
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So, we get
ITz| < ||z|| V&€ OQR,. (3.7)

Therefore, due to Lemma 2.8 and using (3.5), (3.6) and (3.7), we deduce that the operator T has
two fixed points z; and xs, respectively, in Qg, \ Qg, and Qg, \ Qr,. Therefore, by Lemma 2.9,
problem (2.8) admits two nonnegative solutions R; < ||z1|| < Rz < ||z2|| < Rs. Thus, problem (1.1)
has two nonnegative solutions. The positivity of the solutions is shown in the same manner as in
proving Theorem 3.1. O

4 Examples

In this section, we present some examples illustrating our results. We remark that by the following
examples it can immediately be verified that conditions (H;)—(H4) hold.

Example 4.1. We consider the following nonlinear fractional differential equations

DR u(t) - (u(t))? —

-1 =0 in (0,1),
(4.1)

w(0) =u/(0) =0, wu(l)= /u(s) ds.
0

Let f(t,u) = u?, a(t) = %, A =1and g(t) = ﬁ By a direct calculation, we obtain f,, = oo for

any 0 € (0,3). We also get o) ~ 0.3009, o) ~ 0.2006 and ¢ = 0.5015. Choose 7 = 5, then by a
simple calculation we get u* = 0.34547. Then by Theorem 3.1, problem (4.1) has at least one positive
solution for every 0 < p < 0.34547.

Example 4.2. Consider the following boundary value problem

1 ) 1
1++vu 1—1¢
1

1
D u(t) + 4 7 (100+ =0 in (0,1),

(4.2)

Let f(t,u) = 100+ ﬁ ,a(t) =1 and ¢(t) = 12 . By a direct calculation, we obtain f> = 0 and for

0 = § we have f% = 100. We also obtain o) ~ 0.35995, o) ~ 0.26996, o ~ 0.62991 and o/ ~ 0.16979.
Choose R; = 50 and Ry = 102. A simple calculation yields p* = 39.889. So Theorem 3.2 ensures the
existence of a solution of problem (4.2) such that 50 < ||u 4+ w|| < 102 for every p > 39.889.

Example 4.3. Consider the following boundary value problem:

1
D%u(t)+u¥f(t,u) — ;=0 (0,1),
1 (4.3)
w(0) =/ (0) =0, u(1) = / u(s) ds,
0
where 1
§ u, 0 S (3 S 12,
Ft,u) = 10000w — 119996, 12 < u < 13.78,
w4 17790.3, 13.78 < u < 50,
252307, u > 50.
Then problem (4.3) admits two positive solutions. In fact, let a(t) = } and ¢(t) = = . By a direct

calculation, we get 00 ~ 0.35995, 08 ~ 0.26996 and o ~ 0.62991. Choose R; = 12 > 4;’:’, then for
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any t € [0,1], uw € [0,12], f(t,u) < Rln;zag ~ 18.3. Thus condition (A;) is satisfied. On the other

hand, for 0 = % , we have 02 ~ 0.16979. aTake Ry = 50, then Ry > 2Ry and for any t € Jy and for all

u € [2 X0 Ry, Ry], we have f(t,u) > ,5’722 ~~ 1994.5 which implies that condition (As) is satisfied.
Finally, since f*° = 0, the assertion (Ag3) is satisfied. Consequently, by Theorem 3.3, problem (4.3)

admits two positive solutions u; and us satisfying

Ry <|ur +w| < Ry < [Jug + wl|| < Rs.
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1 Introduction
Consider the second-order Emden—Fowler type differential equation
y" +p(a,y, o )yFseny =0, k>0, k#1, (1.1)

with continuous in z and Lipschitz continuous in u, v positive function p(z,u,v) defined on R x R2.
The asymptotic behavior of all solutions to equation (1.1) in the case p = p(x) was described by
I. T. Kiguradze and T. A. Chanturia (see [11]). The results on asymptotic classification of maximally
extended solutions to third- and fourth-order similar differential equations for £ > 0, k # 1, were
given by I. V. Astashova (see [1-5]). The asymptotic classification of solutions to equation (1.1) with
negative function p(z,u,v) for regular (k > 1) and singular (0 < k& < 1) nonlinearities is contained
in [6,7].

Using the methods described in [2], we investigate the behavior of solutions to equation (1.1) in
the case p(x,u,v) > 0 (see [8]). Further, suppose that the function p(z,u,v) additionally satisfies the
inequalities

0<m<plx,u,v) <M < +00. (1.2)

2 Oscillation of solutions and their first derivatives

Consider the trajectories {(y(z),y'(x))} C R? generated by nontrivial solutions to equation (1.1).
Divide R? by four closed sets crossing over the boundaries only

5 ) ) )

For the sets boundaries we use the following notation:

R A kY A

{jﬁ {(yo,y1) €R?: 5 >0, y1 <0},

For example,

[ } {(yo, 1) tyo =0, y1 >0}

Lemma 2.1. Suppose k € (0,1) U (1,+00), the function p(xz,u,v) is continuous in x, Lipschitz
continuous in u, v, satisfies inequalities (1.2) and y(x) is a nontrivial mazimally extended solution to
equation (1.1). Then neither y(x) nor its first derivative y'(x) can be constant-sign functions in the
neighborhood of domain boundaries.

Proof. Using the substitutions = — —z, y(z) — —y(z), we obtain an equation of the same type
s (1.1). That is why we further investigate behavior of nontrivial solutions to equation (1.1) and
their first derivatives near the right-side boundary of the domain only.
Prove the statement for solution y(x), the proof for its first derivative y'(x) is similar. Assume that
a solution y(z) to equation (1.1) is defined on a finite or on an infinite interval (a,b) and is positive in
some neighborhood of b. According to the type of equation (1.1), the second derivative is negative in
this neighborhood, therefore the first derivative decreases monotonously and has a finite or an infinite
limit as £ — b — 0. It means that the first derivative is a constant-sign function in the neighborhood
of b. That is why y(z) is monotonous in the neighborhood of b and tends to a finite or an infinite
value as ¢ — b — 0.
Let b < 4o00. If a solution y(z) (and hence y”(z)) or its first derivative has a finite limit, then
integrating the second derivative or the first derivative, respectively, on a finite interval, we obtain
the finite limits in both cases. So, we get a contradiction with the right-maximally extension of a
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solution. If solution and first derivative limits are infinite, then they must have the same sign. So, we
get a contradiction with equation (1.1).

Let b = +oo. If a solution y(z) (and hence y”(x)) or its first derivative has a nontrivial limit,
then integrating the second derivative or the first derivative, respectively, on the whole domain, we
obtain infinite limits in both cases. Thus, they must be of the same sign, and therefore we get a
contradiction with equation (1.1). If solution and first derivative limits are equal to zero, then the
solution is positive in a neighborhood of +00, monotonously decreases to zero and its first derivative is
negative and monotonously increases to zero as x — +00. It means that the second derivative (as the
solution is positive) decreases to zero at infinity. So, we get a contradiction with equation (1.1). O

Theorem 2.1. Suppose k € (0,1) U (1,4+00), the function p(z,u,v) is continuous in x, Lipschitz
continuous in u,v and satisfies inequalities (1.2). Then all nontrivial mazimally extended solutions
and their first derivatives to equation (1.1) are oscillating at the left- and right-hand sides, zeroes x;
of solutions and zeroes x; of their first derivatives alternate, i.e.,

e<wja <oy <z <ajy, <o, jEL

Moreover, for any j € Z, the following inequalities hold:

_ M<y/(:cj+1)<\/ﬁ —(%)ﬁ<M<7(ﬂ)ﬁ
m ~ y(x;) T M’ m ~ oyl T \M )

Proof. As mentioned above, it suffices to investigate the asymptotic behavior of nontrivial maximally
extended solutions at the right-hand side.

Prove that a trajectory generated by any nontrivial maximally extended solution y(z) to equa-
tion (1.1) moves between the introduced sets (2.1) at the right-hand side only by the following scheme:

+ +
Jr —
T l : (2.2)
=]
Indeed, suppose that (y(z),y'(z)) is an internal point for the set [ i } at some moment. It means

that y(z) > 0, ¥'(z) > 0 and y”(x) < 0. Therefore, y(z) is positive and increases, y'(x) is positive and

decreases, while the trajectory generated by the solution y(z) is located in the interior of i . Then

either y'(z) is equal to zero and the corresponding trajectory will get to the boundary { —5 } of [ i }

or y/(x) is nontrivial and have a nonnegative limit at the right-hand side, i.e., the first derivative will
be a constant-sign function. So, we get a contradiction with Lemma 2.1. Thus, the case is possible if

and only if the trajectory generated by the solution y(z) gets to the boundary [ * , i.e., the solution

0
y(x) is positive and has a local extremum at some point x{,, moreover, y”(z{) < 0. Then there exists

a constant § > 0 such that y(z) > 0, v'(z) < 0 for z € (z, z} + J). So, the trajectory will get to the
interior of the set { 1_

Further, we have y(z) > 0, y'(z) < 0 and y”(x) < 0. Therefore, y(z) is positive and decreases,
y'(x) is positive and increases, while the corresponding trajectory is located in the interior of { i_ ] .

According to Lemma 2.1, the solution y(z) cannot be positive at the right-hand side, that is why it
will be equal to zero at some point zy > x(,, and the trajectory generated by this solution will get to
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[ E } As o/ (o) < 0, there exists a constant & > 0 such that y(z) < 0, y/(z) < 0 for z € (zo, 20 +90).

Thus, the trajectory will get to the interior of the set [ :
Now, we have y(z) < 0 and y/(z) < 0. Similarly, prove that the trajectory generated by y(z)

at the right-hand side gets to the boundary , i.e., y(x) has a local minimum at some point

0
xy > xo > xj. It moves further towards the interior of the set [ n

n ] , and according to Lemma 2.1,

tends to the boundary { _?_ ] for x1 >z} > xo > z(. Thereafter the trajectory goes to the interior of

+
the set
e se {—!—

So, we have proved that the trajectory generated by any nontrivial maximally extended solution
y(x) to equation (1.1) can move between the introduced sets (2.1) at the right-hand side only by the
scheme (2.2).

Besides, according to Lemma 2.1, it cannot stay in any set (2.1) at the left- and right-hand sides.
Therefore, the solution y(z) to equation (1.1) and its first derivative y'(x) are oscillating at the left-
and right-hand sides, zeroes x; of solutions and zeroes x; of their first derivatives alternate, i.e.,

< my <ay<wp <y <., jEL

Further, without any restrictions, we assume y’(x;) < 0. Note

y(j+1)
0= Iy = e = =G4 1) [ Iy,
y(z;)
and from equation (1.1) we have
y(xj+1) Tjt1
/ F=ly dy = (k + 1) VY
0=—(k+1 Y ydy = _J I
( ) ol p(z,y,y')
y(z;) zj
i y// y/ Tt y// y/
=(k+1 /7dac+ k+1 /*dx. 2.3
( ) p(z,y,9') ( ) p(x,9,9') 23)
i i

As y'(z;) < 0, we have y'(z) < 0 and y"(z) > 0 for z € (v, ). Also, for x € (2}, 7;41), we have

’

Y (z) > 0 and y"(z) > O.( SO; m <0 for z € (v, ) and m > 0 for € ()41, 7j4+1).
Estimate expression (2.3):
i vy i vy
k+1 /7(1:6—&- k+1 /7dx
(F+1) p(z,y,y) (k+1) p(z.y,y')
3 T
1 Thi Tjt1 1 Y (2 11) . y' (zj41)
S%/yy/d‘r+7/ ///d _% /dl_'_i Idyl
Zj I;+1 yl(rj) y/('EJ+1)
_k+1 / it k+1 /2mj+1_ k+1 / 2 k+1 / 2
=T W Ty W, =y W) 5 W)
i 1
whence
kE+1
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Obtain another estimate for (2.3):

i y// y/ i y// y/
k+1 /7(&-&- k+1 /7d1“
( ) p(x,y,y') ( ) p(x,y,9")
zj it
x;+ Y (xlj+1) Yy ($J+l)
L ’d;H—/ " ’d:c—— ray 4+ BEL " dy'
m M
T y'(x5) v (4q)
CkHL TR kL kL, k4D
_W@) N +W(y) " = W(y(%)) +W(y(%+1)) )
J j+1
whence 1 k1
+ -
o (v (2;))* > SN (¥ (zj41))*
Therefore,
m M
b @)l < I )] < )1y ) (2.0
and

Vo < [ < 2.

Since zeroes x; and extremum points xj of a nontrivial maximally extended solution to equation
(1.1) alternate, for any j € Z we have y'(z;41)y'(z;) < 0 and

m = y(z;) T M-

M _y(@jn) o [m

Obtain the second estimate. We have y(z’;) > 0. Note

y(z;) “
. . o - y//y/
) =) = ) =~ 1) [ ydy:(’““)/md”
y() &

"o,

As y(«;) > 0, we have y'(z) < 0 and y"(x) < 0 for z € (27, 2;), i.e., p(iyy{’y,) > 0 for z € (27, 2;). So,

! 10 k 1 "
// /d$ < (k+1)/ y'y dJ? S + y”y/dm,
/ | p(@,y,9) m.J

Zj Zj Zj

k+1
M

then
y'(x5) y'(z5)

k+1 / / 1\ 1k+1 k+1 / /
S / ydy < y(z)|" < e Y dy
y'(x}) y'(x)

and
P W @)? < )l < S5 ) (25)

Analogously, on the interval (z;, 2’ ;) we obtain the estimates similar to (2.5):

k+1

LW @) < ) < S )

2M
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and, therefore,

2m k41 2 2M k+1
] ly(z; )" < (' ()% < Pl ly ()M
So,
m k+1 k+1 M k+1
Vi ly(@ )1 < Jy(a)]"T < puu ly(@ )1,
1 1
m\ w1 M\ w51
(57) @) < @)l < () @)
and

m\ T (1) G
()7 < i ()

Since zeroes x; and extremum point z’; of a nontrivial maximally extended solution to equation
(1.1) alternate, for any j € Z we have y(z) 1) y(z}) < 0 and

==+ (95; 1) m\ T
_<%) <yy(x—’;) <_( ) ' =

m M

Repeating the steps described in the proof of Theorem 2.1, T. Korchemkina has obtained the
following

Corollary ([9]). Introduce the notation

m; = min p(z,y(z),y'(z)), M;= max p(z,y(z),y(z)), jELZL

w€[r;xj41] z€[z;,x;41]

Then, for any j € Z, the following inequalities hold:

My o) o fmg (M e v ye
Y

my — y(xy) T My \mymy (@js1) — (Mij—l

3 Asymptotic behavior of maximally extended solutions

I. T. Kiguradze and T. A. Chanturia in [11] proved that if p = p(x) is a positive locally integrable
function of locally bounded variation, then for both regular (k¢ > 1) and singular (0 < k& < 1)
nonlinearities, any nontrivial right-maximally extended solution to equation (1.1) is proper, i.e., is
defined in the neighborhood of +oo.

For k > 1, an example is given [10] of a continuous function p = p(z) satisfying inequalities (1.2)
such that there exists a solution to (1.1) with a resonance asymptote z = z* (x%@_o y(z) = +oo,

lim y(z) = —00), i.e., a non-proper solution. Step by step we construct a continuous function p(x)
rx—x*—0

and an oscillating solution y(x) to equation (1.1). On each step we define p, construct a solution to
equation (1.1) and estimate the distance between consecutive zeros ;41 — ;.

Moreover, the sufficient conditions on the function p = p(z) are obtained under which all nontrivial
maximally extended solutions are defined on the whole axis.

Theorem 3.1. Suppose k € (0,1)U (1,400), p = p(z) is a continuous function of a globally bounded

variation satisfying inequalities (1.2). Then for any nontrivial mazimally extended solution y(x)

to (1.1) there exist the finite positive limits lim |y'(z;)|, lim [y(z})| and lim (241 — ;).
j—+oo j—+oo j—+oo

Proof. Let y(z) be a nontrivial maximally extended solution to equation (1.1). Now we investigate an
asymptotic behavior of y(x) at the right-side boundary of the domain (j — 400), the case j — —c0
is similar.
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Let us use the following notation:

mj = min p(z), M;= max p(z), j€Z,
rE€[x;,2541] z€[z;,zj41]
mj= min p(x), Mj= max p(x), jEZL.

z€lz),xl ] w€zl ]

By repeating the steps described in the proof of Theorem 2.1, for any j € N, we obtain similar to (2.5)
estimates:

k+1 2 k1 o kB41 2

B3 (' (25))? < Jy(a) " < 2 (y'(x5))?,
k+1 par k41 )
PA (o (x;))* < |yl )M < e (y'(24))7,

whence
1 1

(G < )« ()™

/
Moreover, due to the above estimate and estimate (2.4), for any j € N, we have

m;

1 1
|1D|y/(.'17j+1)| —In |y/($1>|’ < 5 (lnMJ - lnmJ) < Vv[mj1zj+1] lnp(:v),

2
1 1
[ ly(ah)| ~ I lyCel| < 5 (A ) < o Vi (o),
+oo
Z Vi, 240 MP(®) = Vig, 400) Inp(x) < 400,
j=1

> Viey ) IMP() = Viag 400y Inp(x) < 400,

where Vi, 5 Inp(x), Ve, 4o0) Inp(x) are variations of the function Inp(x) on [a,b] and [¢, +00), respec-

+oo
tively. Due to the Weierstrass test, the series Y (In|y'(z;41)| — In|y’(z;)|) converges.

Therefore, there exists a finite lim In|y'(z;)|, hence there exists a finite lim |y'(z;)|. Analo-
Jj—+oo Jj—r+oo

gously, we obtain the existence of a finite positive lir+n ly(z))].
Jj—+oo
Further, let us show that the distance between consecutive zeros (41 —;) has a limit as j — +o0.
Multiplying equation (1.1) by y’, integrating it on [+, 2], © < z;41, and assuming without any
restrictions that y(z) > 0 on [z, ;,7;11], we obtain

[ [ oM/,
@7 =2 [ sy e ds =2 [ sl sl (s)ds < 2L (HI -1 (a)).
i it
Analogously, we obtain the estimate
2m’.
+1
v/ (@) = L (HE =y @),
S0,
2m 2M!
+1
=y (e) < /()] < (| 280 g -
Note that
Ty /( ) J+1 . Hjia
+1
xj —x(:/yxdx /
A ly' ()] |y| 2m/ Hm S

Tj4+1
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and making the replacement y = uf; 1 in the last integral, we obtain

s k+1 7%1 U
Tjtr1 — T; 4 —_—
Jt+1 J+L = +1 -
2mj_H H; ) V1 — yF+L

Analogously, the inequality

k + 1
Tjsl = Ty > Hi 7 W

holds. Due to the assumptions of the theorem, the function p(z) has a finite positive limit p; as

x — +00 and we have proved that there exists a finite positive ligl H;. Thus, passing to the limit in
j—4oo

last inequalities, we can conclude that the distance between the extremum point and zero (z ;41 —x} 41)
has a finite positive limit as j — 4o00. Analogously, both the distance (xg 41 — ;) and hence their
sum (xj41 — ;) have finite positive limits as j — +o0. O

Remark 3.1. Note that the theorem assumption of a globally bounded variation for the function p(z)
is essential for the existence of finite positive limits liria [y (z;)], hm ly(z})] and hm (a:j+1 —z;).
j—*too

An example of a continuous function p(xz) > 0 (satisfying inequahtles (1.2) but not of a globally
bounded variation) is given [10] such that there exists an unbounded proper solution 'lig_n Iy (z;)| =
j—+oo
hrf ly(z);)] = +o0. Also, an example of a continuous function p(z) > 0 (satisfying inequalities (1.2)
]4)
but not of a globally bounded variation) is given [10] such that there exists a nontrivial proper
oscillating solution tending at +oco to zero with its first derivative.
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Abstract. We consider a Sturm-Liouville problem on the interval (0,1) with Dirichlet boundary
conditions and a weighted integral condition on the potential which may have singularities of different
orders at the end-points of the interval (0,1). One upper estimate for the first eigenvalue for some
values of parameters in the integral condition is obtained.
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1 Introduction

We consider a problem whose origin was the Lagrange problem of finding the form of the firmest
column of the given volume. The Lagrange problem was the source for different extremal eigenvalue
problems for second-order differential equations with integral conditions on the potential.

We develop the methods used in Yu. V. Egorov and V. A. Kondratiev’s works (see, e.g., [1]) devoted
to estimation of eigenvalues for Sturm—Liouville problems. The Sturm-Liouville problem for the
equation y” + AQ(z)y = 0 with Dirichlet boundary conditions and a non-negative summable on [0, 1]

function @ satisfying the condition f Q" (z)dx =1as vy €R, v #0, was considered by Yu. V. Egorov

and V. A. Kondratiev in [1]. The Sturm Liouville problem for the equation " — Q(z)y + Ay = 0
with Dirichlet boundary conditions and a real Lebesgue integrable on (0, 1) function @ satisfying the

condition f Q7(z)dx =1 as v > 1, was considered by V. A. Vinokurov, V. A. Sadovnichii in [2]. In

the prebent article we consider a problem of that kind in case the integral condition contains a weight
function. Some results devoted to the Sturm-Liouville problems with weighted integral conditions
can be found in [6]- [9].

Consider the Sturm—Liouville problem

y'/JrQ(:E)er)\y:O, T e (Oal)v (11)
y(0) =y(1) =0, (1.2)

where ) belongs to the set T, g of all real-valued measurable on (0, 1) functions with non-negative
values such that the following integral condition holds:

1
[ 0=/ Q@ds =1, apryeR 220, (1.3)
0

A function y is a solution to problem (1.1), (1.2) if it is absolutely continuous on the segment [0, 1],
satisfies (1.2), its derivative y’ is absolutely continuous on any segment [p, 1 — p], where 0 < p < %
and equality (1.1) holds almost everywhere in the interval (0, 1).

We give estimates for

Moy = sup Mi(Q).
Q€eTy 8,

For any function Q € T, g, by Hg we denote the closure of the set C§°(0,1) with respect to the

norm
1 1 N
ny%z(/ww%/mem)
0 0

For any function @ € T, g.~, We can prove (see, e.g., [3,6]) that

. @ - Qa)y?) da
/\1(Q) N yEBITg{{O} R[Q’ y]7 Where R[Q7 y] B fol y2 dl‘ .

2 One upper estimate for the first eigenvalue for v < 0

Theorem 2.1. If v < 0 and o, > 3y — 1, then My, < 7. Ifv < -1, a,8 > —1, then
there exist a function Q. € Ta g~ and a positive on the interval (0,1) function u € Hg, such that
M, g~ = R[Q.,u], moreover, u satisfies the equation

B 41

u +mu=—x77 (1 —2) T ur—1

and the integral condition
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Proof. Suppose that v < 0. For any Q € T, 3, and y € Hg, by the Hélder inequality we have

1 1 L
(1 - )T 1y 2 da < _
O/JC (1 —ax)™7|y| d;z:<<0/m (1—2)°Q"(x) > </Q yda:)

Then
1 1 Y

/Q Y2 dx > (/xllelvyh 1alx>w (2.1)

0 0
and

sy QU< ol ol
where , s
Gl = 1 v de — (fol xﬁl(l - x)%mr—n dz) 7 ’
Jo y*dx
Consider the function
0, 0<x<e,
us(r) =<1, e<z<l—g¢

0, 1l—e<x<1,

where 0 < € < % . By the average processing for p = 5 we obtain the function

+o00 +o0 P
e, (2) = / wp(& — y)ue(y) dy = / wply — Ty (y) dy = / wp(2)us(z + 7) dz.

For the function y.(x) = u.,(z) - sinma of C§°(0,1) it is true that for any @ € T, g the function
Y- belongs to Hg and
|y (2) — sinm@| 0,1y — 0 as € = 0.

For v < 0, , 8 > 3y — 1, the integral facl (1 —ax)T- = 7 (sin 7T{E)"f T dz converges. Then for any

Q €T, 3, we have

inf  R[Q,y] < inf G[y] < lim G[y.] = G[si < 7?
yeHo\ (0} @] yeHR\ (0} ) < Jimy Glye] = Gleinma] <=

and M, g < 72
Let us show the method of finding sharp estimates for M, g for v < -1, a, 8 > —1. For any

1
function y € H}(0,1), the inequalities y*> < Cz and y?> < C(1 — z) hold, where C = [y?dz. If
0

the integral f Q(z)z(1l — z) dx converges, then f Q(x)y? dz also converges. Consequently, for v < 0,

a, B> 2y — 17 the sets of functions of Hg and H0 (0, 1) coincide.
Let us prove that for v < 0, o, 8 > 27 — 1 the functional G is bounded from below in Hg(0,1). By
the Holder inequality, for = € (0, %) we have

1
T T

y*(x) = </y’(t) dt)2 < :c/y'Q(t) dt < x/zy/Q(t)dt
0 0 0

and for z € (1,1) we have
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Then

1 3 3
a— 31
/51”l—w”wy?wm</51?a—xﬁ“(/@%wﬁ> e
0 0 0

where

N[

2

converge. Then for any y € HE(0, 1), we have

Glyl > 7*(1 - (C1+Ca) 7).
Thus, the functional G is bounded from below in H}(0,1) and

m = inf Glyl. 2.2
yEH(0,1)\{0} ] 22)

For any function @ € T, g,

MO)=  inf R[Qyl< inf Gyl=  inf Gy =m.
1(@) veHo\ (0} @yl yeHo\ (0} by yeH(0,1\ {0} ) =m

Then

Mapy= sup A(Q)< inf  Glyf=m
T ety = yeH 0,0\ (0)
Consequently, M, g~ < m.
Let us prove that for v < —1, o, 3 > —1 there exist a function Q. € T, g, and a positive on the
interval (0, 1) function u € Hg, such that M, g, = R[Q,u] = m.

Put

1

F*z{y€H§(07l)| /y2dm:1}
0

and
1 1 -1
/2 v
:/y dx — (/xlvl—xlv|y|v 1dx)
0 0

Lemma 2.1. There exists a function u, € I'x such that I[u.] = m, where m is defined by (2.2).

Proof. Let {y;} be a minimizing sequence of the functional G' in H{(0,1). Then y;, = %, where

[

Cr, = [ yi dz, is a minimizing sequence of the functional I in I',, i.e., I[yx] — m as k — oo. Then

(=)

- inf Gyl = inf I
A NP, ly] = nf [y].
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Let us show that for o, 8 > —1, the sequence {y;} is bounded in H}(0,1). Since m = 1an Iy],
ye
for all sufficiently large values of k we have

1 ~y—1

1
ﬂ%%ﬁ/%%m—</x$%1—@£ﬂmﬁlmgW <m+1.
0

0

For «, 8 > 0, by the Holder inequality, we have

1 1 1
B o T 2 ot
/xlvl—xlv\ykh Tdr < /x (1—2) y;de < /ykdx =1
0 0 0

1 1 fo1

o 2y v
/yﬁdwz[[yk]—l- (/xlv(l—x)lﬁv|yk|“le dx) <m+ 2.

0 0

and

For «, 8 < 0, by the Holder inequality, we have

1 1 1
1—v
/xlvl—xlﬂykh Tdr < (/ Py 'Vda?)
0 0

~

1 1
—a poa=l _B p-2=L 2 T 2 r
X v (1—2) 7 (1—2)P7 5 ypde <M- yi dx =M,
0

0

1 1
where M = ( [(#7P(1—z)7?)'~7 dz) =" and p is a number such that —%—l—pﬂTfl >0, —g—l-pﬂTfl >0,
0

—p(1 — ) > —1. Consequently, p satisfies the inequalities

1 B 1
<p< <p< ,
1—x

a
v-1 l—y" y-1
which hold for «, 8 > —1. The proofs for the cases a« > 0> > —1and 8 > 0> a > —1 are similar.
Since for o, 3 > —1 the sequence {yx} is bounded in H}(0,1), it contains a subsequence {zj}
which converges weakly in H}(0,1) to some function u., moreover,

||U*H§—15(071) < max {m+3)m+2+MVT71}.

Since the space H}(0,1) is compactly embedded in the space C]0,1], there exists a subsequence
{sk} of {2z} which converges in C[0,1]. Since the space C[0,1] is embedded in L5(0,1), the sequence
{s} converges in L5(0,1) to the function u,. Consequently, for the functional G we have

1

1
/sidx%/ufd:r as k — oo
0 0

and
1
/ui dr = 1. (2.3)
0

Since for a,3 > —1 the sequence {s;} is bounded in Hg(0,1), by the definition of the norm
skl m2(0,1) the sequence {s} is bounded in Ly(0,1). Then there exists a subsequence {wx} of {sx}
such that the sequence {w).} converges weakly to the function u/ in Ly(0,1). Then ( [10, p. 217])

||u*||L2 0,1) S hm HwkHL2(O 1) = A.
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Thus, we have
luilZ, 0,1y < A- (2.4)
Let {vi} be a subsequence of {wy} such that

k—o0

1 1
1 72 _ . 72 _
im v, dr = lim wy,” dr = A.
k—o0
0 0

Since m is a limit of the sequence {I[vg]}, m — A is a limit of the sequence

1 2-1
{ (/ 1—x1~|vk|v 1dw) }
0

Then, for any € > 0, there exists a number K such that for any & > K the inequality

1 vt
(/xl T(1—x)T 7|vk|v 1dx> ’ <m-—A+e
0
holds. Then
1 y-1
</z1 (1 —2)T v|vk|w 1d:17> DS A-m-e
0
and

’Y

xlvl—xlﬂvkh Tdr > (A—m—e)7 (2.5)

O\H

Let us use the Lebesgue theorem. For the sequence {zT-7 (1 — x)% |rk|%}, we have
_a B 2y _a B 2y
=7 (1 — )T |rg|7=1T — 277 (1 — 2)T-7 |us|7~T as k — oo almost everywhere on [0, 1].

We have proved the existence of a constant V' = max{1, M} such that for any sufficiently large
value of k we have

1
/:171 7(1—a)T7 7|7’k\w T de < V.
0

Then ) )
277 (1 — 2) T |u,|5-1 € L;(0,1)
and
1 1
o 8 2y o 8 2+
/xﬁ(l — )T |rg| 7T de — /xﬁ(l — )T |uy| 71 dx as k — oc.
0
If for any k£ > K inequality (2.5) holds and

o—__

_a _B_ 2 _a _B_ 27
2= (1 —2)T7|rg|7Tde — [ 277 (1 — )77 |u.|7-T dz as k — oo,

then we have

1
/xl (1 —x)T- ~|u*\~ Tdr > (A—m—e)71
0
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Since € may be sufficiently small, we obtain

1 PR S
</ 1xlvu*|~21dx) >A-—m
0

and
1
(/x171x17|u|71d1) <m—A. (2.6)
0

By virtue of (2.4) and (2.6), we obtain
I[u,] < m. (2.7)

Since m = ian Ify], we have I[u.] = m. By (2.3), we obtain u, € I'.. O
yel's

Let us consider the set

1
= {yeHOOI /x1W1—m1Wy|W1dx—1}
0

The function u = Cu,, where

11—y

1
2y
/mlvl—xlﬂu*h T dx )
0

is non-negative on [0, 1] and belongs to I'. Then Gu] = Glu.] = Iu.] = m.

Let us fix the argument u of the functional G' and fix some variation z € Hg (0, 1) of the argument
u and let us consider a set of functions w + tz, where ¢ is an arbitrary parameter. On the functions
u + tz the functional G turns to the function of ¢t € R:

fo x) 4+t (x ))de—(fozl T(1—2)T7
fo x) +tz(z))2 dz

g(t) = 7 |u(@) + tz(x)|77T dar)

Since the functional G reaches an extremum at y = u and for v < —1 the function g¢(t) is differentiable
at zero, we have ¢’(0) = 0. Since u € T and G[u] = m, we obtain

1
/ /xl (1 —2)T v|u|v 1sgnuzdx—m/uzd:c (2.8)
0

For v < —1, a, B > —1, equality (2.8) holds for any function z € H}(0, 1), because by virtue of
the Holder inequality, we have

1
/xl 7(1—x)T- W|u|v 1\z|da:
0
’v+1

1 _
_a _B_ 27 VT"’l
< T3 (1 — )T |u|7=1 dz /x (1—a)T W|z|7 T dx
0

If z € C§°(0,1), then ' has a generalized derivative equal to

o—__

u = —;1;1:7!7(1 — x)%m\%} sgnu — mau.
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Since G[y] = G]|y|], we can assume that the sequence {yx} is non-negative and v > 0. Similarly,
to the case @ = 8 = 0 we can prove (see, e.g., [3]) that the function u is convex upward. Thus on the
interval (0, 1) we have u(z) > 0.

Since u € ACI0,1], for v < —1 the function xﬁ(l - :U)%|u|%ri sgnw is continuous on the
segment [p,1 — p], where 0 < p < 3, and v” € Ly(p,1 — p). Let v be a generalized derivative of u of
second order. The Corollary 2.6.1 of Theorem 2.6.1 (see [12, p. 41]) implies that if u,v € L,(p, 1 —p),
p = 1, then the function w is continuously differentiable on [p, 1 — p] and almost everywhere on it has
the classical derivative of the second order u” = v. Thus,

u”—i—xﬁ(l—x)%hd%u—&—muzo for z € [p,1—p). (2.9)

Since the number p may be sufficiently small and the function u is continuous and positive on
(0,1), the function «” is also continuous on (0,1) and equality (2.9) holds everywhere on (0,1).
On (0, 1), let us consider the function

2

Qu(z) = 25 (1 — 2) T 7w,
Since Q. (x) satisfies the integral condition (1.3):

1

1
/x (1—2)’QY(x :/mlvl—xlfvu%dle,
0

0

the function u belongs to Hy, .

Since u satisfies equation (2.9) and conditions (1.2), for Q@ = Q. it satisfies equation (1.1) and
conditions (1.2). Therefore, since u is continuous on [0, 1] and its derivative u’ is continuous on (0, 1),
the function w is the first eigenfunction of problem (1.1)—(1.3) with @ = Q. and the first eigenvalue

Then
Y = RlQy,u]l = Gul=m
it RQu] = Q. u] = Glu
and
M, = sup A > M (Qy) = Y] = R[Qy,u] = Glu] =m.
B = S 1(Q) 2 M(Qx) yEHQ*\{O} R[Q.,y] = R[Q+,u] = G[y]

Consequently, we obtain M, g, = m. O
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1 Introduction

In this work? we present the detailed proofs of the results reached in [5,6], as referred in [3], concerning
the solutions of the Basic Initial Problem (BIP),

where B and r are constants, r > 0 is the delay, and ¢(t) is a given continuous function on [—r,0].

Delay differential equations (DDEs) are well studied in [1,4,7] from a point of view of the existence,
uniqueness and properties of solutions. Here we point out that when the MSA is applied to the BIP,
there appears combinatorial structure on the solutions.

This kind of structure that we designated by tree combinatorial structure led us to conjecture that
there is a generating function defined over a specific class of polynomials with a single delay that
solves the initial problem. As far as we know, the approach via a generating function is new to the
relevant literature.

Assuming ¢(t) is constant on [—r, 0], and applying the MSA to the BIP, the solutions x,,(t) defined
on A, = ((n — 1)r,nr], n > 1, showed one tree structure effect for the solution z(t) of the problem.

That x(t) is the generating function for a sequence of polynomials with a single delay, Pj"(TB), is
our starting point.

Using the MSA, each solution x,,(¢) would depend upon the solution ,,1 (¢) defined on the previous
intervals A,,_1. In order to provide an explicite formula for x,(t) on the interval A, without the
knowledge of all back solutions z,_1(t) defined on the previous intervals A, _;, we introduce the
polynomials Pjn(rB), which we refer to as delay polynomials, and the main theorem proves that this
is possible.

The present paper is organized as follows. Section 2 describes the MSA and presents the conjecture.
Section 3 constructs the alternative method to obtain the BIP’s solution. Section 4 contains the two
fundamental propositions allowing us to obtain the calculating formulas for any solution x,,(t) defined
on A, with n > 2. Section 5 is devoted to the Main Theorem. Section 6 consists of the proof of the
lemma, which is the basis of the new solution’s method. An example is given to illustrate the theorem
in Section 7.

2 Preliminaries

2.1 The method of step algorithm

Consider the Basic Initial Problem

{x’(t) =Ba(t—r), t>0,

z(t) = ¢(t), t € [-r,0], (2.1)

where B € R, r > 0 is the delay, and ¢(t) is a given continuous function on [—r,0].
The Method of Step Algorithm (MSA) can be described as follows.

Step 1

Consider 2/(t) = f(x(t — r)). Given ¢(t) on [—r,0], we can determine z(¢) on the interval [0,r] by
solving the ODE

f(¢(t - ’I")),

——
8 8
= =
(=)o
I
-
—~
(e}
N—

Denote its solution by x1(t).

2See [2] for a previous version of this paper
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Step n

For each integer n > 2, given the solution z,_1(¢t) on [(n — 2)r, (n — 1)r], we can determine z(¢) on
the interval [(n — 1)r,nr| by solving the ODE

z'(t) = f(zn-a(t —1)),
z((n—1)r) =z,—1((n — D)r).
Denote its solution by x,(¢).
Conclusion

We can define the solution of

a(t) = flz(t—r)), t=0,
.I(t) = d)(t)? te [_Ta 0]7

on each interval A, = [(n — 1)r,nr], n > 1, by

t

() = 21 (0 — 1)r) + / F(@ns (s — 1)) ds,

(n—1)r

-

where xo(-) = ¢(-).
For j =1,...,5, let x;(t) be the solution of (2.1) defined on the interval A; obtained with the
MSA. Assuming ¢(t) = ¢(0) is a constant,

22(8) = $(0) '(B;!)Q 4+ Bt(1— Br) + (B;!)Q 1],
z3(t) = $(0) -(i?s + (B;!)Q (1- %Br) +Bt(1- Br+ 33—2,2 (Br)?) - (B;!) 2 4 (327;)2 + 1},
z4(t) = ¢(0) :(i?4 + (B;,)S (1 —~ %3 Br) + (32?2 (1 - % Br+ % (B )2)
- +Bt(1- Br+ 33—2,2 (Br)? — % (Br)*) + (EZ)4 34— (B?j)s 23 | (327;)2 + 1},
25(t) = ¢(0) {(35?5 n (it!)4 (1 — % Br) n (ij)g (1 _ % Br+ 12%2 (Br)2)
+ (32?2 (1-%2mr+ % (Br)? - ;%j’ (Br)°)

3.92 4.33 5.44
n Bt(l — Br+ = (Br)? = = (Br)' 4+ 2 (Br)4)

5!
(Br)® 5 (Br)'.y (Br) g  (Br)?
S P e P e

Analysing the form of these first iterates, we observe a tree structure effect, which allow us to
formulate the following conjecture.
2.2 The conjecture

Definition 2.1 (Rainville, [8]). Let ¢;, j € Ny, be a specified sequence independent of r and ¢t. We
say that X (r,t) is a generating function of the set g;(r) if

X(r,t)= Z ¢;9; (r)td.

320
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Conjecture 2.2. If x(t), t > 0, is a solution of BIP, then

2(t) = X(rt) =Y _v;(n)t,

Jj=0

i.e., x(t) is a generating function for some sequence (vj(r));>o in the delay r.

3 Construction of a new solution’s method

3.1 A new solution’s formalization

In order to prove our claim, we will proceed in the following way. Consider the decomposition of
(0,00) in disjoint subintervals of equal length . We will consider the restriction of the solution to
each of these subintervals, as a generating function of some family of polynomials in 7. That is,

(0,00) = U Ay, where for each n>1, A, = ((n—1)r,nr|,

n>1
(1) if teAg=I[-r0],
S wi(rt i te Ay = (0,7],
j=0
Zw?(T)tj if te A= (r,2r],
p(t) = 720

S wi(rt! if t€ Ay = ((n—1)r,nr],

Hence, we have ¢(t) defined on each interval A,, n > 1, as

P(O)],cq, = wnlt) =D wi(r)t, (3.1)

320

If our conjecture is valid, we must have ¢'(t) = By(t — r) for t > 0, where the derivative at t = 0
represents the right-hand derivative. Two different types of conditions must hold. On the one hand,
we are concerned with the differentiability at each point ¢ = nr, which will guarantee the continuity
of the solution. This will be treated in conditions (2.A).

On the other hand, we want «’(t) = Bx(t —r) to be satisfied at any interior point of A,,. This will
be treated in conditions (2.B). To do this, we determine which of the conditions should the iterates
wi(r) in equation (3.1) satisfy in terms of ¢(t). Meaning

©'(0) = Bo(—r), (3.2)
z)(t) = Bx,_1(t —7) for t € A,, n>1, where zg = ¢. (3.3)

3.2 The constructive process
(2.A.1) ¢'(0) = Bg¢(—r). Att =0, we have
> wi(r)h? — ¢(0)

¢'(0) = lim =2 _ g Wo(r) Fwr(n)h 4+ wy(r)h? +--- = 6(0)

h—0+ h h—0+ h

A sufficient condition for (2.A.1) to hold, is

(2.a.1) wg(r) = ¢(0) and wj(r) = Bo(—r) and wj(r) takes any value for j > 2.
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(2.B.1) ¢'(t) =Bt —r), t € (0,r). Since

¢'(t) =D (G + Dwj ()t

720

we can establish the following statement. A sufficient condition for having (2.B.1) is

(2.b.1) —r)+ Y jwi(r)t/ "t = Bt —r).

j>2

We want to emphasize an important statement that later will lead us to the Main Theorem.
If the initial function ¢(t) is constant, combining (2.a.1) and (2.b.1) we can choose wj(r) =
(¢(0), Bé(—7),0,0,...). In fact, condition (2.b.1) implies ¢(—r) = ¢(t —r) since t —r € (—r,0), and
on this interval the function is constant.

Therefore, the solution on the interval A; can be defined as

=Y wj(r)t’ = ¢(0)[1+ Bt],

7>0

where ¢(t) = ¢(0) for ¢ € [—r, 0], which is exactly the solution obtained by the MSA.
Returning to a continuous initial function ¢(t), we can state the following proposition.

Proposition 3.1. If there exists w;(r) satisfying (2.a.1) and (2.b.1), then z1(t) = > wi(r)t/

Jj=20
satisfies (3.3) on the interval (0,7).
Proof. For t € (0,r), let
Z w; = wi(r) +wi(r)t + Z w} (r)t)
720 Jj=>2
If wj(r) satisfies (2.a.1), then
z1(t) = ¢(0) + Bo(—r)t+ > _wi(r
j>2
By differentiation we obtain
'y (t) = )+ > jwi (),
j>2
and if (2.b.1) holds, then
2y (t) = Bo(t —r). O

From now on we will use the following lemma whose proof can be seen in Section 6.

Lemma 3.2. Fort#0 andt#r,

ny tfrj—z (ng+z )( +i)!).

3>0 ]>0 >0

(2.A.2) ¢'(r) = B¢(0). This equality requires: the existence of the derivative at ¢ = r, the
derivative has the value B¢(0).
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(ai) To prove the existence of ¢'(r), notice that

p(r+h) — o(r)

/ — — 1~
Pl = lim h
S wh(r)(r +h) = 2 wh(r)d
= lim Z 0 720
h—0- h
XM (E w5 (G +0)) - X whr)rd
gr\ j+\T)5r J Tt > wi(r)r
— lim 7=>0 >0 72>0
h—0— h
Swt(r)ri+h D wl () (1) + 3 b (S wi(r) 5 PG+ = S wk(r)rd
~ lim i>0 i>0 j>2 i>0 >0
h—0— h
= Zler’L ) + hli)%l_ (ij+z ] + l) )
>0 j>2 >0

If convergence of the series is ensured, then the left-hand derivative at ¢ = r is equal to

ZwLH 1 + Z)

>0
Proceeding in a similar way, we have
e — 1~ SO(T + h) - SO(T)
o) = i, I
> wi(r)(r+h)? = 3 wi(r)r?
= lim 2=° 20
h—0+ h
Z ( Z wj—‘rl(r) % (] + Z)') - Z wjl'(T)Tj
— lim i=0 7" i>0 §>0
oo+ h
S wi ()t h s wi (e (L) + 3 B (Zwm( ) I (D)) = 3 w)(r)r!
~ i 20 i>0 j>2° >0 7>0
h—0+ h

The right-hand derivative of ¢ at t = r exists, if

Z w?(r)rt = Z le (r)r?

i>0 §>0
Zw%+i( Y1 +1) Zwlﬂ Y1 +14),
>0 i>0

and the series > wé’?+i(r) ’;—: (j+9), k=1,2, converge.
>0

(aii) ¢'(r) = Bg(0).

‘We notice that the second condition

Zw%ﬂ( ‘(1+1) Zw1+z + 1)

i>0 i>0

represents the equality between, respectively, ¢’(r™) and ¢’'(r~). In order to have ¢’ (r) = B¢(0),

it suffices to have A
> wi ()i (14 d) = Bg(0).
i>0
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The next proposition tells us the behaviour wf(r) must be such that the delay differential equation
is satisfied at t = r. We note that in Proposition 3.1, we have established an equivalent result for the
interior points of Aj.

Proposition 3.3. If there exists w? (r) satisfying

Z wjz(r)rj = Z wjl-(r)r]

(2.24) 720 720

' 2

d_wi ()l (L+3) =) wi ()l (1+])
Jj=0 3=>0

and

(2.2ii) > wh () (14 5) = Bg(0),

7>0

then ¢'(r) = B¢(0) and equality (2.b.1) holds at t = r.

Proof. We have already seen that (2.2¢) and (2.24) imply ¢'(r) = B¢(0). We have to prove

—r)+ Y jwi(r)r’ ' — Bé(0) =

Jj=2

If (2.247) holds, then we can write the first term as

Bo(—r)+ > 2+ i)wh (r)r ™t = wi (r)ri (14 )

>0 j=0
= Bo(—r) + Z(Q + i) wy; (r)r' Tt Z wi g (r)r! (1+5)
i>0 §>0
:thj( T(1+7) Zw1+] (14 j),
j>0 7>0
taking into account that Bé(—r) = wi(r) and associating the terms in an appropriate way. O

The procedure we have just described, can be repeated in an inductive manner. Hence we can
proceed in the following way;

(2.B.2) ¢'(t) =Bep(t—r), t € (r,2r). Since

and

pt—r) Zu) t—r]—Z£(Zw;+i(r) (_ZT)l (j+i)!),

4!
>0 >0 i>0

we can state that a sufficient condition for having (2.B.2) is

(2.b.2) w,(r) = Gt Z wi (7 ) (j +14)! for each j > 0.

Thus we have finished the analysis of the solution defined on interior points of As.
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4 The fundamental propositions

From a structural point of view, conditions (2.27), (2.2¢i) and (2.b.2) are identical in each interval
A, for n > 2. Then we can state two fundamental propositions which establish sufficient conditions
on wj(r), n > 2, in order for (3.3) to hold. The first one concerns with interior points, and the second
one concerns with end points.

Proposition 4.1. If for each n > 2 and j > 0, there exist a sequence w?(r) satisfying

J‘H( l Z J-H

>0

i

(] + 1), (4.1)
then x, (t) = Bxp_1(t —r) fort € int A,.

Proof. Let x,(t) = Y w}(r)t?. If t € int A, and n > 2, then
j=0

(0 = S+ ()0 :Z(1+JW(%Z Wi ﬂj{y G+ i)

§>0 7>0
_BZ (Z ﬁ_l(r)(_) (j+1) ) BZw r)(t —r) = B, 1(t —7),
]>0 >0 j>0
where we have considered (4.1) and Lemma 3.2. O

Proposition 4.2. If for each n > 2 there exist a sequence w?(r) satisfying the conditions

Y ()it r) =Y (nrywy(r),

j>0 ‘ j=0 | (4_2)
;0(1 +5)(nr)wif} (r) = go(l +J)(nr) w4 (r)

and

YA+ )i (r) =By wi T () [(n - 1)), (4.3)

Jj=0 Jj=0
then z, (nr) = Bxp_1((n — 1)r).

Proof. Let n > 2 and t = nr.
We start by showing the existence of a derivative at the points ¢t = nr for n > 2.

e The left-hand derivative:
Tp(nr+ h) — x,(nr)

o) = iy O
> wi(r)(nr +h)? = 3 wi(r)(nr)?
— lim 22° 720
h—0— h .
> (Y wh ) B (G +i)) = X wh () (nr)]
= lim 22 20 320
h—0— h
S wi (r)(nr)' + b 30 wiy, (r) (nr) (1 +4)
— lim >0 >0
h—0~ { h
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(nr)’

assuming that »_ wij,,(r) (j +i)! converges for j > 1.

i>0
e The right-hand derivative:

Tn(nr + h) — x,(nr)

2l (nrt) = lim

h—0+ h
S Wt ) (e + B — 3wl (r) (nr)?
— lim j=0 i>0
h—0+ h
S A (X i) G i) = X wp(r)(nr)?
— lim 2° i20 j>0
h—0t h
S wl () (nr)? +h2w?ill( Y(nr)i (1 +14)
— lim {22 120
h—0+ h
B (X ) S G i) = X w () ()
+ ]22 >0 >0 }
h
= > Wi () () (1 + 1),
>0

assuming that (4.2) holds, and > w;le(r) ) (j +7)! converges for n > 1 and j > 1.
i>0

We have proved the existence of derivative of z,(t) at t = nr, n > 2, and

Z wﬂrjl Z Wiy (7 T(1+4).

7>0 7>0

Next, we will show that z (t) = Bxp_1(t — ) at t = nr, n > 2.

Zw{‘ijl I(1+7) BZw )(n = 1)7r) = Bxy_1((n —1)7),
j=>0 7>0
where we have considered (4.3). O

We point out that equalities (4.1), (4.2) and (4.3) provide calculating formulas for all terms of the
sequences wj (r) for n > 2.

Corollary 4.3. Equality (4.3) is a direct consequence of (4.1) and (4.2).

Proof.
S+ )y et ) = S e )

= B;} (737;)] (gw?ﬂl(r) (_ZT) (@ +j)!> = Bgow;’_l(r)(nr —r),

where we have considered (4.1) and Lemma 3.2. O

We also have a correspondent result to (2.2ii), which refers to n = 1.
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Corollary 4.4. Equality (2.2ii) is a direct consequence of (2.2i) and (2.b.1), being the last one
applied tot =r.

Proof. As a consequence of Proposition 3.3, (2.b.1) is verified at t = r, so

)+ ij yri=t = B(0).

Then
Zw1+] +7) = Zwiﬂ(r)rj(l +7)
J=0 Jj=0
)+ D whis () (14 ) = wi(r) + Bo(0) — Bé(—r) = B(0),
i>1
since wi(r) = Bo(—r). O

These two corollaries suggest that during the constructive process of the solution, some conditions
with distinct functions emerge.

5 The main theorem

From now on, we consider ¢(t) = ¢(0) = C for ¢t € [—r,0], where C is a real constant.
Proposition 5.1. If

w(r) =C, wi(r)=BC andw()zO for j>2 (5.1)
then

= wj(r)t/ = C(1+ Bt)

§>0
is the solution of problem (2.1) defined on A; = (0,7].

Proof. Equalities (5.1) verify (2.a.1) and (2.b.1), implying «/(t) = BC for ¢t € [0,r). According to
(3.1), we can then write

= wj(r)t! =C(1+ Bt) for t € (0,r).
7>0

By Proposition 3.3, the result is also true at ¢t = r. O
The main result of this paper is the following theorem.

Theorem 5.2. The solution of problem (2.1) with ¢(t) = C if t € [—r,0] can be written as

t) = v(r)¥

j=0
fort > 0. The sequence v;(r) is defined by
BJ
vj(r) = C — P}'(rB),
j!
where the polynomials P}'(rB) are defined by

n—(i+1) B>z+1

1+Z

1 if j=mn,
0 if j>n+1.

i+ if j<n-1,
P (rB) =
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The proof of this Theorem is divided into four stages: Propositions 5.3 and 5.4, and Corollaries 5.5
and 5.6. In Proposition 5.3, we will obtain the calculating formulas to get all terms of the sequences,
wj(r), n > 2. Moreover, we will show that these formulas do not depend on the fact that the initial
function is constant. This fact makes this procedure an alternative method to solve problem (2.1). In
Proposition 5.4 and its Corollaries, we will show the consequences of taking the initial function as a
constant one.

Proposition 5.3. For n > 2, the solution x,(t) = Y wj(r)t!, defined on each interval A,, is
Jj=0
obtained through the application of the following formulas, in the following order

helr) = Gy vl ) )

and
w ™ (r) = wg (r) = Y [wi () = wf (r)] (nr)?. (5.3)

Proof. Equality (5.2) is the sufficient condition (4.1) in Proposition 4.1, and equality (5.3) is obtained
from the first equality of (4.2). O

From now on, we consider w}(r) = 0 for j > 2.
Combining equalities (5.2) and (5.3), we obtain the sequence w3 (r).
According to (5.2), for n > 2,

=BY wi(r)(-r)"=BY wl(r)(-r),

i>0 i=0
and since w]( r) =0 for j > 2,
wi(r) = B(C —rBC).
On the other hand,

w( =5 Z wh () (=) +1) = 5 B pe
i>0 :

It is easy to check that wf(r) = 0 for j > 3. This will lead us to assume that for j > n + 1,
(r) = 0. We will prove this fact in the next proposition.
It remains to calculate the first term. According to (5.3),

n
wy

wh(r) = wy(r) = Y_(wi(r) —wj(r)r’ = C — Z(wf(r) —w; (r)r’,

j>1

and since w?(r) = 0 for j > 3,

7'232
w(r) = € = r(w}(r) —wi(m) - r*ud(r) = ¢(1+ )
Finally, we obtain the solution xo(t) defined on Ay = (r, 2r],
(rB)? 5, t2B2
Zw (1+ 5 HHB B+ )

We can verify that
z1(r) = x2(r) = C(1 +rB).

Also, notice that the form of x4(t), obtained with our calculating formulas, has exactly the same
form like the one obtained with MSA.
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Proposition 5.4. Consider problem (2.1), where ¢(t) = C for t € [=r,0]. If wi(r) =0 for j > 2,
then

wi(r) =0 for j>n+1. (5.4)

Proof. We will use the induction on n. The case n = 1 is obviously true. Assuming w}(r) = 0 for
j >mn+1, consider j > n+ 2. As a consequence of (5.2),

1 _T)i . .
’LUJTH‘ ]' Zwﬁ_] 1 i (Z—I—j—l)!.
>0

By the induction step, ”“( )=0ifi+j—1>n+1. Since i > 0, we can conclude wJ"H( ) =0 for
7 > n+ 2 as required. O

Corollary 5.5. In the above conditions, if n > 1, then
wi(r)=0C—. (5.5)

Proof. We will use the induction on n. Since wi(r) = BC, the result holds for n = 1. Assuming

wl(r)=C %7 we have

wZi%(r (n+1) 1 Z Wi (7 il (i+n)!
n n+1
where we used (5.2), (5.4) and the induction step. O
Corollary 5.6. In the conditions of Proposition 5.4, if j <n —1, then
n- (J“) )z+1

wi(r) = (1+ Z

Proof. To prove (5.6), we will use the induction reasoning applied to j = n—k for the successive values
k=1,2,...,n. So, we will do it, first considering £ = 1, then k = 2 and, finally, by an induction
reasoning.

i+ j)”l). (5.6)

1. If j =n—1, n > 1, we have to prove that

anl
(n—1)!

Using the induction on n, the case n = 1 is valid as a consequence of (2.a.1). Assuming
wit_y (r) = C £55 [L+ (=rB)(n — 1)], we have

)i

wy,_4(r)=C [1+ (=rB)(n—1)].

w2+1(r):n|zwl+n 1 (i+n—1)
>0
— ggwﬁn—l(r) (7!")1 (i+n—1)= g {w_ () (n — D)+ wl () (=r)n!}

N n—1 n
= B{% (?ig! [1+ (=rB)(n—1)] + (-r)C %}

n: n:

where we have used (5.2) for j =n — 1, (5.4), (5.5) and the induction step.
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2. If j =n— 2 for n > 2, we have to prove that

(~rB)?
2!

uq,Qw)::cgfiiff[1+(—TB)01—2)+

n=9) (n—1)2|.

For n = 2, using (5.3), we have

wh(r) = wy(r) = Y [wi(r) —wj(r)]r! = C = [wi(r) — wi(r)]r = [wi(r) - 0)r* — 0

7 B? —rB)?
= C—[B(C~rBC)~CBJr—C = C(1+ ( o ) ).
Assuming
Wy _o(r) =C % {1 + (=rB)(n—2) + (_;]!5) (n— 1)2}7
we have
n+1 _ B n (77ﬂ)i .
w, Ty (r) = m sz’+n—2(7’) i (i4+n—2)!
>0
—r)2
= 2wt 2w - 0 e )
n—1 —r 2
= O(:il)! [1 +(=rB)(n—1) + ( 21!9) nﬂ,

where we have used (5.2) for j =n — 2, (5.4), (5.5) and the induction step.

It can be assumed by induction that

for k=1,2,...,n and n >k,
n—k k—1 (_TB)i+1

B
wy_(r)=C—— (1 +

i (X T )

The proof of the theorem is now complete. O

Hence, if we fix n € N, we can calculate z,(t) with ¢t € A,, = ((n — 1)r, nr| using

Ta(t) =D wi () =CY % P (rB)tY, (5.7)

=20 720

where PJ'(rB) are defined in Theorem 5.2.

The solution found by this new method coincides with the one obtained by the method of steps,
the recurrences formulas (5.2) and (5.3) can be replaced by (5.7), whenever ¢(t) is a constant, and,
finally, the solution of problem (2.1) is the generating function for {wj(r)};j=o1,...-

6 Proof of Lemma 3.2

Forr>0,t# 0 and t # r,

S =Y = S (S ) TG ).

4!
720 Jj=0 120
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Proof.
D finE—ry
i>0

Jo(P)+ Fr(r)(E=r)+ fa(r)(E=r)2+ fa(r) (t=7)" + -+ fo(r)(E=r)P+ fppa (1) (E=r)P T 4 -
[fo(r)+f1(r)(—7")+fz(r)(—r)2+f3(r)(—r)3 T () (=) P fppa () (=) 4 - }

+t [ﬁ (r) = 20 folr) + 312 fo (1) — 40 fa(r) + - + (pf 1)(—r)p1fp(7")

+ha@err (e (7)) ]

+ 12 -fz(r) = 3rfa(r) + 6r%fa(r) + - + (pp ) —r)P 72 fy(r)

4¢3 :fg(r)4rf4(r)+...+<pfg>(r P3¢ (f

fo(r) + fi(r)(=r) + fa(r)(=1)* + fa(r)(-r)®
Claim 6.1.

t fr(r) —2rfo(r) + 3r2f3(r) — 4r3f4(7') + .-

can be written as
7tgl(z)|z:7"
Indeed, ¢'(2) = 3 (=1)7*1(j + 1) fj+1(r)27. So,
320

g/ (2)er =t D (=) (G + DS ()] _
j20

= t[fl(T') — 27’f2(7") + 3r2f3(r) 4+ ... —|—p(—r)p_1fp(,r,) + . ]
Claim 6.2.

t? [fg(r) —3rf3(r) + 612 fu(r) + - -
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can be written as

t2 1"
E Z:’l".
Indeed, g"(2) = 32 (~1)7*2(j + 1)(j + 2)f42()27. So,
§=0
t2 t2 ‘
59" (emr = 5 | =2V G+ D0 +2)f2()]
i 12 _

= | alr) = 300+ 6521 oo (5 )R .

Repeating the process,
Claim 6.3.

e+ a0 ( (1) +1) +-+ ]

(1" L)

can be written as

bl
Z=r

where 4 4
g™ (2) =D (=G A DG +2) - (G4 n) fn(r)?
j=0
We prove this fact by the induction on n.

Proof. As we have already seen,

so the case n = 1 is verified.
Assuming

gV =Y ()G DG 42) (= D (),
j=0

we have to prove that

g (2) =D (V)G DG +2) G ) frea(r)2

720
We have
d . )
9(=) = o (ST G DG +2) G = D ()2
§>0
=Y (TG DG +2) - (+n) fran(r)2.
>0
Hence, we can write
2 3

S HE 1Y = glr) =t/ () + 5 0"() = 5”0+ (1P g ) -

>0
= > 590 = T S (TS )+ )

§>0 j=0 J! i>0
—Z (Z— i(zﬂ) Fros(r )—Z (wa ) (HJ))
]>0 i>0 ]>o i>0

where we have used the equality (i +1)(i +2)(i +3)--- (i +j) = (H'])' : O
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7 An application

This example is presented in [5].

Suppose we wish to study a population P(t) = (x(t), y(t)), where x(t) denotes the average height
and y(t) the average weight. It was observed that z(¢) depends on the height of the previous generation
through z'(t) = Bx(t — r), where r is the size (per units of time) of a generation.

We can determine explicitly the behaviour of this variable regarding the fourth generation. This
means that we wish to compute x4(t), given z(t) = C for t € [—r,0], where C' is the average height.

Using equation (5.7), we can determine it directly, without having to compute the height for the

previous generations,
=> wi(r tJ—CZ—P4 rB)t,
>0 >0 J!

where P}'(rB) are computed by applying Theorem 5.2. From this theorem, since

P}(rB) =1,
0 .
—rB i+1
P34(rB):1+Z(;+)1),( +3) =14 3(—rB),
)i—‘rl 2

3
P}(rB) _HZTD( i)t =14 2(— rB)+E(—7‘B)27

rB)tl - 22 3

Pi(rB) —1+Z+71)(Z+1)2 =L (rB) g (CrB) g (orB)s
(—rB)"*+ (-rB)? 28 3!

PirB) =1 ) it = (=rB)? + = (-rB)*

O(rp —|—Z Z+1) + 2 + 3'( ) + 4|( T ) )

for 7 =0,1,2,3,4, we have

4 4 B2 4 2 B 3 B 4
za(t) = C{PO (rB) + BP}(rB)t + o7 P{(rB)* + == P{(rB)t* + —r P}(rB)t }

c{1+( B2 ey rB)4+Bt<1frB+2—2(—rB)2 ‘j( rB)*)

2! 3! 4!

+B—t2(1—2rB+3—(— B)Q) +33

B
o 30 (137’B)+t}

4!
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Abstract. Linear stability and Hoph bifurcation of a solution of the initial-boundary value problem
as well as the finite difference scheme for one system of nonlinear partial differential equations are
investigated. The blow up case is fixed. The mentioned system is based on the Maxwell equations
which describe the process of electromagnetic field penetration into a substance. Numerous computer
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1 Introduction

The aim of the present paper is to study the linear stability and Hoph bifurcation of a solution of the
initial-boundary value problem and finite difference scheme for one diffusion system of nonlinear partial
differential equations. Such systems arise in mathematical modeling of the process of penetration of
an electromagnetic field into a substance. Upon penetrating through a material, the variable magnetic
field induces in it a variable electronic field, which causes the appearance of currents. The currents
lead to the heating of the material and arise its temperature that affects the diffusion process. For
large oscillations of temperature, the dependence on it should be taken into consideration. In a
quasistationary case, the corresponding system of Maxwell equations has the form [10]:

0H
E = —I'Ot(l/m rot }I)7 (11)
00 )
Cy E = Vm(I'Ot H) 5 (12)

where H = (H;, Ho, H3) is the vector of a magnetic field, 6 is temperature, ¢, and v, characterize
the thermal heat capacity and electroconductivity of the substance. System (1.1) defines the process
of diffusion of the magnetic field and equation (1.2) describes the change of temperature. As a rule,
the coefficients ¢, and v, depend on temperature 6, ¢, = ¢, (0), vm = v (0).

Many authors are studying models (1.1), (1.2) and their different variations and generalizations
(see, e.g., [1-3,8,14,16,17] and the references therein). In [7], the reduction to the integro-differential
model of system (1.1), (1.2) was proposed and investigated. As for the investigation and approximation
solution of various versions of Maxwell system and the corresponding to it integro-differential models,
one can find, for example, in [8] (see also the references therein). The existence of the corresponding
initial-boundary value problems for such kind of integro-differential models can be proved by using
Galerkin’s modified method and compactness arguments as in [11,15] for nonlinear parabolic equations
and, as it is carried out in [5-7], for the case of one-component magnetic field.

The rest of the present paper is organized as follows. In Section 2, the problem is stated and the
linear stability of a solution of the initial-boundary value problem with nonhomogeneous boundary
conditions on the right side of the lateral boundary is studied. The possibility of appearance of Hoph
bifurcation and the blow up case are fixed, as well. In Section 3, the finite difference scheme for the
problem considered in Section 2 is constructed and its convergence is investigated. At the end of this
section, some graphical illustrations, confirming theoretical findings are given. The final Section 4
contains brief conclusion.

2 Linear stability and Hoph bifurcation

The model of Maxwell equations (1.1), (1.2) is complex enough for theoretical investigations and
practical applications.

In some physical assumptions, if the vector of a magnetic field has the form H = (0,U, V), where
U=U(z,t) and V = V(x,t), then in the cylinder [0, 1] X [0, 00) we consider the initial-boundary value
problem

fLU_ﬁ(SafLU) fLV_E@afLV)
ot Ox ox/)’ ot Oz ox /)’
3=+ () + (5) )
ox ox
1,

ot
U(Ovt) = V(Ovt) =0, U( ) =1, V(lat) = 1o,
U(x,0) = Up(x), V(z,0)=Vy(x),

S(z,0) = Sp(x) > sg = const > 0,

(2.1)

where a, b, 11, 12 are positive constants and «, 3, v are real numbers which will be specified later;
Uo(z), Vo(z), So(z) are the known functions of their arguments.

Stabilization of the stationary solution and the finite difference scheme for the special cases of the
above model were investigated in [4,6,9)].
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It is not difficult to show that if 8 # ~, then the stationary solution of problem (2.1) has the form

2 2 1
Vo= ine, Vomvar, 5= (WEEEDN)

The following statement holds.

Theorem 2.1. Let 2a+ 8 —~ > 0, 8 # v, then the stationary solution (Us, Vi Ss) of problem (2.1)
is linearly stable if and only if the inequality

B—a—1

ay-Bewi )] T <

is fulfilled.
Proof. Assume that a solution of problem (2.1) has the form
Uz, t) =Us +u(x,t), V(x,t)=V;+wv(x,t), S(z,t)=25s+s(z,t), (2.2)

where u(z,t), v(z,t), s(z,t) are small perturbations.
Introducing the notations

_ (W7 +93)b\ 5 WY\
aw=a () T a= ()T
2 2 b a:i b% sr
PYs:aw2<WI+Tw2))B ) Vs:(’y_ﬁ) 271 ( :%'1'7#%)2*’7
arP—

L 1) R Y LT B))

after linearization of the system of problem (2.1) we get the following system of partial differential
equations:

ou 0s + 8, 02y

ot~ M ox dx?’
v ds 0?%v
=y — + By — (2.3)
ot = " ox T aa
0s - Ou n ov
-7 — Vs s a_
ot~ 7T e T O
We seek for a solution of system (2.3) in the form
u(z,t) = u(x)e?t, v(x,t) =v(x)e?t, s(z,t) = s(x)et, (2.4)
and get the problem on eigenvalues for the following system of ordinary differential equations:
ds d*u ds d*v
wu =05 ——+ s =, wo=7s——+0s -,
dx dx? dx da? (2.5)
WS = VsS + d—u + d—v
= Vs s s o
Assume now that a solution of system (2.5) is of the form
u(z) = upe™®,  v(x) = vee™®,  s(x) = se'”.

Substituting these functions in (2.5), we get

wuge™ = aike* sy — B kPug,  wupe™® = v, ike™ sy — Bk vy,

kx

wsee™® = vgs0e™™® + ngikuge™® + pgikvge™®
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from which we obtain
'UJO(W + Bsk2) — a,tksy =0, 'UO(W + Bsk2) —¥stksg = 0,
uotkns + vopsik + so(vs —w) = 0.

It is clear that this system has a nontrivial solution if and only if the condition

w + Bsk? 0 —ikoug
Alw, k) = 0 w+ Bsk?  —ikys
1kns ikt Vg — W

= (W Bk (Vs —w) = (W + Bk )k ans — (W + Bk? pssk® = 0,

or
(w+ Bsk®)[(w 4 Bsk?) (vs — w) — k2asns — kX psys] = 0
is fulfilled. This implies that

E%(Bsvs — Bsw — g — pisys) — w? + wrs = 0. (2.6)

Since the case w + B.k% = 0 is trivial, the latest equality gives two values of the parameter k such
as k1 = —ko.
It is easy to show that the solution of system (2.5) has the form

ikix —ikiz _ ikl’ys ikiz —ik1x
(Sie Sae ), v(z)= Wt BT (S1e Sae )s @7)

S((E) _ Slezklw + S2efzk1z,

u(x) o ikl()(s
W Bek?

where S; and Sy are the constants.
Taking into account the boundary conditions (2.1), from (2.2) and (2.4) we get

u(0) =u(l) =0.
From this, taking into account (2.7), we get the following system:
S1— 852 =0,
Syttt — Spe~ihr = 0,

which above has a nontrivial solution when

A= eilkl —e_}ikl =™ — 7™ = 2isink, =0,
or
kip=mn, n€Z
Let us rewrite equation (2.6) in the form
Wy + Pr(Bas bin, ve)wn + L (Bs, ki, Vs s s, 75) = 0,
where

Pn(ﬂs, kn, Vs) = Bski — Vs,
Lo (Bsy ks Vs sy sy Vs) = —Bsvski, + asnskl + psysks.-
It should be noted that the solution of problem (2.1) is linearly stable if and only if for all n the
inequality Re(w,) < 0 holds. It is easy to show that if 2a+5—~ > 0, then L,,(Bs, kn, Vs, 1)s, tts,Vs) > 0.
Therefore, for the solution to be linearly stable, it is necessary and sufficient that the inequality
B—1

2 4+ P2)b\ 525 bF=— B-1
Pnzﬂski_l/s: (M)[j 7T2n2_(7_ﬂ) E(d’%‘“ﬁ%)ﬁ‘” >0,
a aB—~

or
B—a—1

b B—~
aly=B)[Z Wi +ed)] T <nt (n=1)
holds. Thus, the proof of Theorem 2.1 is complete. O
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Remark. As we can see from the above inequality, when v < 3, the solution of problem (2.1) is
always linearly stable.

Assume that v > 8,  —a — 1 # 0 and consider the value
2 —a—1 a—pB+1

-
b = | o T bﬁ}”‘“‘l,
y—B

for which
P1<w87a7/87,y)207 Pn(’(/}57a’ﬂ7’y)>07 n:2737""
In addition, if we assume that 8 — a — 1 < 0, then for ¢ € (0,%), ¥ = ¥? + 93, we have
Pn(waaaﬁa’y) > Oa n e ZO~
Therefore, if ¢ € (0,1)5), then the solution of problem (2.1) is linearly stable, and if 1) > 15, then
it is unstable. For ¢ = 1), we have Re(w;) = 0 and Im(w;) # 0, i.e., there appears the possibility
of Hoph bifurcation. The small perturbations may cause transformation of a solution into a periodic
oscillations [12].
Consider the problem
iU_ﬁ( allU) al_ﬂ( aal)
ot Ox ox/)’ ot Oz ox /)’
oS oU\2 oV\2
22— (%) + ()]
ot 333) + 8x) (2.8)
U0,t) =V (0,t) =0, U(1,t)=1v1, V(L,t)=1)a,
U(z,0) =Uy(x), V(x,0)="Vo(x), S(z,0)=So(z)> so=const>0.
It is not difficult to verify that if o # 1 and Sp(z) = so, then the functions
U(.’E,t) =17, V(:L’,t) = 1o,
1
S(x,t) = [s,7 + (1 — a) (4] +93)t] = *

are the solutions of problem (2.8). But if a > 1 at a finite time to = s5~*/[(¢} + ¥3)(a — 1)], the
function S(z,t) becomes infinity. This example shows that the solution of problem (2.8) with smooth
initial and boundary conditions can be blown up at a finite time.

3 Convergence of finite difference scheme

In the rectangle [0,1] x [0, T], where T is a positive number, let us consider the initial-boundary value
problem (2.1).

Now, we study a numerical approximation of problem (2.1). If we introduce the notation W = S 172
then problem (2.1) takes the form

oU 0 /o o0 oV D D
W U Vv
G =W () (5 | (3.1)

U,t)=V(0,¢t) =0, U1, t)=u¢1, V(1,t) =1,
U(x,0) = Up(z), V(x,0)=Vo(x), Wi(z,0)=So(x)]">.
Let us discretize the domain [0, 1] x [0,T] and apply the following known notations [13]

1 T ;
_ _ _ _ _
h_M’ T= x; =th, t;=j1, r(zt;) =r],
_ . " o1 .
wh:{xi, 220,17...,M}7 Wi, =T = 2—5 h, 1=1,2,...,M¢,
. . — — * *
wT:{tj:]T, ]zO,l,...,N}, Whr = Wp X Wy, Why =Wy X Wr,
Jj o ,d J_,.J Jj+1 J
i T T VR T | gy
Toei = ’ Tz = ’ th*
’ h ’ h T
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and the corresponding inner products and norms
‘—thgl, (r7, ‘—thgz,

= () =

For problem (3.1), consider the following finite difference scheme:

ul = (W*uz)e, v = (W*V5)a,
; b
wi = 2w g Do 1) o)

J_ ,J _ J J o -
U/O_UO_07 U'M_wla UM_¢27 .7_0717"'7N7

u? = Up(x;), v? = Vo(x;), w? = [So(xiﬂ/g)]lp, 1=0,1,....,M — 1,

where the grid functions v and v are defined on @y, while the grid function w is defined on wj,_. Note
that here and below, if the grid functions are taken without indices of time level, it assumed that they
are considered at t;1.

It is not difficult to show that an approximation error of scheme (3.2) on smooth solutions of
problem (3.1) is O(r + h?).

The following statement holds.

Theorem 3.1. An approzimation error of scheme (3.2) on smooth solutions of problem (3.1) is
O(t +h?) and if B> 1/2, a =, |a| < 1/2, then a solution of scheme (3.2) converges to the solution
of problem (3.1) in discrete analogues of the norms of the space L2(0,1) and the rate of convergence
is the same as an approximation error.

Proof. For the errors X =u—-U,Y =v—V and Z =w — W, we have

X7 = (w*uz — W Us), + o1, (33)
Y = (w*®vg — W Va), + o, (3.4)

; b
Z] = —g (W=t — W21 4 5 (w2 - W2 4 w2 — W2V 4 g, (3.5)

where ¢ = O(7 + h?), k =1,2,3.
Assume o = 7y and |a| < §. Let us multiply scalarly equations (3.3)—(3.5) by 27X, 2rY and # 77,
respectively. Using the discrete analogue of integration by parts and the identities [13]

27(Xp, X) = | X||* = | X7 + 72| X%, 27(Ye,Y) = Y7 = IY7* + 72| Ve,
27(Zs, 2) = 121" = | 271 + 7*1| Z] .

we get
X[ = [1X71 + 72 Xl = = 27 [(w®, u3] = (w® + W, uzUs] + (W, UZ] = (1, X)],
Y12 = Y717+ 72Vl = = 27[(w®, 3] = (w® + W vVl + (W, V] = (2, Y )],
1 ; a _
3 (1212 = 1Z7]1° + P2 N127) = = 5 (= = W2 ) (w = W)

b
+’7’((U) —w W Wl — (WO w — WO, U2

_ _ 2T
+ (w5 —w?w, vZ] — (W5 Lw — W79, V;]) + > (3, Z].

Here we introduced the notation 2o = 4.



90 Temur Jangveladze, Maia Kratsashvili

Adding the above equalities and assuming 8 > 1/2, we get
. . T .
X2 = 1 X701 + V]2 = Y7 ) + i (12117 = 112°11%)
5 5—1 5 5—1
< 27 [(W u% w UI?’ 1} _ (w5 + W‘s,quﬂ
5 -1y W 4+ W1 1
+ (w +u2} ’U%"’_ +2 wV§271:| _(w6+W67UTVI]_((P17X)_(9027Y)_b((p37Z]:|

< —27{ ([(® + w1 W) (W + W) P — W Jug] U]

+ ([ + wf W)W+ W) F = wf = W, Jug] [Val]| = (1, X) = (2, Y) - % (¢3.2]}. (36)
Note that
(w6 o w6—1W)(W6 o W&—lw) o (wé + W(S)Q

_ 2w5w5 + w5+lw5—1 + w6—1W5+1 _ w2§ _ 2w5w5 _ W26
_ <w6+1 _ W6+1)(W6—1 _ w6—1>. (3.7)

Since |9] < 1, we have
(w5+1 _ W6+1)(W571 _ w(S*l) > O

Using relations (3.6) and (3.7) and taking into account the last inequality, we arrive at

1 ) . 1 . 1
IXIP + VI + 7 1ZIP < 107 4+ 1912 + 2 1297 + 27 (o0, X) + (00, Y) + 5 (95, 21),
which yields
X1+ Y]l +1|2]] = O(T + h?).
Thus, the proof of Theorem 3.1 is complete. O

Using the approach on proving Theorem 3.1, it is not difficult to prove the stability of scheme
(3.2).

Applying scheme (3.2) given in this section and the Newton iterative method, various numerical
experiments have been carried out which fully agree with theoretical findings. Using the results
obtained in Section 2, we get graphical illustrations for the stability of solution (see Fig. 1) and fix
the bifurcation phenomena (see Fig. 2).

U v
06y 05
057 0475
054 045
05§ 0425
04 04
045 & 0375
043 s 035
03 - o
036] - 0
0373 @ 0 -
03 s [ 5
027 @ 0
0241 0
021 - or
01 - 01
01 ” 0
01 2 o
00 , 09
0.06] # 005
00 00
0 005 01 015 02 025 03 035 0.4 0435 0.5 035 06 065 07 075 08 ¢85 09 095 1 0 005 01 015 02 025 03 035 0.4 0.45 05 053 06 0.65 07 0.75 08 085 09 095 1
=0.1 =0.1
se0 =03 #ss =03
s =0 4 oo =04
— =07 — =07

Figure 1. Stabilization of solution.
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Figure 2. Hoph bifurcation.

4 Conclusion

For the system of nonlinear partial differential equations, which is based on the Maxwell equations
describing the process of penetration of an electromagnetic field into a substance, the linear stability
of a solution, as well as the possibility of Hoph bifurcation are studied. The blow up case is fixed,
too. The corresponding finite difference scheme is constructed and its convergence is proved. The
carried out various numerical experiments show the linear stability of a solution of the corresponding
initial-boundary value problem and also Hopf type bifurcation for certain boundary data.
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ON A NUMERICAL SOLUTION OF TWO-DIMENSIONAL
NONLINEAR MITCHISON MODEL



Abstract. In the paper, for the construction of a numerical solution of two-dimensional Mitchi-
son nonlinear partial differential system, the variable directions difference scheme and the difference
scheme corresponding to the average method are used. Practical realization of those algorithms and
comparative analysis of the obtained results are carried out. Numerical experiments are in accordance
with theoretical findings. On the basis of experiments the corresponding tables of data are given.
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1 Introduction

Using the nonlinear partial differential equations, a lot of natural processes are described. Among
them there is one of the important mathematical model that describes vein formation in the leaves of
higher plants. This model was proposed by J. Michison [15].

The model proposed by Michison has the form:

oS 0 oS 0 0S
51371(91@71) 572(172372)’
oS

aazzi =fi(DivDiaT;i)’ i=12,

(1.1)

where S(t,x1,22) is concentration of signal, D; and Dy are diffusion coefficients to the Ox;- and
Oxs-axis, respectively.

Some qualitative and structural properties of solutions of system (1.1) are established in [15].
Investigations for one-dimensional analogue of system (1.1) with two unknown functions S and D; are
carried out in [2]. In [2,15] and [16], the authors pointed out on theoretical and practical importance
of the investigation and construction of approximate solutions of the initial boundary value problems
for systems (1.1). In biological modeling there are many other works where this and many models
of similar processes are also presented and discussed (see, e.g., [3,6,7,16,19,20] and the references
therein).

The complexity of model (1.1), besides of the nonlinearity, is caused by its two-dimensionality. In
general, a numerical solution of multi-dimensional problems is often carried out by applying decom-
position methods.

Investigations for one-dimensional analogue of system (1.1) were carried out in [2].

Starting from the basic works [4,18], the methods of constructing the effective algorithms for the
numerical solution of the multi-dimensional problems of mathematical physics and the class of prob-
lems solvable with the help of those algorithms were essentially extended [8,14,21]. Those algorithms
belong mainly to the methods of splitting-up or sum approximation. Some schemes of the variable
directions are constructed and studied in [1], too.

Some questions of construction and investigation of the schemes of variable directions and the
average model of sum approximation as well as the difference schemes for one-dimensional case for
the system of type (1.1) are discussed in [5,9-13,17].

The paper is organized as follows. In Section 2, the statement of the problem is given. In Section 3,
two economic difference schemes are constructed and the theorem of stability and convergence for the
variable direction scheme is stated. Section 4 contains some results of numerical experiments. The
brief conclusion in Section 5 ends the paper.

2 Statement of the problem

In the domain @ =  x [0, 7], where Q = (0, 1) x (0, 1), let us consider the certain function f and pose
the following initial boundary value problem for the special case of two-dimensional system (1.1):

ou 0 oUu 0 oUu
oo Vi)~ gy (B gy) =0
o1 oUu
i _ ) = 2.1
vi—a(vig) =0, (21)
Vs oUu
E“F‘/Q_QQ(‘/Q%) =0
with initial .
U(1'7y,0) = Uo(x,y), (xay) € Q’
Vl(x7y70) = VlO(Ivy)a (l‘7y) € ﬁv (22)
Va(2,y,0) = Vao(z,9), (z,y) € Q,
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and boundary conditions
U(z,y,t) =0, (x,y,t) € 0Q x[0,T]. (2.3)
Here g, Uy, Voo, @ = 1,2, are the given sufficiently smooth functions such that

Vao > 60, 09 = const >0, (z,y) € Q,

) (2.4)
go S ga(ga) S GO7 ‘ga(é-a)l S Glu é-a S Ra
where dg, go, Go, G1 are some positive constants.
3 Economic schemes
In the sequel, for the construction of the grid on the domain Q we follow the known notation:
o _ =1
wp = {(zi,y;) = (ih,jh)}, Wi = {(l’i,yj) = (7 h7jh>}7
1
@on = { (x5, y;) = h(ff)h)} i i=0,... M, Mh=1,
wah {(I s) (Z 773 hi=0 (3.1)

_ Wh o _
wh =QN0Dh, =", Wh=wnU,
h

wT:{tk:kT, k=0,...,N, NT:T}.

Following the known notation [21], let us correspond to problem (2.1)—(2.3) the following difference
scheme of variable directions:

urr — (V1) — (vouay)y =0, Uz — (V1U1z)z — (Vallag)y = 0,
v + 01 — g1(viurg) = 0, vy + V2 — g2(vaugy) = 0,

Ul(‘T,y,O) = Uo(xay>7 (l‘,y) S whv

U2($7?J:0) = Uo(x,y), (l‘,y) € Wh, (3 2)
vl(xay70) = ‘/107 (3379) € wlhm .
'UQ(‘rayaO) - ‘/20, (xvy) S tha

Ul(l‘,yvt) = u2(£7yat) = 07
($7y7t) € Y X Wr.

Using the continuous variant of the averaged model of sum approximation [5], we correspond to
problem (2.1)—(2.3) the following decomposition finite difference scheme:

U — (Nthz)e =0, ug — (Vallog)y =0,
v+ 01 — g1(viwag) =0, vap + V2 — g2(vaugy) = 0,

ul(xa:%O) = Uo(l’,y), (xay) € wh’

U2($,y,0) = UO(xay)v (:Evy) € whv
Ul(xa ZJ:O) = ‘/107 (xay) € wl}w (33)
U2($72Ua0) - ‘/207 (xay) € thv

uy(z,y,t) = us(z,y,t) =0,
(’:Z:7y7t) G ’yh X wT’
w=muy +nuz, m >0, n2>0, n+n=1

Let us introduce the following notation for the errors: Zy = uy — U, Zy =uy — U, S1 =v; — V4,
SQ = Vg — ‘/2

Theorem. If problem (2.1)—(2.3) has a sufficiently smooth solution, then the finite difference scheme
(3.2) is stable, its solution converges to the exact solution of problem (2.1)~(2.3) as 7 — 0, h — 0,
and the inequality

HZl||Uh + ”ZQHWh, + HSlelh + ||52||U < C(T + h2)

2h T

holds.
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Table 1. CPU time and error for solution u, v1, vo applying scheme of variable directions (3.2).

Error u

Error v

Error vy

t CPU time
0.2 0.074
0.4 0.148
0.6 0.224
0.8 0.301
1.0 0.378

0.00013912790131447
0.00022425859907783
0.00031286373416026
0.00040788793632886
0.00051151056363487

0.00000712766408961
0.00001730244454379
0.00004804529821700
0.00009668298990784
0.00016425091499817

0.00002916084998672
0.00009005618525060
0.00017715471240609
0.00028758192640277
0.00041715052893787

Table 2. CPU time and error for solution u, v1, vy applying difference scheme (3.3) corresponding to
averaged method.

Error u

Error v

Error vy

t CPU time
0.2 0.072
0.4 0.146
0.6 0.221
0.8 0.295
1.0 0.369

0.00006973950435170
0.00007422011594080
0.00007890208614024
0.00008480943243865
0.00009205402490850

0.00001634140038553
0.00003786305693865
0.00006202878270467
0.00008875495749039
0.00011818090303972

0.00001662571352523
0.00003781271060488
0.00005790906416947
0.00007978157763566
0.00010625023389577

Here C is a positive constant independent of 7 and h, the norms are discrete analogous of the

norm of space

Lo.

4 Numerical experiments

Using the algorithms proposed in (3.2) and (3.3), let us carry out comparative analysis of the numerical
results for the above schemes.

Let us take

91(§) = g2(§)

1
gEEa(EE

and choose the right-hand sides of the corresponding nonhomogeneous system (2.1) so that the solution

of problem (2.1)—(2.3) is:

U=uxy(l-x)(1-y)(1+1),
Vi=14azy(l—z)1 —y)(1+t+1t%),
Vo=1+ay(l—az)(1—y)(1+t+t).

CPU time and errors for the variable directions difference scheme (3.2) are given in Table 1 and
the CPU time and errors for scheme (3.3) are given in Table 2.
The approximation error for the variable direction difference scheme (3.2) is smaller compared
with the scheme (3.3). However, CPU time is better for scheme (3.3) than for scheme (3.2).

Table 3. Absolute value of maximum errors and rate of convergence with respect to 7 and h for the

Error

Rate of 7

Rate of h

function wu.
T h
0.00125 0.05
0.0008 0.04
0.0003125 0.025
0.0002 0.02
0.00005 0.01

0.00024074087939129
0.00015728407178949
0.00006418736860213
0.00004172715815061
0.00001084525005050

0.99175505389520200
0.98629676971885200
0.99204420486615900
0.99421791633935300

1.98351010779040000
1.97259353943770000
1.98408840973232000
1.98843583267871000




98 Zurab Kiguradze, Besik Tabatadze

Table 4. Absolute value of maximum errors and rate of convergence with respect to 7 and h for the
function v;.

T h Error Rate of 7 Rate of h
0.00125 0.05 0.00015579938599405 0.99768312053704900 1.99536624107410000
0.0008 0.04  0.00009981476150336 0.99879576821464700 1.99759153642929000

0.0003125 0.025 0.00003903430252067 0.99941764475219500 1.99883528950439000
0.0002 0.02  0.00002498844720772 0.99974995294653000 1.99949990589306000
0.00005 0.01  0.00002498844720772

Table 5. Absolute value of maximum errors and rate of convergence with respect to 7 and h for the
function vs.

T h Error Rate of 7 Rate of A
0.00125 0.05 0.00015579938599405 0.99732714185756800 1.99465428371514000
0.0008 0.04  0.00009981476150336 0.99873489122313100 1.99746978244626000

0.0003125 0.025 0.00003903430252067 0.99935953799193100 1.99871907598386000
0.0002 0.02  0.00002498844720772 0.99972504350513300 1.99945008701027000
0.00005 0.01  0.00002498844720772

In Tables 3-5 we also computed errors for different values of time and space steps applying scheme
(3.2) for T = 1 and obtained the rates of convergence confirming the theoretical result in theorem
from the previous section.

5 Conclusion

Numerous numerical experiments are performed for problem (2.1)—(2.3) by using schemes (3.2) and
(3.3). The approximation errors for the variable direction difference scheme (3.2) are smaller compared
with scheme (3.3), but CPU time is better for scheme (3.3) than for scheme (3.2). We have carried
out various numerical experiments and calculated the absolute value of maximum errors for different
time and space steps and obtained the rate of convergence of scheme (3.2). In all cases, the numerical
results fully agree with the theoretical ones.
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Abstract. The second-order differential equation with general power-law nonlinearity with continu-
ous potential bounded by positive constants is considered. The behavior of solutions to the equation
is studied with respect to the values of nonlinearity. The necessary and sufficient conditions for the
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Consider the second-order Emden—Fowler type nonlinear equation

y" =y, )lyl™ ' 1" senlyy), ko >0, ki >0, koki €R, (0.1)
with positive continuous in 2 and Lipschitz continuous in u, v function p(z,u,v).

The asymptotic behavior of solutions to (0.1) in the case k1 = 0 is described in [5]. Using the
methods described in [1] by I. V. Astashova, the behavior of decreasing solutions to (0.1) near the
right domain boundary is investigated with respect to the values kg and k.

In the case p = p(z), the asymptotic behavior of solutions to (0.1) is obtained by V. M. Ev-
tukhov [6]. Using the methods described in [2-4] by I. V. Astashova, the behavior of positive in-
creasing solutions to (0.1) near the right endpoint of their domains is investigated with respect to the
values kg and k.

1 Preliminary results

Consider the behavior of solutions according to initial data.

Lemma 1.1. Suppose kg > 0, ky > 0. Let p(x,u,v) be a positive continuous in x and Lipschitz
continuous in u, v function. Then all mazimally extended solutions to equation (0.1) can be divided
into the following five types according to their behavior:

0. Constant solutions;

1. Increasing positive solutions;
2. Increasing negative solutions;
3

. Increasing solutions negative near the left boundary of the domain and positive near the right
boundary of the domain;

4. Decreasing solutions positive near the left boundary of the domain and negative near the right
boundary of the domain.

Proof. Let us show first that if there is a point 2o such that y/(z¢) = 0, then y(x) = y(xo). Indeed,
from equation (0.1) we derive that y”(z9) = 0 and since yo(x) = y(zo) is a solution to (0.1), by the
theorem of the existence and uniqueness, y(x) = yo(x) = y(zo).

Thus, every solution with an extremum at some point is a constant solution (type 0), and therefore
every non-constant solution is either increasing or decreasing on its domain.

Consider increasing solutions. Assume that at some point o we have y(xz¢) > 0 and y'(z¢) > 0.
Then, according to the equation, sgny” = sgny, and therefore y”’(z) > 0 and y'(z) is positive and
increasing, while y(z) > 0. This implies y(z) > 0, y'(z) > 0 and y”(x) > 0 for all x > zo, so the
solution is positive and increasing on its domain. Consider now x < z¢. Since y’(z) is positive on the
whole domain of the solution, either there is a point Z such that y(Z) = 0 or y(z) > 0 (also ¢'(z) > 0,
and therefore y”(xz) > 0) for all z < z(. Consider the first case. Since the first derivative of the
solution is positive, ¥'(z) > 0 and y(z) < 0 (therefore, y’(x) < 0) for all z < . Thus, y(z) is an
increasing solution negative near the left boundary of the domain and positive near the right one.

Assume now that at some point zg we have y(z9) < 0, y'(xg) > 0. According to the equation,
sgny”’ = sgny, and therefore y”’(z) < 0, y'(x) > 0 and y(x) < 0 for all x < xy. Consider z > z: since
y'(x) > 0, either the solution y(z) is negative and increasing on the whole domain or there exists a
point Z such that y(Z) = 0. In the second case, for > T we have y(z) > 0, y'(z) > 0, and thus y(z)
is an increasing solution, negative near the left boundary of domain and positive near the right one.

Consider decreasing solutions. Suppose at some point xg we have y(xzg) > 0 and y'(z¢) < 0.
According to the equation, sgny” = —sgny, and therefore y”(x) < 0 and y'(x) is negative and
decreasing, while y(z) > 0. Thus, y'(z) < y'(x¢) and

y(z) < y(xo) + ¢/ (xo)(x — z0) = =y (xo)|z + (y(z0) — /' (x0)x0),

while y(z) is positive. Since y(z) is estimated from above by a linear function, it cannot be positive on
its whole domain and therefore there exists a point  such that y(Z) = 0. Note that y'(Z) is negative
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and therefore in some neighbourhood (Z,Z + €), € > 0, the solution y(z) and its derivative y'(x) are
both negative and, due to equation (0.1), we have y”(x) > 0. Then for all z > Z, the solution is
decreasing, and since its derivative is of a constant (negative) sign, we have y(x) < 0, 3/'(z) < 0,
y"(x) > 0 for all z > 7 and y(z) > 0, y'(z) < 0, y’(x) > 0 at x < Z. Thus, y(x) is a decreasing
solution, positive near the left boundary of the domain and negative near the right one. O

Lemma 1.2. Suppose kg > 0, ky > 0, k1 # 2. Let p(z,u,v) be a continuous in x and Lipschitz
continuous in u, v function satisfying the inequalities

0<m < plx,u,v) <M < +o0. (1.1)

Then for any solution y(x) to equation (0.1), strictly monotonous and having a constant sign on
[x1,x2], the following inequalities hold:

m([y(z2) M = Jy(z1) ") sgn(yy’) < ];0_721 (I (o) P71 = |y (21)|>~*) sgny
< M(Jy(a2) "t = |y(a) " *) sgn(yy’). (1.2)

Proof. Due to inequalities (1.1) and equation (0.1), we can estimate the absolute value of the second
derivative as

mly|™ |y’ " < 1y = Ip(z, v, v)|yl* |y |* sen(yy’)| < Mly|*ly'|F.

Then
mly™ly'| < |y ly']" " < Mly|™ly|

and by integrating these inequalities on (z1,x3), we obtain

m .
o1 (@)l = ly(@) ™) sen(yy)
1

2—k

_ B M
(Iy'P™% — |y (z1) P ) sen(y'y”) <

<
- T ko+1

(ly(2)[** — Jy(a1)|**") sgn(yy’),
where sgn(yy’) and sgn(y'y”’) are constant and can be taken at any point from [z1, 23]. Therefore if
sgny’ # 0,

ko+1

<
T 2-k

(I (o) P75 = |y (21) > ™) sgny < M (Jy(w2) [T = [y(z1)[*T) sgn(yy’). O

2 Increasing solutions

Theorem 2.1. Suppose kg > 0, k1 > 0. Let p(x,u,v) be a continuous in x and Lipschitz continuous
inu, v function satisfying inequalities (1.1). Let y(x) be a mazimally extended solution to (0.1) with
y(xo) > 0 and y'(xo) > 0 at some point xg. Then the existence of a finite point x* > xo such that

lim Oy’(x) = 400 is equivalent to the condition ko + k1 > 1. Moreover, there exists a positive
Tt —
constant & = &(m, ko) such that

a" — o < &y (o))" 0T

Proof. Consider the case kg + k1 > 1.

Denote y1 = y'(z0) > 0. According to Lemma 1.1, the solution y(z) with positive initial data tends
to infinity along with its derivative. This implies that for any ¢ € N there exists a point z; > x;_1
such that 3/ (z;) = 2y/(z;_1) = 2'y;. Let us estimate the difference x; 1 — ;.

For z € [z;,x;41], the inequalities

y'(x) >y, y(x) —y(x:) > yi(e — ;)
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hold, and since y(x;) > y(xo) > 0, we have y(z) > y1(z — z;), hence
y* (@) > (yi(x —z:)* and (v ()" >y,
y"(x) = pla,y, ¥ )yl*ly'|* senlyy’) > myyot™ (z — a;)ke.
Integrating this inequality on the segment [z;, x;11], we obtain

ko+k1

Yrot (@ — @)t

Y (@ig1) — o' (z) > o1

which means

, m
2y > o + 1 y’f°+k1(xi+1 - xi)k0+13

T
(xi+1 _ :Ei)k0+1 < ot OTyl (ko+k1 1),

ko+ky—1

kO +1 k‘olJrl T T ko+1
7) Y1
m

Tipr — & < 2F0FT (

Thus, the distance x; 11 — x; is estimated from above by the term of a converging series multiplied
by a positive constant. This implies that there exists a limit

n
¥ = lim E (i1 — i) +xo = lim @,
n—+00 4 0 n—-+oo
=

and since a solution to (0.1) is continuous, lim Oy’(x) = +00. Moreover,
T—rxT*—

+oo +oo ) 1 ko+ky—1
S <3 gt (Rt Ly s
r — o= (3Cz'+1 - l‘i) = 0 m Yy >
i=0 i=0

_ kgtki—1 TOO

ko+1 ﬁ " i
* — zo < ( o ) o o+t -Z:()chﬁl7
=

which implies
_ kgtki—1

x* —xg < E (Y (x))” Fotl

for
ko +1

€= (m, k) = (1) T (1)t

For the case kg + k1 < 1, we can apply the following

Theorem (K. Dulina, T. Korchemkina [5]). Suppose k > 0, k # 1. Let the function P(x,u,v)
be continuous in x, Lipschitz continuous in w, v. Let there exist the constants ug > 0, vg > 0
and o < 1 —k such that for uw > ug, v > vg the inequality P(x,u,v) < Clv|~® holds. Then any
non-extensible solution y(x) to equation

1

y" — P(a,y,y)ly|*sgny = 0
with initial data y(xo) > uo, y'(xo) > vo can be extended on (xg,+00) and

lim y(z)= lim y(x)= +oo.

r—+00 xr——+00

Indeed, here we have P(x,u,v) = p(z,u,v)|v|* < Mv*t, so, the above theorem holds if k1 < 1—k,
i.e., ]{30 + kl S 1. O

Remark. It is sufficient that p(x,u,v) > m for the solution to have a finite right-side boundary x*
of its domain.
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Note that after the substitution y(z) — —y(—x) we obtain an equation of the same type as (0.1),
so the following statement is also true.

Theorem 2.2. Suppose kg > 0, k1 > 0. Let p(x,u,v) be a continuous in x and Lipschitz continuous
in u, v function satisfying inequalities (1.1). Let y(x) be a mazimally extended solution to (0.1) with
y(xo) <0 and y'(xo) > 0 at some point xg. Then the existence of a finite point x,. < xo such that

lim+0y’(x) = —o0 is equivalent to the condition ko + k1 > 1. Moreover, there exists a positive
T—>T 4

constant £ = &(m, ko) such that

_ kgtky—1

xo — 2 <& (Y (2)) o

It follows from [5, Theorem 3.4] that in the case k; > 2 all positive increasing solutions are the

black hole solutions [7], i.e., lim y(z) < cc.
r—x*—0

Applying now Lemma 1.2 for x1 = xg, 3 =  and considering inequalities (1.2) as x — z* — 0, we
obtain the following estimates for the limit lim Oy(:c).
T—x*—

Theorem 2.3. Suppose k1 > 2. Let p(x,u,v) be a continuous in x and Lipschitz continuous in u, v
function satisfying inequalities (1.1). Let y(x) be a mazimally extended solution to (0.1) with y(z) > 0
and y'(zg) > 0 at some point xo. Then for the right-side boundary of the domain x* which existence
is stated in Theorem 2.1, the limit x_1>1xm Oy(x) = y* is finite and

Bt L (wa)) i < (ot -yt < ot ]

. / 2—k‘1
2k M S5 gy m W @)

Analogously, we obtain the similar statement for the limit lim o y(x).
Ty —
Theorem 2.4. Suppose k1 > 2. Let p(x,u,v) be a continuous in x and Lipschitz continuous in u, v
function satisfying inequalities (1.1). Let y(x) be a maximally extended solution to (0.1) with y(xq) <0
and y'(xg) > 0 at some point xg. Then for the left-side boundary of the domain x, which existence is
stated in Theorem 2.2, the limit lim Oy(x) = y. 18 finite and

T—T 5 —

ko+1 1 -
S 3 (@) < — ol

<ko+1i

< G — @),

3 Decreasing solutions

Consider now decreasing solutions. Let us prove that every solution of such type has two horizontal
asymptotes.

Theorem 3.1. Suppose kg > 0, k1 € (0,2). Let p(z,u,v) be a continuous in x and Lipschitz
continuous in u, v function satisfying inequalities (1.1). Then any solution y(x) to equation (0.1) with
initial data y(xo) <0, y'(xo) < 0 is defined on the whole axis and there exists a finite negative value
Y+ < y(xo) such that IEIEOQ y(x) = yy. Moreover,

kot1 1,

_ ko+1 1
3 Y @ < e (a0 < S

Il, 27’61.
< 5 o I o)

Proof. According to the proof of Lemma 1.1, for any x > x¢, we have y(z) < 0, /'(z) < 0 and therefore
y”(x) > 0. This implies that y'(z) — 0 as x — &, where T > z¢ is a right domain boundary of y(z).

Denote y1 = |y (z0)| = —y'(x0). While ¢/ () # 0, from Lemma 1.2 with 21 = g and x5 = 2 > 29
we derive

ko +1 |y (zo) P~ — [y ()P~
2k M

o1 < Kot 1 |y ()P~ — ly' ()P

< ko+1 _
< ly(x)| (o)™ < T —
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Denote Y = lim y(x), then considering the above inequalities at  — Z, we obtain
T—T

ko +1 |y'(zo) P~

Fo+ 1y (w)>
< |y |kotl _ ko+1 0
st L0 o py ot~y )

_Q—kl m ’

which implies |Y| < 4o0.
Consider now 7 in correspondence with k1. Let z* > zg, * < +00 be the closest to ¢ point such
that lim y'(z) =0.
r—x*

From equation (0.1), on the interval (zg,z*), we derive

vl 17 = pla, g,y lyl sen(yy),
and since at x > x¢ we have y(x) < 0, y'(z) < 0, therefore

Y (=) = plz,y, v |y,

and for k1 # 1,

1 - - xr
T (WG~ 1) = [ byl do

Zo

In the case k1 € (1,2), we get

1
1—Fk

(Iy/ (wo)|' 1 = |y'[' M) < /M\Y\’fo dz = M|Y|* (a — o),

Zo

z = (I @)= = 1y (o) 7).

1
> -
Y MYk - 1)
Since y'(z) — 0 as * — z* and 1 — k; < 0, the right part of the above inequality tends to infinity as
x — x*, which implies 2* = 400, and therefore the solution y(x) is defined on (zg, +00), y+ =Y and
the theorem for the case k1 € (1,2) is proved.
Analogously, in the case k1 = 1, we obtain

1
T —To > W (ln|y’(:c0)| - ln|y'|).

Since y'(x) — 0 as  — x*, the right part of the above inequality tends to infinity as  — z*, which
implies z* = 400, and therefore the solution y(x) is defined on (zg,+00), y+ = Y and hence the
theorem for the case k; = 1 is also proved.

In the case k1 € (0,1), we denote Zg = x¢ if y(xo) # 0 and otherwise Ty = x¢ + &, where € > 0
is such that y(z) < 0 and y/(z) < 0 on (zg,x¢ + ). Then |y(z)[ko > |y(Zo)|* on (Zo,z*), and
analogously we obtain the estimate

1 o B r B -
T (W@ W) > [mly(Eo de = miy(Eo) e - 70),

Zo

(ly' @' = I/ (@) ).

- 1
r—x0 < —
= mly(@o)Fo (1 — k1)

Since y'(z) — 0 as ¢ — z* and 1 — k; > 0, the right part of the above inequality tends to a

!~ 1—-k

% as x — z*, which implies * < 400, and therefore the solution y(x)
is unique only on (zg,z*). Note that even though the uniqueness of solutions is not satisfied, there
is only one possible way to extend the solution y(x) to the right. Thus, y(x) < 0, is decreasing on

(zo,2*) and is equal to a constant on [x*,400). This implies y; = liIJIrl y(z) = y(z*) =Y and the
r—+00

constant value

theorem is proved. O
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Since the substitution y(z) — —y(—z) gives an equation of the same type as (0.1), the following
statement is also true.

Theorem 3.2. Suppose kg > 0, k; € (0,2). Let p(z,u,v) be a continuous in x and Lipschitz
continuous in u, v function satisfying inequalities (1.1). Then any solution y(x) to equation (0.1) with
initial data y(zg) > 0, y'(x9) < 0 is defined on the whole azis and there exists a finite positive value
y— > y(xo) such that a;EIPoo y(x) = y—. Moreover,

ko+1 1

_ ko+1 1
3 g 37 1Y @ S g = y(ao) [T < e

—2—k1m

ly' (o).

Definition ([8]). y(x) is a white hole solution to equation (0.1) if there exists a finite point Z such
that lim ¢'(z) = 0, but lim y(z) # 0.
r—x

r—x

Thus, all decreasing solutions to equation (0.1) in the case k1 € (1,2) are the white hole solutions.

Lemma 3.1. Suppose kg > 0, k1 € (0,2). Let p(x,u,v) be a continuous in x and Lipschitz continuous
in u, v function satisfying inequalities (1.1). Then any decreasing solution y(x) to equation (0.1) is
defined on the whole axis and there exist a finite positive value y_ and a finite negative value y4 such
that mgrﬂltlooy(x) = y+. Moreover,

(37 <[] < (2
M “ly_ 1 T \m

Proof. Indeed, let zp be a zero of a decreasing solution y(z) to equation (0.1). Then the limits
Yt = ligl y(x) are finite and the estimates from Theorems 3.1 and 3.2 take the form
Tr—r 00

ko+1 1 2k kot1 o ko +1 1 2-k
R 1 < 0 < - 1
2 M Y (o) |77 <y T < ppy - Y (zo) 7,
ko+1 1 2— ks kot1 _ ko+1 1 2—k
I < 0 < 2 - 1
5 a7 1V @I Sy < oy (o)
hence
m | ot M
M ~ ly_ - m
which implies the statement of the lemma. O

Applying Lemma 3.1 for the case p(z,u,v) = pg = const, we obtain the following

Corollary. Suppose ko > 0, k1 € (0,2), p(x,u,v) = pg = const. Then any solution y(z) to (0.1)
satisfying at some point xo the condition y'(xo) < 0 is defined on the whole axis and the limits
Yt = 1i1;:n y(x) are finite and satisfying the equality y— = —yy.

Tr—r 00

Theorem 3.3. Suppose kg > 0, k1 > 2. Let p(x,u,v) be a continuous in x and Lipschitz continuous
in u, v function satisfying inequalities (1.1). Then any solution y(z) to equation (0.1) with initial
data y(xo) <0, y'(zo) < 0 is unbounded and defined on the whole azis.

Proof. Let us prove the theorem for x > xy. Consider first the case k1 > 2.
According to the proof of Lemma 1.1, for any x > ¢ we have y(x) < 0, y'(x) < 0 and, therefore,
y"(x) > 0. This implies that y'(x) — 0 as x — T, where T > x¢ is the right domain boundary of y(z).
Denote y1 = |y (z0)| = —y'(x0). While ¢/(z) # 0, from Lemma 1.2 with 21 = z¢ and x5 = 2 > x¢
we derive

ko+1
ki1 —2

m(y(a) [~ fyeo) 1) < 0 (I @) P — ) < M (ly(@) R = (o) ).
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Denote Y = lim y(x), then considering the above inequalities at © — Z, we obtain

T
2—k 2—k 2—k 2—ky
kO +1 |y/(.%')| ' - Y1 ! < |Y|ko+1 o |y(1’0)|k0+1 < kU +1 ‘y/(w)l ' — Y1 ,
kl -2 M ]4}1 -2 m

and since y'(z) — 0 as ¢ — T and 2 — ky < 0, it follows that |Y| = +o0.
Analogously, for k1 = 2, we obtain

ko+1
Iny; —In |y (z)]) < [Y]*H! — [y(ao)|* ot < o

(Inyr —Infy'(z)]),

and since y'(z) — 0 as © — Z, it follows that |Y| = 4o0.
Consider now T in correspondence with k1. Let z* > zg, * < +00 be the closest to ¢ point such
that lim y/(z) = 0.
r—x*

From equation (0.1), on the interval (zg,z*), we derive

Yy = p(x,y, )|yl sen(yy’),

and since at x > x¢ there is y(x) < 0, ¥'(x) < 0, we have

Y (—y) M = plz,y. ) yl*,
xT

1

s (Iy/ (@o)[* P = /| F) = /p(%‘,y?y’)lyl’“0 de,
zq
therefore
1 x
- (Iy' (o) Fr — /1" F1) < /M|Y|]CO do = M|Y|™ (x — x0)

Zo

and
1

_ > / 1—kq _ / 1—kq1 .
v = > g (@ = I ) )

Since y/'(z) — 0 as ¢ — z* and 1 — k1 < 0, the right part of the above inequality tends to infinity as
x — x*, which implies * = 400 and, therefore, the solution y(x) is defined on (zg, +00), y+ =Y and
the theorem is proved. O

4 Continuous dependence of boundaries of domain or
horizontal asymptotes of solutions on initial data

Consider first continuous dependence of the right-side boundary of the domain on initial data.

Theorem 4.1. Suppose ko > 0, k1 > 0, ko+ k1 > 1. Let p(z,u,v) be a continuous in x and Lipschitz
continuous in u, v function satisfying inequality p(x,u,v) > m > 0. Then for any € > 0, there exists
d > 0 such that for any o, To, Yo, 20, Y1, 21 Satisfying |To — xo| < 0, |20 —yo| < I, |21 — 1| < 6,
Yo >0, y1 >0, 290 > 0, z1 > 0, the mazimally extended solutions y(x) and z(x) to equation (0.1) with

the initial data
y/(ffo) = Yo, (4.1)
Y (zo) =y

and

y/(fo) = Z1,

{y(%) = %o (4.2)

respectively, have finite right-side boundaries of the domains x7 > xo and x% > Xo, respectively, and
|zs — x| < e.
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Proof. From Theorem 2.1 it follows that y'(x) — 400 as  — a] — 0, there exists a point z1 such that
7 = y' (1) satisfies

o (5 g
Y1 2% £

where £ is a constant from Theorem 2.1. Then

<
2 )

_ kotk;-—1 £

v < €y (@) TR <2

ko+ky —1
For any € > 0, there exists 0 > 0 such that if |Z1 — 11| < 5, then £z, FotT
§ > 0 there exists § > 0 such that for any xo, Zo, Yo, 20, Y1, 21 satisfying |To — xo| < 0, |20 — yo| < 9,
|21 — w1l <9, yo >0, y1 > 0, z90 > 0, z; > 0 the inequality |2/'(z1) — ¢/ (x1)| < 5 holds. Then from
Theorem 2.1 we derive that the solution z(x) with initial data (4.2) has a finite right-side boundary
of the domain 3 and

< 5. Also for every

_k +k1—1 IS5
7wy < €(/ ()R < S
Thus, for any e, there exists 6 > 0 such that
* * * * 3 9
\mz—xl\g|x2—x1|+|x1—x1\<§+§<5. O

Analogously, continuous dependence of the left-side boundary of the domain on the initial data is
obtained.

Theorem 4.2. Suppose ko > 0, k1 > 0, ko+ k1 > 1. Let p(x,u,v) be a continuous in x and Lipschitz
continuous in u, v function satisfying the inequality p(x,u,v) > m > 0. Then for any € > 0, there
exists § > 0 such that for any xo, To, Yo, 20, Y1, 21 Satisfying |To — xo| < 0, |20 — yo| < 0, |21 —v1| < 6,
Yo <0, y1 >0, 20 <0, 21 > 0, the mazimally extended solutions y(x) and z(x) to equation (0.1)
with initial data (4.1) and (4.2), respectively, have finite left-side boundaries of domains x1. < xg and
Zox < To, respectively, and |To. — 14| < €.

Analogously, with the help of the estimates from Theorems 3.1 and 3.2 the following results on
the continuous dependence of solutions’ limits on the initial data are obtained.

Theorem 4.3. Suppose kg > 0, k1 € (0,2). Let p(z,u,v) be a continuous in = and Lipschitz
continuous in u, v function satisfying inequalities (1.1). Then for any € > 0 there exists § > 0 such
that for any xo, Zo, Yo, 20, Y1, 21 satisfying |To — xo| < 9, |20 —yo| <4, |21 —y1| <6, yo <0, y1 <O,
20 <0, z1 < 0, the mazimally extended solutions y(x) and z(x) to equation (0.1) with initial data (4.1)
and (4.2), respectively, have finite limits y+ < y(xo) and z < z(To), respectively, as x — 400, and
ly+ — 24| <e.

Theorem 4.4. Suppose ko > 0, k1 € (0,2). Let p(z,u,v) be a continuous in x and Lipschitz
continuous in u, v function satisfying inequalities (1.1). Then for any e > 0, there exists 6 > 0 such
that for any xo, Zo, Yo, 20, Y1, 21 satisfying [To — zo| <6, [20 —yo| <0, [21 —y1] < J, Yo > 0, y1 <O,
z0 >0, z1 < 0, the mazimally extended solutions y(x) and z(x) to equation (0.1) with initial data (4.1)
and (4.2), respectively, have finite limits y_ > y(xo) and z— > z(Zy), respectively, as v — —oo, and
lz_ —z_| < e.
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LOCALIZED LOCAL MAXIMA FOR
NON-NEGATIVE GROUND STATE SOLUTION OF
NONLINEAR SCHRODINGER EQUATION WITH
NON-MONOTONE EXTERNAL POTENTIAL



Abstract. A non-negative ground state solution w(z) of the nonlinear Schrodinger equation with
non-monotone potential is studied. The existence of local maxima of u(z) which are attained on the
given intervals in one-dimensional space variable x is shown. Next, it is proved that the stationary
point of u(x) per one interval is unique. The co-existence of the local extrema of ground state solution
and external potential on the same interval is considered, too.!
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1 Introduction and mathematical setting

1.1 Localized local maxima

Let [a,b] C R be a bounded interval and u : R — R, u = u(z), be a C'-function. Recall that u(x)
attains a local maximum in a prescribed interval [a,b] if there exists a point xs € [a,b] such that
u'(zs) = 0 (stationary point of u(z)) and «’(x) changes sign at x5 such that u/(z) > 0 in (x5 — €, x5)
and u/(x) < 0 in (xs, 25 + €) for some € > 0. One can say that x is localized on [a, b].

For instance, if [a,b] = [0, 7] and u(z) = exp(sin(z)), then the differential equation u” + (sin(z) —
cos?(z))u = 0 possesses a positive solution u(z) having a local maximum at s = 7/2, which is
localized and unique in [a, b].

1.2 Time-independent nonlinear Schrédinger equation (NLSE)

In the paper, we consider C?-solutions u(x) of the following one-dimensional time-independent non-
linear Schrédinger equation:

an (u 2m

R
where p € R is the chemical potential, i is the Planck constant, m is the particle mass, V(z) is a
continuous the so-called linear, or external, or trapping potential and the nonlinear potential f satisfies:

f(z,s*) > —g(z), (x,s) € R? (1.2)

V(x)>u+ zh—rgf(x, [u*)u = 0, (1.1)

where g(z) is a continuous function. In the accordance with (1.2), the following two cases occur:

(1) if g(x) < 0, then f(x,s?) is an attractive potential: f(x,s?) > 0, (x,s) € R?; especially for
g(x)= 0, assumption (1.2) allows f(z, s?) to be a classic attractive potential: f(x,s?) = fo(x)s?
with fo(x) > 0; hence, in this case, our result can be interperted as the non-monotonic behaviour
of particle density in the Bose—Einstein condensate (BEC);

(2) if g(x) > 0 and g(x) # 0, then assumption (1.2) allows f(x,s?) to be a repulsive potential:
f(x,8%) <0, (z,s) €R?, but not a classic repulsive potential: f(z,s*)= fo(x)s*> with fo(x) < 0;
an example of a repulsive potential satisfying (1.2) is f(x, s?) = —go(x) arctan(s?), where g(x) =
5 9o(x) with go(x) > 0.

1.3 Motivation for mathematical treatment of localized local maxima
of ground state solution of NLSE

The so-called solitary wave ¢ : R x R — C defined by

G(w,t) = e et u(z) (1.3)
satisfies the time-dependent nonlinear Schrédinger equation
0 n* 92
ih S8 = = S V@~ (9P, (1.4

at  2m Oz

provided u(x) is a solution of our main equation (1.1). In such a situation, u(x) is called as the ground
state solution of NLSE (1.1). If f(x,s%) = fo(z)s?, equation (1.4) is known as the Gross—Pitaevski
equation (GPE), which is a model for a wave function of the particles in an atomic cloud in BEC. The
quantity |1(x,t)|? represents the particle density in BEC, which has the common stationary points in
the variable x with a non-negative ground state solution, since

0
[z, )] = u*(2) and o~ [y(@,t)* = (W(2))" = 2u(z)u'(2). (1.5)
x
Hence, the non-monotonic behaviour of particle density |(x,t)|? is strictly related with the extrema
of the ground state solution u(x). Among all known numerical simulations in which we can see the
non-monotonic behaviour of particle density in BEC (see [1-4] and [7-11]), we point out the next
three:
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e BEC with spatially modulated parameters — Figure 1. The exact ground state solution
u(z) = p(x)®(0(z)) of the main equation (1.1) especially for f(x,s?) = fo(x)s?, where ®(t) is
a solution of the corresponding Duffing equation. The potential V' (x), the spatially modulation
fo(x) and the frequency 0(x) are generated by the amplitude function p(x) via certain differential
relations derived by the similarity transformations (for details see [4]).

0.2

L[] .
-0 -0

Sl =i

Figure 1. [4, Figure 2 — case (a)]

e A spin-orbit coupled BEC — Figure 2. The numerical simulation realized by a split-step
Crank—Nicolson method for the stationary states || and |12 of an integrable system of coupled
GPEs (1.4) solved by combining the Lax pair method and gauge transformation approach (for
details see [11]).

05 ——— 05 —_—

-~ initial (it = 0) == initial (1 =0

0.4 — final (2= 10) (.44 final (2=10) [
03 03
=02 = o]
0,14 .14

0.0 1.0 bsmmmm .
-8 g -5 - 0 4 b

Figure 2. [11, Figure 7]

e The ground and first excited states in BEC — Figure 3. The numerically ground state
solution wu(z) of the main equation (1.1), which is computed by the gradient flow with discrete
normalization, where the discretizing has been made in two ways (the backward Euler sine-
pseudospectral and backward/forward Euler sine-pseudospectral methods) (for details see [3]).

This numerical simulation is the most interesting for our consideration in the paper, because it
visualizes the next two issues:

- relation between non-monotonic behaviours of u(x) and V(z): when V(z) is non-monotonic,
then u(z) is non-monotonic too, although it is very well known that the classic theory for the
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140

r 1105

170

135

Figure 3. [3, Figure 1(b), u(z) — solid line, V() — dashed lines]

linear Schrodinger equation says that when V() is a harmonic potential: V(x) = A|z|?, A > 0,
which is increasing on (0, 00), then u(x) is of Gaussian type: u(x) = Be~l*I* | B > 0, which is
decreasing on (0, 00), see in [8, Section 2.3: Density profile and velocity distribution];

- the co-existence of local extrema on the same interval: u(x) attains the local maxima (resp.,
minima) in the intervals where the V(z) attains its minima (resp., maxima).

In Section 2, we state and describe our main assumptions and results, which are proved in Section 3.
The essential advantages of our method with respect to the method presented in the recently published
paper [5] are: the assumption for strictly positivity of w(z) is relaxed so that u(z) is now a non-
negative ground state solution having the most finite number of zeros per one interval; here, the
nonlinear potential f(z, s?) is not only of attractive type but it can also be of a repulsive type, which
is described above just after (1.2); our conditions on the external potential V' (z) is more general than
related one considered in [6], which is shown below in Subsection 2.2.

2 Statement of the basic assumptions and main results

2.1 Basic assumptions
Let [a,b] C R be a bounded interval on which the ground state solution u(x) satisfies:
u(x) possesses at most finite number of zeros in [a, b], (Hp)

and the potential difference between p and (V(z) + g(x))2m/h? satisfies:

o 27773 (V(z)+g(z)) >0 in [a,b]. (H-basic)

The next consequence of the assumptions (Hp) and (H-basic) is worth to be pointed out.

Proposition 2.1. Let (1.2) and (H-basic) hold. If the ground state solution u(x) of (1.1) satisfies
(Ho) and u(x) >0 in [a,b], then u(zx) has at most one stationary point in [a, b].

Indeed, if the ground state solution u(z) is non-negative in [a,b] and has two stationary points
x1,T9 € [a,b], T1 # x2, then integrating (1.1) over [z1,x2] together with assumptions (1.2), (Hy) and
(H-basic), we have

0= () — /(1) < — / (1= 23 (V) + (o)) o < 0,
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which is not possible. Thus, the stationary point of u(x) in [a,b] is unique if it exists of course.
Next, the assumption (Hp) is more general than the next one,

u(z) #£0, z € [a,b)]. (Hxzo)

Although (Ho) is involved in all preceding Figures 1-3, the general assumption (Hp) is also appearing
in the context of particle density in BEC (see, for instance, [2]).

Remark 2.1. Especially for g(z) = 0 (attractive case) or g(z) > 0 (repulsive case), the assumption
(H-basic) implies

2m .

T V(z) >0 in [a,b]. (2.1)
Since the chemical potential i is a constant and V' (z) is a continuous potential in R, thanks to (2.1)
it is possible to take for [a,b] such an interval in which V(z) attains its minimum. This is in the
accordance with the numerical simulation given in Figure 3 above. More accurate relation between
the non-monotonic behaviours of u(x) and V(z) is considered in Subsection 2.3 below about the
co-existence of local extrema of u(z) and V(z).

=

2.2 The existence of localized local extrema of u(x)

On a given interval [a,b], we involve on the potentials p, V(z) and g(z) the following additional
assumption: for some ¢ € C(a,b), p(a) = ¢(b) =0, p(x) # 0 in (a,b), we have
b b

> |’ ()2
/|g0(x)\ dx > / I (V) 1 9(@) dx. (H-general)

a a

The condition (H-general) is particularly related with the eigenvalue problem for the one-dimen-
sional Laplacian operator in (a, b) with respect to the first eigenvalue A; > 0 and the corresponding
eigenvalue vector ¢ € C?(a,b) (let us remark that A\ = (7/(b — a))? and ¢(z) = sin(v/ A1 (x — a))):

©" 4+ X =0 in (a,b), ¢(a) =) =0. (2.2)
Indeed, if we suppose
2m .
— 5z (V@) +9(@)) > in [a, ], (2.3)

which is a more concrete condition than (H-general), from (2.2) and (2.3) we get
b

b b
2, _ 1 "(z)]? da ()l v
a/mx) dxAla/ISO( )I"d >/M_%n<v<x>+g<x>>d‘

a

Thus, condition (2.3) is a particular case of (H-general) taking for ¢(z) the eigenfunction from (2.2).
The first main result is

Theorem 2.1. Suppose that (1.2) is satisfied and let [a,b] be an interval such that (H-basic) and (H-
general) hold. Then every solution u(z) of the nonlinear Schrodinger equation (1.1) has a stationary
point in [a,b]. Furthermore, if u(x) > 0 in [a,b] and satisfies (Hy), then the stationary point of u(zx)
is unique in [a,b]. Moreover, u(x) attains its local maximum in [a,b)].

Since (2.3) is a particular case of (H-general), we have also derived the next interesting consequence
of the main result.

Theorem 2.2. Suppose that (1.2) holds and let [a,b] be an interval such that the potentials u, V(x)
and g(x) satisfy (2.3). Then every solution u(x) of the nonlinear Schrodinger equation (1.1) has a
stationary point on [a,b]. Furthermore, if u(xz) > 0 in [a,b] and satisfies (Hp), then the stationary
point of u(x) is unique in [a,b]. Moreover, u(x) attains its local mazimum in [a,b].

Thus, Theorem 2.2 is a particular case of Theorem 2.1, and Theorem 2.1 is more general than [6,
Theorem 3.1] even in the case g(x) = 0, because the condition (Ho) is relaxed here with (Ho).
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2.3 The co-existence of local extrema of ground state solution u(x) and
potential V(z) + g(z)

According to Theorem 2.1, we are able now to explain the case in which the ground state solution w(z)
attains a local minimum on an interval where the potential V(x) + g(z) attains its local maximum.
This is also visualized in the next figure:

Figure 4. u(x) - solid line, V(z) + g(z) — dashed lines.

For this purpose, we need to work with two disjoint intervals [a1, b1] and [as, by] such that
a1 < by < ag < by (24)

In order to simplify the notation, let

2m
2 V() + g(a).
Let the assumptions (H-basic), (H-general) and u(xz) > 0 with (Hp) be satisfied on both intervals
[ak,bi], k € {1,2}. Firstly, it implies that W(x) > 0 on [a1,b1] U [ag, ba]. Since W(z) is a continuous
potential on R, we have W(x) > 0 on [a1, b1 +¢) U (ag — €, bo] for some small enough € > 0. Secondly,
from Theorem 2.1 applied to [ay, b1] and [asg, b2] simultaneously, we obtain that w(z) has two points
of local maximum x; € [a1,b1] and x5 € [ag, bs] as well as 21 (resp., z2) is a unique stationary point
on [ay,b1] (resp., [az,bs]). Hence, u(z) attains its local minimum on [by, az]. On the other hand, we
claim that

Wi(a) = p—

there exists xo € (b1 + ¢, az — €) such that W(zg) < 0. (2.5)

Indeed, if we suppose the contrary, then W(z) > 0 in (b; + €,a2 — €) and hence, W(z) > 0 on
Je == [x1,b1 + €) U (a2 — &,22]. Next, since v/(z1) = v'(x2) = 0, integrating equation (1.1) over
[x1,22] C [a1,b2], as in the proof of Proposition 2.1, we obtain

0< —/W(x)u(x) dx. (2.6)

Since W(z) > 0 on J. and u(x) > 0, from (Hp) and (2.6) it follows that 0 < 0. Hence, W(z) has to
satisfy (2.5). Since W (x) is supposed to be strictly positive on [ak, bx], k € {1,2}, this implies that
W (x) has a negative minimum on [b1, as] and hence, V(x) + g(z) attains a local maximum on [by, ag).
Thus, we have shown the next result.

Theorem 2.3. Suppose that (1.2) is satisfied and let [ax, bg], k € {1,2} be two disjoint intervals such
that (2.4) hold. If (H-basic) and (H-general) are satisfied on [ay,bx], k € {1,2}, then on the interval
[b1,as] the ground state solution u(x) has a local minimum and the potential V(x) + g(x) attains a
local mazimum.

In particular, for g(z) = 0, Theorem 2.3 shows that V(z) has to be necessarily a non-monotonic
potential on [by, as).
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3 Proofs of main results

3.1 Some propositions

Before stating two propositions used in the proof of Theorem 2.1, we first state and prove the next

Proposition 3.1. Every solution u(x) of NLSE (1.1) which satisfies (Hxzo) has a stationary point in
[a,b] if and only if there is no any solution (v, R) of the first-order system

R=14+ R [(1 =20V @) + 20 (o o@)?)] i (a,0),
) | (3.1)
v = mv in (a,b),

such that v, R € C([a,b]) N C*(a,b), v(z) # 0 and R(x) # 0, Yz € [a,b].

Proof. (Direction =) Arguing by contradiction, let there exist a function v € C([a,b]) N C*(a,b),
v(z) # 0 on [a, b] and a function R € C([a,b])NC*(a,b), R(x) # 0 on [a, b] which satisfy the first-order
system (3.1). Then

= - @) = [ (s 23 V@) + 23 F (@) |v(a)

and thus, v(x) is a solution of NLSE (1.1) such that v’'(z) = v(z)/R(z) # 0 on [a,b]. It contradicts
the assumption that every solution of NLSE (1.1) has a stationary point in [a, b].

(Direction <=) On the contrary, if u(x) is a solution of NLSE (1.1) such that u/(x) # 0 on [a, b],
then the pair of functions R(x) := u(z)/v'(x) and v(z) := u(x) is the solution of system (3.1) such
that R(z) # 0 and u(z) # 0 on [a, b], because of (Hxo) and

Rh)lﬁ&wﬂ)
ﬁ+£$Kngmm+ﬁvwmwﬂ

=14+ B @)[ (- T3 V(@) + o0 f (e () ).

This contradicts the assumption that (3.1) has no such a solution. It completes the proof of this
proposition. O

In the absence of the strong assumption (H), we have the following essential proposition, which
is weaker than Proposition 3.1, but it is used in the proof of the main result.

Proposition 3.2. If for a function v(x) there is no any solution R € C([a,b]) N C'(a,b), R = R(z)
of the first-order differential equation

R=1+R(u- 2;721 Vi) + %”; P Jo@)P)] in (a.b), (3.2)

then every solution u(x) of NLSE (1.1) has a stationary point in |a,b].

Proof. By contradiction, let u(x) be a solution of (1.1) such that «/(z) # 0 for all = € [a,b]. Then the
function R(x) = u(z)/u'(x) is well defined on [a, b], R € C([a,b])NC(a,b) and satisfies equation (3.2)
with v(z) = u(x) (because we can use the similar computation as in the proof of Proposition 3.1).
This contradicts the main assumption of this lemma and hence, there exists =5 € [a,b] such that
u'(zs) = 0, which proves the proposition. O
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Now we give a condition ensuring that u(z) attains its local maximum at a stationary point.

Proposition 3.3. Suppose that (1.2) holds and let x5 € [a,b] be a stationary point of a solution u(x)
of NLSE (1.1). If u(z) > 0 on [a,b] and satisfies (Ho), and the potentials u, V(x) and g(x) satisfy
(H-basic), then x4 is a unique stationary point of u(x). Moreover, u(z) attains a local mazimum at x.

Proof. Let u(xz) > 0 and satisfy (Hp). Since all potentials in (H-basic) are continuous, there exists

€ > 0 such that 5
m .
" F(V(m)—i—g(m)) >0 in (a—e,b+e). (3.3)

Integrating (1.1) over [z, z;], where z € (a — £, z), and using (1.2), (Hp) and (3.3), we obtain

< [ [n- 35 V(o) + glo))]ulo) do <.

which shows that u/(z) > 0 for all € (a — ¢, x5). Analogously, integrating (1.1) over [zg,x], where
x € (ws,b+ €), we obtain

(@) < —/ = 2%’; (V(0) +9(0)) | u(e) do <0,

Ts

which shows that v/(z) < 0 for all z € (xs,b 4+ ¢). Thus, u(x) has a local maximum at the given
stationary point x5. The uniqueness of g immediately follows from Proposition 2.1. O

3.2 Proof of Theorem 2.1

By Proposition 3.2 it is enough to show that the assumption (H-general) ensures that for any v(z)
there is no any solution R(z), R € C([a,b]) N C1(a,b) of equation (3.2). Indeed, if there exists
such a solution, then multiplying (3.2) by »?(z), where ¢ € C([a,b]) N C(a,b), ¢(z) # 0 in (a,b),
(a) = ¢(b) = 0 and using (1.2), we obtain

b b

[t - [ [vamisomn « 22 s [ 5

where Q(z) := p— 2% (V(z) + g(z)) and Q(z) > 0 on [a,b] due to the assumption (H-basic). Previous
inequality contradicts the main assumption of this theorem and hence, there is no any solution R(z),
R € C(la,b])NC(a,b) of equation (3.2). Therefore, Proposition 3.2 gives the existence of a stationary
point of u(x) in [a,b]. Now, the rest of this proof immediately follows from Proposition 3.3.

a a
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1 Introduction

Consider the equation

y "+t oy gy )y seny = 0, (1.1)
where n > 2, k € (1,+00), the function p(t,y1,y2,¥3,...,yn) € C(R"1) is Lipschitz continuous in
(y1,Y2,93,---,Yn) and for some m, M > 0 satisfies the inequalities

O<mgp(tay17y2a'~'7yn) <M < +o0.

The problem of the existence of solutions to (1.1) with the given number of zeros on the prescribed
domain is investigated.

Asymptotic classification of solutions to (1.1) with n = 3,4, k € (1,400), p(t,y,7/,...,y"" V) =
const and with n = 3, k € (0,1), p(t,y,9, ...,y V) = const is provided in [1,3] by I. Astashova.
Later, the existence of quasiperiodic solutions to the regular (k € (1, 4+00)) higher-order Emden—Fowler
type equations has been proved in [2].

Using [1], the existence of solutions with the given number of zeros was proved for the case of third-
and fourth-order equations with the constant coefficient p and with k € (0,1) U (1,400) (see [4]).
Later, the case of the higher-order differential equation (1.1) with the constant potential and regular
nonlinearity (k > 1) was considered in [5]. In [6], the existence of solutions with the given number of
zeros was proved for (1.1) with n =3, k € (1,400). In [7], the existence of such solutions was proved
for the equation with k € (0,1).

Now we generalize these results to the case of equation (1.1).

2 Main result

Theorem 2.1. For any real a and b satisfying —oo < a < b < +00 and any integer S > 2, equation
(1.1) has a solution defined on the segment [a,b], vanishing at its end points a, b and having exactly
S zeros on [a, b].

3 Preliminary results

The following statements are used to prove the main theorem.

Lemma 3.1 (Generalization of 7.1 from [1]). Let y(t) be a solution to (1.1). If for some ty the
inequalities
y(to) >0, ¥/ (to) > 0, y"(to) >0, ..., " V(tg) >0

hold, then there is a local supremum of y at some point t;, > to satisfying the inequalities

k—1

to —to < (uy' (to)) Fro—1,
y(th) > (' (to))T=1,

where > 0 is a constant depending only on n, k, m, M.

Lemma 3.2 (Generalization of 7.2 from [1]). Let y(t) be a solution to (1.1). If for some t{ the
inequalities
y(to) > 0, y/'(t) <0, ..., y" 7V (tg) <0

hold, then y is equal to zero at some point to >t satisfying the inequalities

k-1
to —to < (uy(ty))™ =,
k4+n—1

y'(to) < —(py(te)) =,

where p > 0 is a constant depending only on n, k, m, M.
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Lemma 3.3 (Generalization of 7.3 from [1]). Under the conditions of Lemmas 3.1, 3.2, for any t; > to
such that y(to) = 0, y(t1) = 0, the inequality

Y/ (t1)] > Qly'(to)]
holds, where @ > 1 is a constant depending only on k, m, M.

Lemma 3.4. Let D be a subset of R™ and~5 be a subset of R"1. Suppose that for any c € D
there exists x. > 0 such that {c} x [0,z.] C D. Consider a continuous function f(c,z): D — R and
introduce the following conditions:

e f(c,0) =0 for any c € D,

e for every c € D, there exists a point x1(c) € (0,2.) such that f(c,xz1(c)) = 0 and f(c,x) # 0
whenever x € (0,x1(c)),

e f(c,x) is differentiable in x, and % (c,x1(c)) #0 for all c € D.

If these conditions hold, then x1(c) : D — R is a continuous function.

Proof. By definition, x1(c) describes the distance from 0 to the first zero of the function f(c, -). The
existence of such a zero is stated in the second condition of the lemma. Therefore z1(c) is actually a
function (its value is defined for every ¢ € D), but, perhaps, discontinuous. We intend to prove that
x1(c) is a continuous function.

At every point (¢, z1(c)) € D, the function f(c,z) fulfills the conditions of the Implicit Function
Theorem. Therefore for any ¢ € D there exist rectangular neighborhoods U C D of ¢, V' C R of z1(¢),
and a continuous function gz(c) : U — V such that for all (¢,x) € U x V the conditions f(c,xz) =0
and x = gz(c) are equivalent.

It is clear that z1(¢) = gz(¢), but we have to prove that z1(c) = gz(c) in some neighborhood of ¢.
(We know that f(c, gz(c)) =0, but the zeros of f(c, -) provided by gz(c) may not be the zeros closest
to the point z = 0.)

We will prove this by contradiction. Suppose that in any punctured neighborhood of some point
¢* € D there exists a point ¢ such that g.-(c) # z1(¢). Then we have an infinite set {c,} such that for
every ¢, the inequality ge«(cq) # 1(cq) holds. We can extract from {c,} a sequence {c,} tending to
the point ¢*. The implicit function theorem for f(c,z) takes place in a neighborhood U x V of the
point (c*, z1(c*)).

Now we look closely at the set {(¢y,21(cy))}. It is a sequence in D, which cannot enter U x V,
because otherwise the condition f(c,,x1(c,)) = 0 inside U x V' contradicts the very definition of {¢;, }.
At the same time, the points (¢, z1(c,)) cannot be above the graph of g.-(c) and above U x V' by
the definition of the function z;(c).

So, the sequence {x1(c,)} is bounded by zero from below and by infV < z1(c*) from above.
Hence {z1(cy)} has a limit inferior 2* < x1(c*). We extract a subsequence {z1(c,,)} tending to
the above limit and then consider a sequence {(cy,,z1(cn,;))}. The function f(c,x) is continuous,
flen;,x1(en,;)) =0, and (ep,,x1(cn,;)) — (¢*,2*) as i — oo. Therefore, f(c*,z*) = 0. But at the same
time we have z* < x1(c*), and this contradicts the conditions of the lemma. Therefore, the point ¢*,
in fact, does not exist.

This means that for every point ¢ € D the equality z1(c) = gz(c) is true in some neighborhood of ¢.
Every function gz(c) is continuous near ¢. Therefore, z1(c) is continuous at every point ¢ € D. O

3.1 Proof of the main result

Proof of Theorem 2.1. Consider a maximally extended solution y(t) to (1.1) with initial data y*) (a) =
Yi, ©t € 0,m — 1.
It follows from Lemmas 3.1-3.3 that if the inequalities

y(to) > 0, y'(to) >0, y"(to) >0, ..., y"V(to) >0
hold at some point tg, then there exists a point t; > ¢y such that

y(t) =0, y'(t1) <0, y"(t1) <0, ...,y V(t1) <0
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and -
t —to < (W'y'(to))” *¥2,

where ' > 0 and ) > 1 are constants depending only on k, m, and M.
The analogous statement takes place if

y(to) 0, y'(t) <0, y"(to) <0, ...,y V(to) <0.
Hence, if yo = 0 and y; > 0 for ¢ € 1,n — 1, then y(¢) is an oscillating solution, i.e., it has an
infinite sequence of zeros {a,t1,ta,...}. In the sequel, yo = 0 and y; > 0 for i € 1,n — 1.
We denote the distance between zeros by L; = t; — t;—1. The distance from a to the (S — 1)st zero

is a function
S—1

L(y17y2a cee 7yn—1> = Z Lj(ylay27 e 7yn—l)7
j=1

and its value depends on the initial data of the solution y(t).

If L(y1,y2s---,Yn—1) = b — a, then the solution y(¢) has exactly S zeros on [a,b]. To prove the
theorem we have to prove that for any b and a the last equation has at least one solution.

First, notice that L is a continuous function. If we rewrite (1.1) as a system of first-order ODEs,
that system will satisfy the conditions of the continuous dependence on initial data theorem [8, §7,
Theorem 6]. By Y (¢,a,%0,y1,¥2,---,Yn—1) We denote a maximally extended solution to (1.1) with
initial data v (a) = y;, i € 0,n — 1. Therefore, Y (t,a, 3o, Y1, Y2, - - -, Yn—1) and n of its derivatives in
t are continuous functions on their domains.

Are the conditions of Lemma 3.4 fulfilled? Put

D={(y1,y2--,yn-1) | >0} CR"".

For every such (y1,92,...,Yn—1) we have already proved the existence of the first zero t;, which
satisfies y'(t1) # 0. Further, there exists the second zero to, and for D C R™ we take the area above
D x {0} and under the graph of t2(y1,y2,...,Yn—1). Obviously, Y (a,a,yo,y1,¥y2,.-.,Yn—1) = 0, and
Y (t,a,y0,y1,Y2,---,Yn—1) is defined on D. (Here a is fixed and yg is equal to zero.)

The conditions of Lemma 3.4 are fulfilled, hence t1(y1,y2, ..., Yn—1), or L; is a continuous function
on D. It is possible to prove by using Lemma 3.4 that all L;, and therefore L are continuous. For L,
for example, notice that y(t1 (Y1, y2, - - - Un—1)), ¥ t1 (Y1, Y25 -3 Yn-1))s -y (1 (Y1, Y25 - - s Yne1))

are also continuous, because they are compositions of continuous functions ¥ (*) (0,90, Y1,Y25 -« -y Yn—1)

and t1 (Y1, - Yn—1)-
Now we are to find an upper estimate of L. It is already proved that

k—1

Ly < (Wyr)” FHe1.

It follows from Lemma 3.3 that ‘
ly'(t:)| > Q' (a).

k=1l_ 0, we have

k+n—1

Consider L;. Since —

k—1 k—1

L; < (/»‘L/Qiilyl)_k+1_lfl — (Q_ kizil)ifl(‘u/yl)_wrnfl .

Put é =Q TT. Since Q>1, —kf;il < 0, and therefore 0 < @ < 1, the upper estimates of L;

form a decreasing geometric progression. Therefore,

1-Q°S - _
L=t byt Lo € T @) T = e

L< cly’(a)fki;il, (3.1)

where ¢, is a constant depending on n, k, m, M, and S.
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To get a lower estimate of L it is sufficient to make a lower estimation of L;. Consider a point
t, € la,t1] such that y'(t;) = 0. On the segment [t(,t1], the derivatives ', y” are non-positive.
Therefore,

ty
Qy'(a) < |y'(t1)| = |y (t1)] = ¥/ ()] Z/Iy"(é)ldf < |t1 — g max ly"].

to
We must get an upper estimate of [maX] ly”|. Notice the behaviour of the derivatives of y(t) as ¢
té,tl

goes from a to t;. On the segment [a, t1], the inequality y(¢) > 0 holds. First, near a, every derivative,
except y™), is positive. It follows that (™1 is decreasing and after some point the inequality
y(™=1) < 0 holds, when y("™ is still negative. Hence, now y("~2) starts to decrease, and we can repeat
the same steps, until the solution y intersects the 0 — t-axis, i.e., when we move ¢ from a to t1, the
derivatives change their signs in order and higher-order derivatives change sign before low-order ones.
Therefore, on [t{, 1], the second derivative of the solution y is negative, because on the segment [t{,, 1]
the first derivative y'(t) < 0.
Denote |y|*sgny by |y|%. All initial data are positive, hence

t—a)? t—a)" 3
7( 2') +--~+yn_17( )

t t
- / / Dty D)yl ()2

0>y"(t) =y2+ys(t—a)+ys

[a,t1

t t
> _/.../p(t,ywH,y(nfl))‘y@(dt)nﬂ > —M|t —a|"? maﬁ\y%»

whence
max |y”| < M|t; — a|""? max |y|*.
[t t1] [a,t1]

Now we get an upper estimation of {na)}( ly|¥. The inequality y() > 0 holds on [a, ], whence
a,t1

—(12 _an—l p A
(1) =y1<t—a>+yz“)+---+yn1“)l)! —/---/p@,y,...,y("-”nym (de)

2! (n—
(t —a)? (t—a) !
t— AN T PR G AN
<yt —a)+y2 TR = 1)

Therefore,

" e (tr—a) TN
31%3](|y(t)| <(y1(t1 a)+ -+ yn-1 (n—1)! )

Combining both estimates, we get

(ti —a)"! ) "

< Mty — t||t, — ”*2( t — _
Ry [t1 — tolltr — al yi(ti—a)+ - +yn (=1

By definition, t; — a = Ly and |¢1 — 3] < Lq, hence

Ln—l k
Qy1 < ML?_l (y1L1 + -+ Yn—1 17) .
(n—1)!
Suppose y1 = y2 = --- = yp—1 and y; is a variable. In this case,

n—1 L71L_1 k 1-k
ML <L1+"'+m) >Qy; .
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In the left-hand side of the inequality we have the function of L; which is defined for every L; > 0,
is equal to zero when L; = 0, and is monotonically increasing. The value of the right-hand side may be
arbitrarily large as y; is arbitrarily small. Hence, for any A > 0, we can choose initial data providing
L> A\

But, due to (3.1), for any A > 0 we can choose initial data providing 0 < L < A. There-
fore, the value of L(y1,y2,...,Yn—1) may be arbitrarily large, arbitrarily small, and, at the same
time, L(y1,Y2,...,Yn—1) is proven to be continuous. Thus, we conclude that the range of values of
L(y1,y2, - -y Yn—1) is (0, 4+00). Therefore, the equation

L(y17y2a"'ayn71) =b—a

can be resolved for any b > a. This proves the theorem. O
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1 Introduction

In 1925, Hardy [4] used the calculus of variations to prove the inequality

j(ijf(t) dt>pdar < (pfl)pjfp(x) dz, (1.1)

where f > 0 is integrable over any finite interval (0, z) and f? is integrable and convergent over (0, o)
and p > 1. The constant (p/(p — 1))P is the best possible.

In 1928, Hardy [5] generalized inequality (1.1) and proved that if p > 1 and f is non-negative for
x > 0, then

oo

/Oox_c(/If(t) dt)pdx < (%)p/a:p*fp(x) dz for ¢> 1, (1.2)

0

and
oo

Zx‘c(zof(t)dt)pdx < (1pc)p0/xp_cf”(x) dz for ¢ < 1. (1.3)

The constants (p/(c — 1))? and (p/(1 — ¢))? are the best possible.

In recent years, fractional inequalities were studied by using the fractional Caputo and Riemann—
Liouville derivative; for details, we refer the reader to [3] and [17]. In [1] and [7], the authors presented
conformable calculus and classical inequalities with the use of conformable fractional calculus such as
Opial’s inequality (see [11] and [12]), Hermite-Hadamard’s inequality (see [8] and [10]), Chebyshev’s
inequality (see [2]) and Steffensen’s inequality (see [13]). In this paper, using a somewhat different
approach we present new Hardy type inequalities via conformable fractional calculus. Also, one can
see from our approach and presentation that the conformable fractional inequalities encountered in
the literature are, in fact, special cases of weighted inequalities (for an appropriate weight function).
Our goal in this paper is, first, to show how naturally weights work in inequalities and, second, to
indicate and correct some slight mistakes (usually when one integrates by parts) in the literature.

The paper is organized as follows. In Section 2, we present some concepts on conformable fractional
calculus and also Hélder’s inequality for a-fractional differentiable functions which we will use to prove
our main results. In Section 3, we prove some Hardy type inequalities for a-fractional differentiable
functions and obtain the classical ones as special cases when a = 1.

2 Basic concepts and lemmas

In this section, we present some basic definitions concerning conformable fractional calculus. For more
details, we refer the reader to [1] and [7].

Definition 2.1. Let f : [0,00) — R. Then the conformable fractional derivative of order « of f is
defined by
t+et!) — f(t
Dottty L =10

e—0 €

forallt>0and 0 <a <1, and
Do f(0) = lim D, f(t).

t—0t

Let o € (0,1] and f, g be a-differentiable at a point ¢t. Then
Da(fg9) = fDag+gDaf. (2.1)
Further, let @ € (0,1] and f, g be a-differentiable at a point ¢, with g(¢) # 0. Then

Da(g) _ gDocfg_QfDag.
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Remark 2.1. If f is a differentiable function, then

_ 10 ()
Dof(t) =t i

Definition 2.2. Let f : [0,00) — R. Then the conformable fractional integral of order « of f is
defined by

1f(0) = [ 1) dar = [ 2% () do (2.3)
0 0

forallt >0and 0 < o < 1.
Now, we state an integration by parts formula (see [1] and [7]) which is immediate.

Lemma 2.1. Assume that w,g : [0,00) = R are two functions such that w, g are differentiable and
0<a<1. Then for any b >0,

b b
/w(x)Dag(x) dox = w(z)g(x)|} — /g(x)Daw(az) da. (2.4)
0 0

Next, we prove the Holder type inequality needed in the next section (of course, it is the usual

(a=1) (a=1)
Holder inequality for the functions under consideration (i.e., z~ » f(z) and = « g(z)); for com-
pleteness we include its proof).

Lemma 2.2. Let f,g:[0,00) - R and 0 < a < 1. Then for any b > 0,

j|f(x)g(x)|dax< (O/bf(x)|1’dax>'l’(O/b|g(x)|qdax>‘l‘, (2.5)

where 1/p+1/qg =1 (provided the integrals exist (and are finite)).

Proof. For nonnegative real numbers 3, v, the classical Young inequality is

pii<fi 2
p P
Suppose now, without loss of generality, that

b

b
/uwW¢w¢o and /mum¢ﬂ¢a
0

0

Applying Young’s inequality with

6:b|ﬂmw | 7=b'“”w |
[1f@)F daz [l9(@)|? doc

and integrating the obtained inequality from 0 to b, we get

b

|f(z)] lg(x)]
b b
0 (JIf6)P das)” ([ lo(s)]7 das)

b b
_ /5 (@) (2) dosr < / (24 7) du
0 0

dax

10
Q=

=
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b
/ ( f(a (G ) .
0 )

$)Pdas)  q( [lg(s)|?das

0

b b

[If@Pdar [lo@lrdar

0

= 5 + b =-—+-=1,
p g
p([1F)Fdas) a([19()]" das)
which is the desired inequality (2.5). O

3 Hardy type inequalities of a-fractional order

In this section, we state and prove the main results of this paper and we begin with the fractional
version of the classical Hardy type inequality. Throughout the paper, we will assume that the functions
are nonnegative locally a-integrable and the integrals throughout are assumed to exist (and are finite,
i.e., convergent).

Theorem 3.1. Let f be a nonnegative function on (0,00), and 0 < o < 1 and p > 1. Also assume
"L f(x) is continuous on [0,00). Then

(oo}

/( /f ) dm< / L f (@) da. (3.1)

0

= %/f(s) dys. (3.2)

Integrating by parts, see formula (2.4) with w(xz) = FP(x) and Dyg(x) = 1 (note here g(x) = %),
and using Remark 2.1, we obtain (here ¢ > 0)

Proof. Let

t t t t

P [e% [e% o Ip @
/FP(ZL') dal' — m —/foan(x) dax _ t*F (t) o B/ixlfanfl(x)F/(x) dax
a 0 a a a a
0 0 0
an p
_BE p / eFP L (2) F (z) doa; (3.3)
a a
0
note

T

fsa—l
lim 27 F(z) = lim OT = lim ————% = lim ( P )xa_lf(x)as% =0.
z—0t z—0t T P z—0t (u)x

From the definition of F', we see that
aF'(x) = 27 f(z) - F(2),

and substituting it into (3.3), we obtain

t

/F‘D(:C) dalL' — tan(t) _ B

t
k]
0 0
an t /
_UFP@E) B/xaflppfl(x)f(x) doz + B/F”(x) da,
« « @
0
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and so

Thus

¢
tUFP(t) b a-17p-1
FP(z)dor = ——= + —— [ %7 F"" (2) f(z) da.

Applying Holder’s inequality with indices p and p/(p — 1), and using the fact that t*F?(z)/(a — p) is
negative, we get

and so,

Hence,

Let t — 00, and then

which is the desired inequality (3.1). O

Remark 3.1. From the proof of Theorem 3.1 we see that if the condition “z*~1f(z) is continuous
on [0,00)” is replaced either by

(i) 2~ f(z) is continuous on (0,c0) and 11%1 %" 1+Pf( ) =0,
—

or

(ii) lim z*FP(x) =0,

z—0t

then (3.1) is again true.
Corollary 3.1. In Theorem 3.1, if & = 1, then we obtain the classical Hardy inequality (1.1).

Theorem 3.2. Let f be a nonnegative function on (0,00) and 0 < a < 1. Let ¢ > 1 and p > 1. Also
assume that x*~1 f(z) is continuous on [0,00) and p > ¢ — . Then

0/ </f dt)d:z:< P 0/ 2))P dgz. (3.4)

Proof. Let

F(x) ::/f(s)das.

0
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¢
Integrating by parts [z~ “FP(z)dox (here t > 0) with
0

w(e) =2~ F(@), Dagle)=1 (g(@)="=),
Dow(z) =2' (= ca™ ' FP(z) 4+ pa~ “FP ' (2)F'(z)),

we obtain
t

/:E*CFp(sc) dox =

TTCFP(x)x®

! !
0 0
F? / /
teeFP(t
— 7() + E/x*ch(m) dox — B/xlchpfl(x)Fl(w) dox;
a a a
0 0
note
[ s> tf(s)ds
lim 27 F(z)= lim 2 —
z—0+ z—0t T P
a—1 —e
= i Tl = i (e e =
20T (@)~ a0t e —a
P
Thus
t P |
ta c
/:L'ich(l’) dox = P /xlchpfl(x)F/(m) dox
a—c c—a
0 0

Since F'(x) = 2! f(x), we obtain

¢ ¢
/x*CFp(x) dox = TR +-2 /:clchpfl(:E)xo‘*lf(x) dox

0

c—ao c—ao
D f _ F:Dfl(l.) P l rY—¢ B 1
< ¢ — f(x)dozr < — ((z7°FP(x))) * f(x)dax
C_Oéo/ (ijc) P (IC) D C_ab/(xc)p ( )
< P a® " (z 7 FP( ))%f(x) dox
c— ao/

Applying Hélder’s inequality with indices p and p/(p — 1), we obtain (note o — ¢ < 0)

t

O/chp(x) dox < cfa (O/t <(xcpp(x))ppl)fﬂ dax>p’”1 (O/t(:c“_gf(x))l’daw>

Thus ¢

N
o\N
8
4
|
S
5
N—
=8
Q
5
N———
=
IN
—
o
=3
Q
—
N
o
—
53
Q
|
I
—
B
=
IS8
Q
8
N———
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and so

Let t — oo, and then

7x_ch(x)dax<( P )p/oo(xa—;f(x))Pdax,
0 0

which is the desired inequality (3.4). O

Remark 3.2. From the proof of Theorem 3.2 we see that if the condition “x“~!f(x) is continuous
on [0,00)” is replaced either by

(i) >~ f(z) is continuous on (0, 00) and xlgng 22T f(x) =0,

or

(if) lim z® °FP(z) =0,

z—0t

then (3.4) is again true.
Corollary 3.2. In Theorem 3.2, if a = 1, then we have the weighted Hardy inequality (1.2).
Corollary 3.3. In Theorem 3.2, if c = p and a = 1, then we have the classical Hardy inequality (1.1).

Theorem 3.3. Let f be a nonnegative function on (0,00) and 0 < ¢ < a« < 1. Letp > 1. In addition,
v f(t) =0. Then

assume that 2~ f(z) is continuous on (0,00) and 75lim tt
bde el

/ (/f dt) doz < a_c p7 5 f(2))P du. (3.5)

00 t
Proof. Let F(x f f(s)das = [ s*"1f(s)ds and integrate by parts the term [z “FP(x)d,z (here

x €

t>0and 0<e<t small) with

(0%

w(x) =2~ F(2), Dagl)=1 (g(a)="=).
Dow(z) = 2' (= cx™ ' FP(z) + pa~*FP ' (2)F'(z)).

Then we obtain

¢
T FP(2)2®
/IfCFp(x) dox =
¢

_TOFP(E) TR (e) +§/x—ch(x) dox — g/wl‘CFP‘l(x)F'(m) do

« «

/— ' (= cam T FP(a) +pr CFP 1 (z)F (2)) dox

€ €
t t

ta_CFp t
< e U) + E/x_CF”(CE) dox — B/xl_ch_l(m)F/(ff) da,
e @ @

and therefore (letting € — 07), since o — ¢ > 0, we have

t t

/x_CF”(w) dox < A O /xl_ch_l(x)F’(ac) dox.

o —C o —C
0 0



Fractional Hardy Type Inequalities via Conformable Calculus 139

Since F'(x) = —z“~! f(z), we obtain

o —C o —cC

t t

a—c fp
/x_CFp(m) dox < t ®) +-L /xl_CFp_l(a:)xo‘_lf(m) dox
0 0

, t
_ tYCFP(t) 4 p /xa—chfl(x)f(x) dox = w + /330(7C ,F:D 11(33') =1 f(2) da
A 0

Applying Holder’s inequality with indices p and p/(p — 1), we obtain

t p—1

/tx_CFP(a:) dox < ta:fi(t) +-L </((x—CFP(x))Ppl) o dax) N (/t(xo‘;f(x))p daa?>117

o —C

S0,

Py ) < EO P ) das)
([ereaa) < +(afic)(0/< @) dos

Thus

[ rrde s TR (G2 ey dus
0 0

Let t — oo and note

V)
Q
T I
! —-
~
—
&)
S~—
|

a—c toLf(t a—c
lim ¢t » F(t) = lim ——ds = lim — {E() = — lim ( )f(t)tmL r =0,
t—00 t—o0 t t—00 (cfa)t > —1 t—oco \C —
P
s0,
e P \P e
crp a—y p
/a: FP(x)dax < (a — c) /(:B f(x))? dax,
0 0
which is the desired inequality (3.5). O

Corollary 3.4. In Theorem 3.3, if o = 1, then we have the weighted Hardy inequality (1.3).
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Short Communication

MALKHAZ ASHORDIA, SHOTA AKHALAIA, MZIA TALAKHADZE

ON THE ANTIPERIODIC PROBLEM FOR SYSTEMS
OF NONLINEAR GENERALIZED ORDINARY
DIFFERENTIAL EQUATIONS

Abstract. A general theorem (principle of a priori boundedness) on the solvability of the antiperi-
odic problem for systems of nonlinear generalized ordinary differential equations is given.

6)3%;]33. dmygobomos bmyopo mgmegds (s3@om@gmo Yggsbgdol 3M06(3030) gobbmyowgdgm
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(35601 53mblbs@mdols Fglobgd.

2010 Mathematics Subject Classification: 34K10.
Key words and phrases: Systems of nonlinear generalized ordinary differential equations, the
Kurzweil-Stieltjes integral, antiperiodic problem, solvability, principle of a priori boundedness.

Let n be a natural number, w > 0 be a real number, A : R™ — R™*™ be a matrix-function with
bounded total variation components on every closed interval of the real axis, and f : R x R™ — R"
be a vector-function belonging to the Carathéodory class corresponding to the matrix-function A on
every closed interval of the real axis.

Consider the nonlinear system of generalized ordinary differential equations

dx = dA(t) - f(t,x) (1)
with the antiperiodic condition
r(t+w) =—x(t) for t € R. (2)
We will assume that
Aft+w)=A{t)+C and f(t+w,z)=—f(t,—x) for t e R, z € R", (3)
or
Alt+w)=—-At)+C and f(t+w,z)= f(t,—z) for t e R, x € R", (4)

where C' € R™*" is a constant matrix.

The theorem on the existence of a solution of problem (1), (2), which is given below and called
the principle of a priori boundedness, generalizes the well known Conti-Opial type theorems (see
[6,7,12] for the case of ordinary differential equations) and supplements earlier known criteria for
the solvability of nonlinear boundary value and initial problems for systems of generalized ordinary
differential equations (see, e.g., [1-5,11,13,14] and the references therein).

Analogous and related questions are investigated in [7-10] (see also the references therein) for
the boundary value problems for linear and nonlinear systems of ordinary differential and functional
differential equations.

To a considerable extent, the interest to the theory of generalized ordinary differential equations
has also been stimulated by the fact that this theory enables one to investigate ordinary differential,
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impulsive and difference equations from a unified point of view (see, e.g., [1-5,11,13,14] and the
references therein).
Throughout the paper, the following notation and definitions will be used.

R =] — 00, +o0[, Ry = [0,+0], [a,b] (a,b € R) is a closed interval.
n,m
R™*™ is the space of all real n x m-matrices X = (z;);;", with the norm || X[ = 37 [zal;

ii=1
R} = {(mll)?lzl cag>00G=1,...,n;1l=1,...,m)}.
Opnxm (or O) is the zero n x m-matrix.
If X = (za);2, € R™™, then | X| = (|zal);Z,
R"™ = R™*! is the space of all real column n-vectors = = (z;)1;; R? = R7*1.
If X € R™*™ then det X is the determinant of X; I, is the identity n x n-matrix; diag(A1, ..., An)

is the diagonal matrix with diagonal elements A1,..., \,.
var? (X) is the total variation of the matrix-function X : R — R™*™ on the closed interval [a, b], i.
the sum of total variations of its components z;; (i = 1,...,n; 1 =1,...,m); V(X)(t) = (v(zy)(t ))?1 1

where v(x)(0) = 0, v(xy)(t) = varf(x;) for t > 0 and v(xy)(t) = — vard(zy) for t < 0;

X(t—) and X (t+) are the left and the right limits of the matrix-function X : [a,b] — R™*™
at the point ¢ (we will assume X (t) = X(a) for t < a and X(t) = X(b) for t > b, if necessary);
AX@)=X(t)— X(t—), ATX(t) = X(t+) — X (¢);

BV([a, b],R™*™) is the set of all matrix-functions of bounded variation X : [a,b] — R™*™ (i.e.,
such that var® (X) < +oc0);

BVs([a,b], R™*™) is the normed space of all X € BV([a,b],R"*™) with the norm ||X|; =
sup{[| X (t)]| : t € [a,b]}.

A matrix-function is said to be continuous, nondecreasing, integrable, etc., if each of its components
is such.

I C R is an interval.

C(I,R™*™) is the set of all continuous matrix-functions X : I — R™*™,

If By and By are normed spaces, then the operator g : By — By (nonlinear, in general) is positive
homogeneous if g(Ax) = Ag(z) for every A € Ry and = € Bj.

The operator ¢ : BV([a, b],R™) — R™ is called nondecreasing if for every z,y € BV([a,b], R™) such
that x(t) < y(¢) for t € [a, b] the inequality ¢(z)(t) < ¢(y)(t) holds for t € [a, b].

If o : I — R is a nondecreasing function, then D, = {t € I : a(t+) — a(t—) # 0}.

81, 2, 8¢ : BV([a, b], R) = BV([a, b],R) are the operators defined by

s1(x)(a) = Sz(x)(a) =0,
Z A~ z(1) and sz Z Atz(r) for a <t <b,

a<t<t a<t<t

and

sc()(t) = x(t) — s1(x)(t) — s2(x)(t) for ¢ € [a,b].
If g : [a,b] — R is a nondecreasing function, z : [a,b] — R, then

t

/a:(T) dg(t) = / z(7)dsc(g9)(T) + Z x(T)A7g(T) + Z z(T)ATg(r) for a<s<t<b,

S I s<t<t s<T<t
where [ x(7)ds.(g)(7) is the Lebesgue-Stieltjes integral over the open interval |s, t[ with respect to
Js,t[
b
the measure 1(s.(g)) corresponding to the function s.(g); if @ = b, then we assume [ x(t) dg(t) = 0;

a
t

so, [ z(7)dg(r) is the Kurzweil-Stieltjes integral (see [11,13,14]);

S



On the Antiperiodic Problem for Systems of Nonlinear Generalized Ordinary Differential Equations 143

L([a,b],R; g) is the space of all functions z : [a,b] — R, measurable and integrable with respect to
the measure 1(g.(g)) for which

D le@®IATgt) + D la(B)|ATg(t) < oo,

a<t<b a<t<b

with the norm ||z||z,4 = f\x ()| dg(t)

If gj : [a,b] = R (j = 1,2) are nondecreasing functions, g(t) = ¢1(t) — g2(t), and z : [a,b] = R,
then

¢ ¢ ¢
/(E(T) dg(t) = /w(T) dgi(7) — /x(T) dgz(1) for a <s <t <hb.
s S S

It G = (gzk)izzl . [a,b] — R™™ is a nondecreasing matrix-function and D C R™ ™ then

L([a,b], D;G) is the set of all matrix-functions X = (zx;),72; : [a,b] — D such that zy; €
L(la,b], Ry gi) (i=1,...,L; k=1,...,n; 5 =1,...,m);

n t l,m
/dG (1) = (Z/xkj(T)dgik(T)> for a <s<t<b,
k=17,

ij=1
ln . In
S;(G)(t) = (s5(gan) (1)) —y (1 =1,2) and Se(G)(t) = (sc(gir) (1)), o_y-
If Dy € R™ and Dy € R™*™ then Car([a,b] x Dy, Da; G) is the Carathéodory class, i.e., the set

of all mappings F' = (fi;)j~, : [a,b] x D1 — D3 such that for each i € {1,...,1}, j € {1,...,m} and
ke{l,....,n}

(i) the function fi;(-,x): I — Dq is pu(sc(gik))-measurable for every x € Dy;

(ii) the function fi;(¢, -) : D1 — Ds is continuous for p(s.(g:x))-almost every ¢ € I and for every
t € Dyg,,, and

sz7

Sup{|fkj('7x)| S DO} € L([avaR;gik)
for every compact Dy C Dy .

If G : [a,b] — R™™ (j = 1,2) are nondecreasing matrix-functions, G(t) = G1(t) — Ga(t), and
X :[a,b] = R™™ then

t

/dG(T)-X(T):/thl(T)- /dG2 ) for a<s<t<b

S

Sp(G)(t) = Sk(G1)(t) — Sk(G2)(t) (k= 172), Se(G)(t) = Se(Gr1)(t) — Se(G2)(t);
If G4 (t) = V(G)(t) and Ga(t) = V(G)(¢) — G(t), then

Dw

L([avb]aD;G): L([avb]7D§Gj)a

<.
Il
Jan

Car([a,b] x D1,D2;G) = [ | Car([a,b] x D1, Ds; G;).

e

1

J

If G(t) = diag(t,...,t), then we omit G in the notation containing G.
The inequalities between the vectors and between the matrices are understood componentwise.
Below we assume that

Ax(t)

V(A)(t) and As(t) = V(A)(t) — A(t).
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A vector-function z : R — R" is said to be a solution of system (1) if its restriction on every closed
interval [a,b] C R belongs to BV([a, b], R™), and

t

z(t) = z(s) + /dA(T) f(r,z(7)) for s <t

S

Under the solution of problem (1), (2) we mean a solutions of system (1) satisfying the condition (2).

Let B € BV([a,b],R"*"), n : [a,b] = R™ and ¢ : BV([a,b],R™) — BV([a,b],R™) be a matrix-
function, a vector-function and an operator, respectively. Then by a solution of the system of gener-
alized ordinary differential inequalities

dr —dB(t) -z < dn(t) +dq(x) (=) for t € [a,b]

we mean a vector-function z € BV([a, b], R™) such that

(t) —a(s) — /dB(T) ~x(7) <n(t) —n(s) + q(@)(t) — q(z)(s) (=) for a <s <t <b.

In addition, if the vector-function 7 : [a,b] — R™ is nondecreasing and ¢ : BV([a,b],R") —
BV([a,b],R7}) is a positive homogeneous nondecreasing operator, then by Qg , , we denote a set of
all solutions of the system

|dx — dB(t) - z| < dn(t) + dg(|z|).
If n(t) = 0 and ¢ is the trivial operator, then we omit 7 and ¢ in the notations containing ones.
So, Qg is the set of all solutions of the homogeneous system of generalized differential equations

dx =dB(t) - x.

We define

n

a(t) =Y v(a)t) (=1,...,n) and a(t) = Zai(t) for ¢t € R.

i=1

Under conditions (3) or (4), it is not difficult to verify that if a vector-function z is a solution of
system (1), then the vector-function y(t) = —z(t + w) (¢t € R) will be the solution of system (1), as
well. Indeed, by definition of the solution of the system, using (3) or (4), we have

y(t) —y(s) = f(x(t +w)—ax(s+ w))

t+w t
—— [ A s = [ aA@ o) fr b wor+w)
s+w s

t

= / dA(T) - f(1,y(7)) for s <t.

S

Therefore, if x € BV([a,b],R™) is a solution of system (1) on the closed interval [0,w] satisfying the
condition

2(w) = —2(0), (5)

then its w-antiperiodic continuation, i.e. the vector-function y(t) = (—1)*z(t — kw) for kw < t <
(k+ 1w (k=0,£1,£2,...) will be a solution of the w-antiperiodic problem (1), (2).
In connection with this fact, we consider the boundary value problem (1), (5) on the closed interval

[0,w]. Below we will give the sufficient conditions guaranteing the solvability of the latter and hence
of problem (1), (2), as well.
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Definition 1. The pair (P,[) of a matrix-function P € Car([0,w] x R™,R"*"; A) and a continuous
operator [ : BV,([0,w],R™) x BV,([0,w], R™) — R"™ is said to be consistent if:

(i) for any fixed x € BV,([0,w], R™) the operator I(z, -) : BV4([0,w], R™) — R™ is linear;
(ii) for any z € R™, z and y € BV,([0,w], R™), the inequalities

1P 2) | < €& N120), N, )l < Solllzlls) - llylls

are fulfilled for p(g.(«))-almost all ¢ € [0,w] and for ¢ € D,, where {& : Ry — Ry is a
nondecreasing function, and £ : [0,w] x Ry — R, is a nondecreasing in the second variable
function such that £(-,s) € L([0,w],Ry; ) for every s € Ry;

(iii) there exists a positive number /5 such that for any = € BV,([0,w],R™), ¢ € L([0,w],R™; A) and
co € R™, for which the conditions

det (I, — AT A(t) - P(t,z(t))) # 0 for t € [0,w]

and

det (I, + ATA(t) - P(t,2(t))) #0 for ¢ € [0,w]
hold, an arbitrary solution z of the boundary value problem
dy = dA(t) - (P(t,2(t)y +q(t)), Uz,y) = co

admits the estimate
lylls < B(llcoll + llgllz.a)-

Theorem 1. Let A € BV([0,w],R"*™), f € Car([0,w] x R™, R"; A) and let there exist a positive
number p and a consistent pair (P)l) of a matriz-function P € Car([0,w] x R", R"*™: A) and a
continuous operator [ : BVs([0,w], R™) x BV,([0,w],R™) — R™ such that an arbitrary solution of the
problem

de = dA(t) - (P(t,z)x + A\[f(t,z) — P(t,2)]z), (6)
A@(0) + z(w)) + (1 = N)i(z,z) =0 (7)

admits the estimate
z]ls < p (8)
for any X €1]0,1[. Then problem (1), (2) is solvable.

Definition 2. Let S C BV, ([0,w],R™*™), L be a subset of the set of all bounded vector-functionals
[:BV4([0,w],R™") — R"™, and y € BV([0,w],R™). We say that

(i) a matrix-function By € BV([0,w],R"*™) belongs to the set £% if the condition
det (I, — A By(t)) #0 and det (I, + AT By(t)) #0 for t € [0,w] 9)
holds and there exists a sequence By € S (k=1,2,...) such that

lim ||Bx — Bolls =0;
k—+oo

(ii) a vector-functional Iy : BV4([0,w], R™) — R™ belongs to the set £} (y) if there exists a sequence
lp € L(k=1,2,...) such that
lim 1k (y) = lo(y)-

k—+o00
Definition 3. Let go : BV([0,w],R") — BV([0,w],R™) be a positive homogeneous nondecreasing
operator, and hg : BV4([0,w],R") — R’} be a positive homogeneous operator. We say that the pair
(S, L) of the set S C BV, ([ w], R"*™) and the set £ of some vector-functionals ! : BV,([0,w], R™) —

R™ belongs to the Opial class Op , ~if:
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(i) every operator | € L is linear and continuous with respect to the norm || - ||s;

(ii) there exist the numbers rg, & € Ry and a nondecreasing function ¢ : [0,w] — R such that the
inequalities
IBO)[[ <m0, [1B(t) = B(s)l| < ¢(t) = p(s) for 0<s <t<w

and
1) < Eollylls
are fulfilled for any B € S, 1 € £ and y € BV([0, w], R™);

(iii) if for By € £2 the function y € BV,([0,w],R™) is a solution of the system

|dy — dBo(t) - y| < dgo(lyl)

under the condition
llo(y)] < ho(lyl),
where Iy € £2(y), then y(t) = 0.

If

t
w()(0) = [ dGalr) - ww)(r) for y € BY(D.w]B)
0
where Gy : [0,w] — R™ is a nondecreasing matrix-function, and go : BV4([0,w], R} ) — BV ([0,w],R7})

is a positive homogeneous operator, then we write Og, ., instead of Ogo) ho-

Definition 4. Let P € Car([0,w] x R™",R"*™; A) and let | : BV4(]0,w],R™) x BV,([0,w],R™) —
R™ be a continuous vector-functional. We say that the pair (Bp,ly) of the matrix-function By €
BV ([0, w], R™*™) and the vector-functional o : BV([0,w], R") — R™ belongs to the set &% p; if there
exists a sequence ) € BV,([0,w],R™) (k= 1,2,...) such that the conditions
¢
lim dA(T) - P(1,25(7)) = Bo(t) uniformly on [0, w] (10)

k—4oc0
a

and

lim I(zg,y) =lo(y) for y € Qp,

k—+4o0

are valid.

Definition 5. We say that the pair (P,{) of the matrix-function P € Car([0,w] x R™, R®*"; A) and
the continuous operator [ : BV,([0,w],R™) x BV,([0,w],R™) — R™ belongs to the Opial class O% with
respect to the matrix-function A if:

(i) for any fixed z € BV,([0,w], R"), the operator I(x, - ) : BV4([0,w], R") — R" is linear;

(ii) for any z € R™, z and y € BV,([0,w],R™), the inequalities

1P 2) [l < &), iz, vl < ollylls (11)

are fulfilled for p(g.(a))-almost all ¢ € [0,w] and for t € D,, where & € Ry, and & €
L([O,w],R+;a);

(iii) the problem
dy = dBo(t) -y, lo(y) =0

has only the trivial solution for every pair (Bo,lo) € £} p;-
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Remark 1. By (10) and (11), the condition
[ATA®)|| - £(t) <1 and ||ATA®)]|-£() <1 for t € [0,w]
guarantees condition (9).

Corollary 1. Let A € BV([0,w],R™*™), f € Car([0,w] x R™, R™; A) and let there exist a positive
number p and a pair (P,1) € O% such that an arbitrary solution of problem (6), (7) admits estimate
(8) for any X €]0,1[. Then problem (1), (2) is solvable.

Corollary 2. Let A € BV([0,w],R"*™), f € Car([0,w] x R",R"; A), P € L([0,w],R"*™; A), and let
1:BV,([0,w],R™) = R™ be a bounded linear operator such that

det (I, — ATA(t) - P(t)) #0 and det (I, + ATA(t) - P(t)) #0 for t € [0,w]
and the problem
dy = dA(t) - P(t)y, I(y)=0

has only the trivial solution. Let, moreover, there exists a positive number p such that an arbitrary
solution of the problem

dr = dA(t) - (P(t)z + A[f(t,z) — P(t)z]),
AMz(0) + z(w)) + (1= N)(z) =0
admits estimate (8) for any A €]0,1[. Then problem (1), (2) is solvable.

The following result is analogous to the well-known one belonging to R. Conti and Z. Opial for the
boundary value problems for ordinary nonlinear differential equations (see [6,7,12]).

Corollary 3. Let A € BV([0,w],R™*™), f € Car([0,w] x R",R™; A) and let a pair (P,1) € O% be
such that
[f(t,2) = P(t, x)x| < B, [lx]]) for t €[0,w], zeR", (12)

and

2(0) + 2(w) — Uz, 2)| <lo(|z]) + Li([Jz]ls) for @ € BV([0,w],R™), (13)

where 3 € Car([0,w] x Ry, RY;A) is a nondecreasing in the second wvariable vector-function,
lo : BV4([0,w],RY}) — R} is a positive homogeneous continuous operator, and Iy € C(R4,R").
Let, moreover,

. lh(p)
kEI_"I_lOO P /dV B(7,p) = On, pEIJPoo P = Op. (14)

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

By Yp(z) we denote the fundamental matrix of the system

dy = dA(t) - P(t,x(t)) y
for every = € BV([0,w], R™), satisfying the condition Yp(z)(a) = I,.

Corollary 4. Let A € BV([0,w],R™*"™), f € Car([0,w] x R",R™; A), P € Car([0,w] x R",R"*™; A)
and a continuous operator 1 : BV4([0,w], R™) x BV4([0,w], R™) — R", satisfying conditions (i) and (ii)
of Definition 5, be such that conditions (12)~(14) hold, where 8 € Car([0,w] x Ry, R} ; A) is a nonde-
creasing in the second variable vector-function, ly : BV4([0,w], R ) — R’} is a positive homogeneous
continuous operator, and Iy € C(Ry,R%). Let, moreover,

inf {| det(I(x, Yp(x)))| : = € BV4([0,w],R™)} > 0. (15)

Then problem (1), (2) is solvable.
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Remark 2. In Corollary 4, condition (15) cannot be replaced by the condition
det(I(z,Yp(x))) #0 for x € BV,([0,w],R"™). (16)

The corresponding example for the ordinary differential systems, i.e., for the case where A(t) =
diag(t,...,t), has been constructed in [8]. Basing on these example, it is not difficult to construct
analogous examples for the case where A(t) # diag(t,...,¢). Consider the scalar boundary value
problem

de = (f'“r 1)da(t), 2(0) = —z(w),

1
where at) = 0 for 0 <t < cand «a(t) = —2 for ¢ < t < w, and ¢ = w/2. Every solution of the system
has the form

z(0) for 0 <t <c,
(t) = |(0)]x(0)
x(0) — 2( +1> for c <t <w.
1+ [(0)]
This problem is not solvable because the equation z(0) + z(w) = 0 is not solvable with respect to the

2(0). On the other hand, if we assume P(t,z) = —%- and I(z,y) = y(0) + y(w) in this case, then

1+|z|
1 for 0 <t <eg,
Y(t) =
(*) I—M for e<t<w
1+ Jz(c)]

for © € BV4([0,w], R™) and, therefore,

2

det(i(z,Yp(x))) = 1+ |z(c)|

for x € BV4([0,w],R™).

Thus, all conditions of Corollary 4 are fulfilled except of condition (15), instead of which condition
(16) holds.

Remark 3. In particular, we can assume that [(z,y) = 2(0) + z(w) and I(z) = l(x,2) = 2(0) + z(w)
in the results given above. So, for example, the second estimate in condition (ii) of Definition 1 is
fulfilled. Condition (7) in Theorem 1 and Corollary 1 as well as the analogous condition in Corollary 2
coincides to condition (3). Condition (13) is valid for the lp = 0 and I; = 0 operators.
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