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Abstract. Some algorithms are given and applied in an appropriate computer environment to solve
approximately the initial value problem for scalar nonlinear Caputo fractional differential equations
on a finite interval. Various schemes for constructing successive approximations are suggested. They
do not use Mittag—Lefller functions and as a result the practical application of the algorithms is
easier. Several particular initial value problems for Caputo fractional differential equations are given
to illustrate the advantages of the iterative techniques.*
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1 Introduction

Various processes with anomalous dynamics in science and engineering can be formulated mathemat-
ically using fractional differential operators because of its memory and hereditary properties [6, 13].
There is only a small number of fractional differential equations, including linear equations with
variable coefficients, which can be solved in closed form and this causes some problems in practical
applications.

This paper considers an initial value problem for a nonlinear scalar Caputo fractional differential
equation on a closed interval. Several iterative techniques combined with the method of lower and
upper solutions are applied to find the approximate solution of the given problem. Mild lower and mild
upper solutions are defined. Several algorithms for constructing two convergent monotone functional
sequences are given and we prove that both sequences converge and their limits are minimal and
maximal solutions of the problem. When the right-hand side of the equations are monotone functions
with respect to the time variable, the elements of these sequences do not depend on Mittag—Leffler
functions and they can be obtained in closed form with the help of an appropriate software such as
Wolfram Mathematica.

We note that iterative techniques combined with lower and upper solutions are applied in the
literature to approximately solve various problems in ordinary differential equations [11], second order
periodic boundary value problems [5], differential equations with maxima [1,7], difference equations
with maxima [3], impulsive integro-differential equations [8], impulsive differential equations with
supremum [9], differential equations of mixed type [10], and Riemann-Liouville fractional differential
equations [4,16].

2 Preliminary and auxiliary results

The Caputo fractional derivative of order ¢ € (0, 1) is defined by (see, for example, [13])

t
1

¢, Dim(t) = Ta—g /(t — )7 9m!(s)ds, t > to. (2.1)

to

Let tg be an arbitrary initial time. Usually we think of the independent variable ¢ as time in
differential equations, so we will assume ¢y € R;..

Definition 2.1 ([15]). We say m(t) € C([to,T],R"™) if m(t) is differentiable (i.e., m/(t) exists), the
Caputo derivative § D%m(t) exists and satisfies (1) for ¢ € [to, T].

Consider the initial value problem (IVP) for the nonlinear Caputo-type fractional differential equa-

tion (FrDE)
tc(')th‘T(t) = f(t"r(t)) for t € [thtO + T]7
x(to) =Xy,

where g € (0,1), zg € R, f: [to,to +T]| xR =R, x: [to,to +T] — R.

Any solution x = z(¢) of the IVP for FrDE (2.2) satisfies x € C([to,to + T], R).

If x(t) is a solution of the IVP for FrDE (2.2), then it satisfies the following Volterra integral
equation

(2.2)

t

/(t —8)17 f(s,2(s)) ds for t € [tg,to + T (2.3)

to

1
I'(q)
and, conversely, if © € CY([to,to + T],R) is a solution of (2.3), then it is a solution of the IVP for
FiDE (2.2).

Definition 2.2. We say that the function z € C([to, to +T],R) is a mild solution of the IVP for FrDE
(2.2) if it satisfies equation (2.3).
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Remark 2.1. The mild solution z(¢) of the IVP for FrDE (2.2) might not have a fractional derivative
Dz (t).
to/t

Let 19 € Ry, 79 # to be a different initial time. Consider the following IVP for FrDE similar to
(2.2) but with a different initial time (ITD):

¢, Dix(t) = f(t,z(t)) for t € [ro,70+T], x(r0)= 0. (2.4)

The change of the initial time reflects not only the initial condition but also the fractional derivative
on the solution.

Example 2.1. Let to =0, 1o = 1, ¢ € (0,1) and consider two initial value problems with initial time
difference for scalar Caputo fractional differential equations

c tl_q
and
{Diz(t) == o for t>1, z(l)==x (2.6)
P T(2 - ) ’ o '
Let f(t,z) =« F(%_qq) .

The solution of (2.5) with z¢p =0 is z(¢t) =t, t > 0. The solution of (2.6) with zy = 0 is given by

t
ok
—— [ (t—s)T sds #t=x(t), t>1.
F(q1 ),

Therefore, the shift of the fractional derivative changes the solution.

Note that for y(t) = t — 1 = (t — 1) we get §Dfy(t) = Sl " ie., §Dfy(t) = f(t - 1,y(t)). This

result is theoretically proved in the following Lemma.

Lemma 2.1 ([2, Lemma 3.1] (Shift solutions in FrDE)). Let the function x € C1(Ry,R™), a > 0, be
a solution of the initial value problem for FrDE

°Dix(t) = f(t,z(t)) for t >a, x(a)=xo. (2.7)
Then the function T(t) = x(t +n) satisfies the initial value problem for the FrDE
EDIE() = f(t+m,3(1) for t> b, F(b) = 0, (28)
where b >0, n =a —b.

Remark 2.2. Let y(¢t) be a solution of the IVP for FrDE (2.4) for ¢ > 79. Then according to
Lemma 2.1, § Dfy(t+n) = f(t+n,y(t +n)) with n =70 — to.

Let 6y € Ry, 6y # to, 6y # 7o, be a different initial time. Consider the following IVP for FrDE
o, Dix(t) = f(t,x(t)) for t € [0o,00 +T], x(6p) = wo. (2.9)

Note that the IVP for FrDE (2.9) is similar to (2.2) and (2.4) but with different initial times and,
proceeding from the above, they may have different solutions in spite of the same initial value.

3 Mild lower and mild upper solutions of FrDE

Following the ideas in [12], we present various types of lower/upper solutions of FrDEs.

Definition 3.1. We say that the function v € C([tg,to + T],R) is a minimal (maximal) solution of
the IVP for FrDE (2.2) if it is a solution of (2.2) and for any solution u € C([tg,to + T],R) of (2.2)
the inequality v(t) < u(t) (v(t) > u(t)) holds on [tg,to + T



Iterative Techniques with Initial Time Difference and Computer Realization for the IVP for Caputo FDEs 5

For any point ¢y > 0 and any function £ € C([tg, to + T]) we define the operator A by

t

Alto, §)(t) = &(to) + ﬁ /(t —5)17 1 f(s,&(s)) ds, t € [to,to + T]. (3.1)

to

Remark 3.1. According to Definition 2.2, any mild solution z(t) of the IVP for FrDE (2.2) is a fixed
point of the operator A. Any fixed point & € C([to,to + T]) of the operator A is a mild solution the
IVP for FrDE (2.2) if £(to) = =o.

Similar to Definition 2.7 [12], we present the following definition.
Definition 3.2. We say that the function v € C([to, to+ T, R) is a mild lower (a mild upper) solution
in [to,to + T of the IVP for FrDE (2.2) if
(3.2)
Remark 3.2. A mild lower/upper solution of the IVP for FrDE (2.4) and (2.9), respectively, are
defined by Definition 3.2 where the initial time point ¢¢ is replaced by 7y and 6y, respectively.

Lemma 3.1. Let the function f € C([to,to+T] x R,R) be nondecreasing in its second argument, x(t)

be a mild solution of the IVP for FrDE (2.2) and v(t) be a mild lower solution on [to,to + T] of (2.2)

such that v(tg) < xo. Then v(t) < z(t) on [tg,to + T.

Proof. Assume that the claim is not true. Therefore, there exists a point t* € (to,to + 1) such that
v(t) < z(t), tE€ [to,t™), v({t*)==z(t*) and v(t) > z(t), t € ("¢ +9),

where § is a small enough positive number. Using the monotonic property of the function f, we obtain

z(t*) = v(t*) < wv(to) + L/t—sq1f811(s))als

I'(q)
1 "
<zo+— [ (t—9)T"1f(s,z(s))ds = z(t"), 3.3
o+ p [T ) s =a), (3)
to
which is a contradiction. Therefore, v(t) < z(t) on [tg,to + T]. O

Similar to Lemma 3.1, we have the following result.

Lemma 3.2. Let the function f € C([to,to+7T] xR, R) be nondecreasing in its second argument, x(t)
be a mild solution of the IVP for FrDE (2.2) and w(t) be a mild upper solution on [to,to +T] of (2.2)
such that w(ty) > xg. Then w(t) > x(t) on [to,to + TJ.

Lemma 3.3. Let 0y < tg and the function f € C(([fo, 60 +T]U [to, to +T]) x R,R) be nondecreasing
in both its arguments, x(t) be a mild solution of the IVP for FrDE (2.2) and v(t) be a mild lower
solution on [0p,00 + T) of (2.9) such that v(0y) < xo. Then v(t —n) < z(t) on [to,to + T|, where
n=ty— 6y >0.

Proof. From Definition 3.2 and Remark 3.2, we have

t

/(t —8)17 f(s,v(s))ds, t € [0y,00+ T, (3.4)

0o

1

v(t) S U(eo) + @



6 R. P. Agarwal, A. Golev, S. Hristova, D. O'Regan and K. Stefanova

or
t—n

/ (t—mn-— s)qflf(s, v(s))ds, t € [to,to+ T). (3.5)

fo

ot — 1) < v(6) + ﬁ

Applying the substitution v = s + 1 to equation (3.5), we obtain

t

v(t —mn) <wv(to —n) + ﬁ /(t — ) (v —n,v(v —n))dv for t € [ty,to + T).

to
Define v(t) = v(t — n) € C([to, to + T],R). Therefore v(tg) = v(to — 1) = v(6y) < xo and

t t

3(t) < (to) + ﬁ / (t— )0 f (v — 0, 50)) dv < B(to) + ﬁ / (t— ) F (1, 3(w)) d,

t() t()

i.e., the function ¥(t) is a mild lower solution on [tg, ¢y + T of the IVP for FrDE (2.2).
According to Lemma 3.1, the inequality v(t) < z(t) holds on [tg,tg + T1. O

The proof of the following result is similar to that in Lemma 3.3 so we omit it.

Lemma 3.4. Let to < 6y and the function f € C(([0o, 00 +T)U [to,to + T]) x R,R) be nonincreasing
in its first argument and nondecreasing in its second argument, x(t) be a mild solution of the IVP
for FrDE (2.2) and v(t) be a mild lower solution on [0y, 00 + T] of (2.4) such that v(8y) > xo. Then
v(t —n) > x(t) on [to,to + T|, where n =ty — 0y < 0.

Similar to Lemma 3.3, using Lemma 3.2 instead of Lemma 3.1, we have the following results.

Lemma 3.5. Let tg < 19 and the function f € C(([0, 70 + T] U [to,to + T]) x R,R) be nondecreasing
in both its arguments, x(t) be a mild solution of the IVP for FrDE (2.2) and w(t) be a mild upper
solution on 19,70 + T of (2.4) such that w(rg) > xo. Then w(t + &) > x(t) on [to,to + T|, where
E=1—1t1>0.

Lemma 3.6. Let tg > 19 and the function f € C(([70,70 +T] U [to, to + T]) x R,R) be nonincreasing
in its first argument and nondecreasing in its second argument, x(t) be a mild solution of the IVP for
FrDE (2.2) and w(t) be a mild upper solution on [r9, 70 + T] of (2.4) such that w(rp) > xo. Then
w(t+ &) > x(t) on [to, tg + T, where & = 19 — tg < 0.

4 Main results

We study the case when the IVP for FrDE (2.2), defined on [tg, to + T, has a mild lower and a mild
upper solutions defined on different intervals. We will call this case the initial time difference (ITD).
In the case when the right-hand side of the FrDE is a monotonic function we present two algorithms
for constructing successive approximations to the solution of the IVP for FrDE (2.2).

Case 1. The initial time of the mild lower solution is less than the initial time of the mild upper
solution.

Theorem 4.1. Let the following conditions be fulfilled:

(1) Let the points Oy, to, 70 : 0 < by < tg < 79 be given and the function v € C([0p, 00+ T)) be a mild
lower solution of the IVP for FrDE (2.9) on the interval [0y, 00+ T such that v(6y) < x¢ and the
function w € C([ry, 70 + T]) be a mild upper solution of the IVP for FrDE (2.4) on the interval
[10, 70 + T such that w(rg) > xg. Let, additionally, v(t —n) < w(t+E&) fort € [to,to+ T, where
n:to—HOZO, E=19—11>0.

(2) The function f € C(([0o,00 + T) U [to,to + T U [70,70 + T]) x R,R) and it is nondecreasing in
both its arguments.
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Then there exist two sequences of functions {v(™ (t)}° and {w™ (t)}§°, t € [to,to + T, such that:
(a) The sequences are defined by v (t) = v(t —n), wO(t) = w(t + &) and forn > 1

o™ (1) = At, v Y) + 20 — vV (1)

t

and

w™(t) = A(te, w™ V) + 20 — w™V(tg)

t
To %/t—sq Li(s,w™ YV (s))ds for t € [to,to+T). (4.2)

(b) The functions v (t), n =0,1,2..., are mild lower solutions of the IVP for FrDE (2.2).
(c) The functions w™ (t), n =0,1,2..., are mild upper solutions of the IVP for FrDE (2.2).

(d) The sequence {v(™ (1)} is increasing on [to,to + T), i.e., vE=D(t) < vF)(t) for t € [to,to + T,
k=1,2,....

(e) The sequence {w™(t)} is decreasing on [to,to + T), i.e., w*=V(t) > wF)(t) for t € [to, to + T],
k=1,2,....

(f) The inequality
v () <w®(t) for t € [to,to+T], k=1,2,..., (4.3)
holds.
(g) Both sequences converge on [to,to + T| and

V(t) = lim o™ (), W)= lim w™(t), t € [to,to + T).

k—oc0 k—o0

(h) The limit functions V(t) and W (t) are mild solutions of the IVP for FrDE (2.2) on [to, to + T.

(i) For any mild solution x(t) of IVP for FrDE (2.2) the inequalities V() < z(t) < W(t) for
t € [to,to + T hold, i.e., the functions V (t), W(t) are mild minimal and mazimal solutions.

Proof. According to Lemma 3.3 and Lemma 3.5, if there exists a solution z(t) in [to,to + 1] of the
IVP for FrDE (2.2), then v(t —n) < x(t) < w(t — &) for t € [to,to + T]. We now prove the existence
of the solution and will give an algorithm for obtaining it.

Define v(0)(t) = v(t —n) and w(O (t) = w(t +£) for t € [tg,to + T]. Then v (ty) = v(6y) < ¢ and
’w(o)(to) = U.)(To) > Zy.

Then applying the substitution v = s + 1, we get

O (8) = o(t — ) < v(6o) + ﬁ / (t— 15— 8)7 f(s,0(s)) ds

0o
L L
= ulto=1)+ {1 /(t—u) =, 0(=0)) dv =000+ /(t—u) L (=, 0© (1)) do
0O (o) + ﬁ/t—uq L, 0O (W) dv, t e [to, to + T, (4.4)
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Therefore, the function v(®)(¢) is a mild lower solution on [tg,to 4+ T of the IVP for FrDE (2.2).
Similarly, we prove that the function w(® () is a mild upper solution on [to,to 4+ T] of the IVP for
FiDE (2.2).

We use induction to prove the properties of sequences of successive approximations.

Let n = 1. From equation (4.1) we get v(!)(ty) = xo and applying the monotonic properties of the
function f, we obtain

V() = ﬁ/t—sq (5,0 (5)) ds
< v (6o) + ﬁ /(t — )17 f(5,01 (s)) ds, t € [to, to + T, (4.5)

i.e., the function vV (¢) is a mild lower solution of the IVP for FrDE (2.9). Also,

O (1) = ot ) = 1O (to) + ﬁ [E=0 0 - noO ) av
1 / qg—1 1
< 20+ F((])/(t )T O () dy = oD (1), t € [to,to + T. (4.6)

Assume v*=D(¢) < v®)(t), k > 1 and v (t) is a mild lower solution of the IVP for FrDE (2.9).
Then

t

o (1) Wﬁ / (£ — )7 £ (5,05 (s)) ds
R / q—1 (k) — kD)
Sxo—l—r(q) /(t—s) f(s,0%)(s))ds = vFTV(1), t € [to, o + T, (4.7)

and

¢
/(t )1 f(s, 0D (8)) s, t € [to, to + T, (4.8)
to
i.e., the claims (b)—(e) are true.

By induction we prove the claim (f).

The sequences {v(™ ()}5° and {w(™ (t)}5° being monotonic and bounded are uniformly convergent
on the interval [tg,to + T]. Let for ¢ € [to,to + T] we denote

V(t) = lim v™(t) and W(t) = lim w™(t).

n—oo n—oo

According to (b), (c¢) and (d), the inequalities

o™ () S V(t), tElto,to+T), W(t) <w™(t), t€lto,to+T], n=0,1,2,...,

(4.9)
V() <W(t), te [t to+T),
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hold.
Taking the limit in (4.1) and (4.2) we obtain the Volterra fractional integral equations

t

V) :xo—l—ﬁ/(t—s)q_lf(s,\/(s))ds, € [to,to + T,

W(t) =z + ﬁ /(t —8)T (s, W(s))ds, tE€ [to,to+T).

to

(4.10)

Therefore, the limit functions V' (¢) and W (¢) are mild solutions of the IVP for FrDE (2.2).

Let x(t) be an arbitrary mild solution of the IVP for FrDE (2.2). According to Lemma 3.3 and
Lemma 3.5, it follows that v(®) = v(t —n) < 2(t) < w(t + &) = w©(t) on [to, o + T]. Therefore, there
exists a number N € NU {0} such that ™) (t) < z(t) < w(©(t) for t € [to,to+ T]. Then applying the
monotonicity property of the function f and the choice of N, we obtain

t

U(N+1)(t) =z0 + ﬁ /(t — s)q—lf(s,v(N)(S)) ds
oot (=0T el ds =20, teloto+TL (411

to

O

Therefore, V(t) < z(t), t € [to,to + T]. The rest of the proof is similar and we omit it.

In the special case when the right side part of the FrDE (2.2) does not depend on z, i.e., f(t,z) =
f(t), we have the following result.

Corollary 4.1. Let condition (1) of Theorem 4.1 be satisfied and the function f be nondecreasing.
Then for all m > 1 the equalities v (t) = w™(t) = x(t), t € [to, to + T], hold, where the successive
approzimations v (t) and w™ (t) are defined by (4.1) and (4.2).

Example 4.1. Let g =0,tg = 0,79 = 2, T = 0.9 and consider the IVP for the scalar Caputo FrDE
sDYPx(t)y=x+1 for t€[0,0.9], z(to) = zo. (4.12)

Its solution is given by

¢
o(t) = 20 Ens(t%) + [ (69 Eospa((t - 9°%) ds for ¢ [0,09) (4.13)
0
o0 k o) k
where Eg(z) = ) e and Eap (z) = > Tarsp are the Mittag-Leffler functions with one and
k=0 k=0

two parameters, respectively. Note that the integral in (4.13) cannot be solved in closed form and the
solution cannot be obtained as an expression of classical functions.

Now we apply the above technique to find approximately the solution as a limit of a sequence of
explicit functions.

Let Tog = 0.

The function v(t) = t” — 0.01 is a mild lower solution on [0,0.9] of the IVP for FrDE (4.12), since
the inequality

1
(0.5)

t
t"—0.01 < /(t —8)79%(1 45" —0.01)ds for t€0,0.9] (4.14)
0

is satisfied (see Figure 1).
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T — V() — w(b)

of === Integral === Integral

Figure 1. Example 2. Graph of the mild Figure 2. Example 2. Graph of the mild
lower solution ¢7 — 0.01 on [0, 0.9]. upper solution #2 on [2,2.9].

o === w(t) === V()

o8f /// — Integal 4 — w()
Figure 3. Example 2. Graph of the function Figure 4. Exampe 2. Graph of the mild
2 on [0,0.9]. lower and mild upper solutions on [0,0.9].

Consider equation (4.12) with replaced tq = 0 by 79 = 2. The function w(t) = ¢? is a mild upper
solution on [2,2.9] of the IVP for FrDE (4.12) with to = 2, since the inequality

/(t —5)705(1 + s%)ds for t € [2,2.9] (4.15)

9 1

()

is satisfied (see Figure 2). Note that the function w(t) = t? is not a mild upper solution on [0,0.9]
of the IVP for FrDE (4.12) (see Figure 3). At the same time, the inequalities v(t) = t7 — 0.01 <
w(t+2) = (t+2)? for t € [0,0.9] hold (see Figure 4).

Define the zero lower and upper approximations by v(®(t) = v(t) = 7 — 0.01 and w®(¢) =
w(t+2) = (t+2)? for t € [0,0.9].

From equation (4.1) we get

¢
. 1 P 4096
) _ L )05 T - - 4,15 8.5
oW () =0+ T05) /(t s)77P(1+s"—0.01)ds T(0.5) <0.99 3t + 109395 3 ),

0
t
1 2 4096
@) (4) = +— )05 (1(0. 99 2 415 85) 4
v (t) (F(O.5))2/( s) <(05)—|—0993s + 100305 ° )5
0

1 2
= TP (r(0.5) S 117 4 0.120501¢ + 0.00109083t10), te0,0.9],

i.e., the successive approximations are polynomial functions and there is no problem in obtaining them
in a closed form with the corresponding integrals.
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aof o< — VO
e n 8t L WO — v
25k ol === v s - N )
’ ol T g — wihy — v
4 —_ -7
200 ,z” vem 61 e - WO =mm V()
g s
P — V) N — WO — v
15[ " - -
- V(D) ap” o - W) - VO
N — Ot /,—"' _ = = - wOM) — VO
_______ 2t e e _ W®
osf gl — Ve ~ e wOt)
zZ / . B —_— )
L t L . —r==" t

Figure 5. Example 2. Graph of the lower Figure 6. Example 2. Graph of the lower
approximations defined by (4.1). and upper approximations defined by (4.1)
and (4.2).

Similarly, we get

t

1
W) = — [ (t-s)%1 2)2)d
w'(¢) 0+F(0.5)/( s) 1+ (s+2)%)ds
0
_L Elﬁ £3.5 Ezﬁ
7F(0.5)(3t + e T ),te[0,0.Q].

Using the software Wolftam Mathematica 10.0 we obtain the successive approximations with the
graphs given in Figures 5 and 6.
Then the approximate solution of the IVP for FrDE (4.12) is defined as

0O (t) + w® (t)

5 = 1.12838t%° + ¢! + 0.752253t° + 0.5¢2

qr(t) =
+0.300901¢2° 4 0.499167t> + 0.0833333¢* + 0.00833333t> + 0.000694444¢0.

Case 2. The initial time of the mild lower solution is greater than the initial time of the mild upper
solution.

Theorem 4.2. Let the following conditions be fulfilled:

(1) Let the points 0y, to, T0: 0 < 79 < to < by be given and the functions v, w: v € C([0p, 00 + T),
w € C([1o, 70 + 1) be lower and upper solutions of the IVP for NIFrDE (2.2) on the intervals
(00,00 + T and [10,70 + T, respectively. Let, additionally, v(t +n) < w(t) for t € [ro, 70 + T,
where n =6y — 19 > 0.

(2) The function f € C(([0o,00 + T U [to,to + T] U [10,70 + T]) x R, R) is nonincreasing in its first
argument t and it is nondecreasing in its second argument x.

Then there exist two sequences of functions {v™ (£)}s° and {w™ (t)}$°, defined by recurrence
formulas (4.1) and (4.2), where vO(t) = v(t +n), wO(t) = w(t — &) and the claims (b)-(i) of
Theorem 4.1 are true.

Example 4.2. Consider the IVP for the scalar Caputo FrDE

t
¢DY3x(t) = 2% — 20 for t€[1,3], x(1)=0. (4.16)
Now we apply the above technique to find approximately the solution as a limit of two sequences

of explicit functions.
In this case we can find mild lower and mild upper solutions of the IVP for FrDE (4.16) on the

interval [1, 3].
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-02f -—- V() === w(t)

— Integral 04 — Integral
Figure 7. Example 3. Graph of the mild Figure 8. Example 3. Graph of the mild
lower solution v(¢) = —0.5 on [1, 3]. upper solution w(t) =1 — 0.1t on [1, 3].

The function v(t) = —0.5 is a mild lower solution on [1, 3] of the IVP for FrDE (4.16), since the

inequality
t

1 s
05 < o [ (E=9)70T((<05)° — o) ds for te 1 1.1
05*1“(0.3)/( s) (—0.5) 5g,) 45 for € (1,3 (4.17)
1
is satisfied (see Figure 7).
The function w(t) = 1 — 0.1¢ is a mild upper solution on [1, 3] of the IVP for FrDE (4.16), since
the inequality
. ¢
1-0.1t > t=8)07((1-01s)* = 2 ) ds for L€l 4.1
0 _F(O.S)/( s) (1-0.1s) 5g,) 45 for € [1,3] (4.18)

1

is satisfied (see Figure 8).
Therefore, g =tg =19=1, T=2and n=& =0.
Define the zero approximation by v(®) (t) = v(t) =
From equation (4.1) for ¢ € [1, 3] we get

—0.5, wO(t) = w(t) =1—0.1¢, t € [1,3].

V() =0+ r(% /(t - 3)70-7((—0.5)3 - i) ds

= 0.334273(—2. + 1)°3(— 0.998772 4 (0.703571 + ¢(—0.113519 + (0.00599603 — 0.000141416¢)t))),

i.e., the successive approximations are the polynomial functions and there is no problem solving in a
closed form with the corresponding integrals.
Similarly, we get

S

20) ds, te1,3].

wM(t) =0+ ﬁ /(t - s)—°-7((1 —0.15)% —
1

The graphs of the mild lower and upper solutions, obtained by Wolfram Mathematica, which are
successive approximations, are given in Figure 9.

Remark 4.1. Both algorithms given above in Theorems 4.1 and 4.2 and illustrated in Examples 4.1,
4.2 could be applied in the special case when both mild upper and mild lower solutions have one and
the same initial time, i.e., n =& = 0.

Remark 4.2. From the proof of Theorem 4.1 we see that we use the monotonic property of the
function f(t,x) only when € R : v(t) < z < w(t) for t € [tg,to + T|. Therefore, if a function
f satisfies the monotonic property in condition (2) of Theorem 4.1 and Theorem 4.2 when z € R :
v(t) <z < w(t) for t € [to,to + T, then we may be able to modify f so that Condition 2 is satisfied
for all x € R.
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°8F T R WO
; o
— we --- Integral of v(t)
02 N V(O’(t) — w(t)
i - = s o V(l)(t) -—-- Integral of w(t)
—02f — V@)
Figure 9. Example 3. Graph of the lower Figure 10. Example 4. Graphs of the mild
and upper approximations. lower /upper solutions and the correspong in-
tegrals on [0, 0.6].
Example 4.3. Consider the IVP for the scalar Caputo FrDE
. t
cDY3x(t) = o) +t%7 for t €[0,0.6], z(0)=1. (4.19)
x
The function f(t,z) = £ + %7 is not defined when = = 0.
Consider the functions v(t) =t + 1, w(t) = t%3 + 1, t € [0,0.6] and note that
t
1
D=t+1<1+ oo [(E-9)" 7 (= +507) ds, t€[0,06
) =tt+ls +F[0.3]/( *) sy1 7o )ds tel0.06],
0
1 t s (4.20)
=104 1< 14+ o (0= 9™ (o °7)ds, e [0,06
w(t) s +F[0.3}/< 2 gayg e )ds 1el0.06],
0

o(t) < w(t), teo,0.6],

hold (see Figure 10).
Therefore, the functions v(t), w(t) are mild lower and upper solutions of the FrDE (4.19) and
condition (1) of Theorem 4.2 is satisfied with tg = 79 = 6y = 1. We can define a function fi(t,z) €

C([0,0.6] x R,R) by
t
fl(t :,C) _ f(t,:c) = . +t0‘7, te [0.0.6], x>1,
f(t,1) =t+t%7,  te[0,0.6], =<1,

The function f; (¢, ) is nondecreasing in ¢ and nonincreasing in z, i.e., condition (2) of Theorem 4.2
is satisfied and we can construct two sequences of successive approximations to the solution z(¢) of the
IVP for FrDE (4.19) with v(t) < x(t) < w(t). We apply formulas (4.1) and (4.2) with tg =79 =6y = 1
and replace f(t,x) by fi(t,x).

Remark 4.3. An appropriate iterative scheme for monotonic right side parts for the periodic bound-
ary value problem for the Caputo fractional differential equation is given in [14].
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Abstract. The sufficient conditions for the existence of an asymptotically stable invariant toroidal
manifolds of linear extensions of dynamical system on torus are obtained in the case where the matrix
of the system commutes with its integral. New theorem requires the conditions to hold only in a
nonwandering set of the corresponding dynamical system in order to guarantee the existence and
stability of the invariant manifold. Additionally, the proposed approach is applied to the investigation
of invariant sets of a certain class of discontinuous dynamical systems.
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1 Introduction and preliminaries

One of the important questions within mathematical theory of multi-frequency oscillations is the
problem of the existence and stability of invariant toroidal manifolds of the systems of differential
equations that are defined in the direct product of a torus and Euclidean space. Such manifolds serve
as carriers of multi-frequency oscillations in the system. The basics of this theory are systematically
developed in [8,13].

In this paper, we establish new sufficient conditions for the existence of an asymptotically stable
invariant torus of a particular class of dynamical systems subjected to Lappo—Danilevskii condi-
tion [1, Chap. II, §13]. We propose an approach that relaxes conventional constraints and requires
the conditions to hold only in nonwandering set of the corresponding dynamical system in order to
guarantee the existence and stability of invariant manifold. This extends the result in [3], where the
analogous conditions are being imposed on the whole surface of the torus. In the last section, we
extend this approach to a certain class of discontinuous dynamical system [4] defined in the direct
product of a torus and Euclidean space.

We consider the following system of ordinary differential equations defined in the direct product
of a torus T, and Euclidean space R"

dﬁ_ dxr

o e, = P(p)x + f(), (1.1)

where ¢ = (¢1,...,0m)t € Ty @ = (21,...,2,)T € R, P(p), f(¢) € C(Tim); C(T,,) stands for a
space of continuous 2m-periodic with respect to each of the component ¢,, v = 1,...,m, functions
defined on the m-dimensional torus T,,. The function a(¢) € C(7T,,) and satisfies the Lipschitz
condition

la(e”) = ale)ll < Lll¢" — &'l (1.2)

for any ¢, ¢” € T,, and some positive constant L > 0.
Condition (1.2) guarantees that the system

2 — (o) (1.3)

generates a dynamical system on the torus T,,, which we will denote as ().
Along with system (1.1), we consider a linear system of equations

X = PlooDe + F(ole)), (14)

that depends on ¢ € T,,, as a parameter.

Definition 1.1 ([13]). A manifold M is called an invariant manifold of system (1.1) if M is defined
by = u(p), ¢ € T, with the function u(p) € C(T,,) such that z(t,») = u(p:(p)) is a solution to
(1.4) for any ¢ € Ty,

The main approach to investigate the properties of invariant toroidal manifolds of system (1.1)
is based on the notion of a Green—-Samoilenko function [13]. Consider the homogeneous system of
differential equations

dx
=~ _p 1.
= P(aule))e, (15)
that depends on ¢ € T,, as a parameter and denote by Qf(p) the fundamental matrix of (1.5)
satisfying Q7 (¢) = E.

Let C(¢) be a matrix from the space C(T,,). Denote

Golr. ) = {ﬂwcwm r <0,
T RE - Cler(9)), T>0.
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Definition 1.2 ([13]). The function Gy(7, ¢) is called a Green—Samoilenko function of the system

dfgpi dx

T —alp) G =P,

+oo
it [ ||Go(r, )| dr is bounded uniformly with respect to ¢,

—0o0

+oo
sup / |Go(, )] dr < co.
©ETm

—00

The existence of the Green—-Samoilenko function guarantees the existence of an invariant toroidal
manifold of system (1.1) for any inhomogeneity f(y) € C(7,,) and can be presented as [13]

+oo
= u(p) = / Golr, 0)f(+(¢)) dr, € T,

— 00

2 Main results

Consider system (1.1) for the case when the matrix P(¢:(¢)) commutes with its integral (the so-called
Lappo-Danilevskii case [1, Chap. II, §13]): for any t > 7,

t

P(@t(@))/P(@tl(@)dtl = /P(@tl(W)dtl < P(pi(0))- (2.1)

T

Then the equality
QL () = o1 Pl (9)) dia

is actually the fundamental matrix of the homogeneous system (1.5) that depends on ¢ € T, as a
parameter. Really, taking into account that

t
d
5 [ Plentondn = P,
we have
&0t (p) = o7 PN 9 P, (p)) = Plpu(p))el PO = (o)) ().

Additionally, Q7 (¢) = E.
Note also [2] that a (2 x 2)-matrix of the form

_p(ei(e))  alei(w))
P@@) = 14o0) nler(@)

satisfies the Lappo—Danilevskii condition (2.1).

Definition 2.1 ([9]). A point ¢ € T, is called a wandering point of the dynamical system (1.3) if
there exist a neighbourhood U(p) and a time T' = T'(¢) > 0 such that

Up)Np(U(p) =2 Vt>T.

Let W be a set of all wandering points of the dynamical system (1.3) and let M = T, \ W be a
set of all nonwandering points. Since T, is a compact set, it is known [9] that M # & is invariant
and compact subset of T,,. Moreover, the following theorem holds.
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Theorem 2.1 ([9]). For any € > 0, there exists T(g) > 0 such that for any ¢ ¢ M, the corre-
sponding trajectory () remains outside the e-neighbourhood of nonwandering set M for a time, not
exceeding T'(e).

Now we are in position to state the main result of the paper.
Theorem 2.2. Let the Lappo—Danilevskii condition (2.1) hold and uniformly with respect to ¢ € Ty,

there exist ,

tim = [ Plou(o) ds = Alg). (2.2)

t—o0

If for every p € M
ReA(A(p)) <0 (2.3)

for all eigenvalues N(A(p)) of the matriz A(p), then system (1.1) has an asymptotically stable invariant
toroidal manifold for any f(¢) € C(Tm)-

Proof. From condition (2.1) it follows that for ¢ > s > 0,

t t

m%w»/Pwammnz/Pwﬂanfmmw» (2.4)

After differentiating equality (2.4) by s, we get P(¢:(¢))P(ps(v)) = P(ps(v))P(et(¢)). Hence,

t s

[ Penenan - [ Penan = [ [ Pen@)Peutednd,

T T

= [Pentonpiea@nasan =" [ Penienan. [P,

e—

Taking the limit s — oo in the last equality, we get

t t

/Hw&mﬁrM@:Aw%/PWAan (2.5)

T T

¢
It means that the limit matrix A(¢) commutes with its integral [ P(¢y, (¢)) dt1.
T
Due to (2.2), we may introduce the matrix B such that

~+ | =

/Pwu@muzmw+3ww,

where
sup ||B(t, )| — 0, t — oc.
PETm
The next step of the proof is to prove that the matrices A(p) and B(t, ) commute. Indeed, from
(2.5) we get
t

Alp) Blt.) = A0 |7 [ Plont)dn - 45|

T

= %/P(‘Ph(‘»@))dtl - A(p) — A%(p) = B(t, ) A(p).
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Then from the equality
t

[ Pleatonds = Ate) - t+ Bt -4
0
we derive that the fundamental matrix of the homogeneous system (1.5) has a representation

Qb () = elo Plon (@) din — otA(R)FB(he) — ¢tA) . otB(t:0) (2.6)

The aim of the further steps of the proof is to prove that condition (2.3) guarantees the following
estimate
126(e)]| < Ke™™ ¥t >0, (2.7)

for any ¢ € T,, and for some positive constants K,n > 0 which do not depend on ¢ € T,,.
Due to the uniformity of the limit in (2.2), we find that

map ¢ — A(p) is continuous on T,.

Then, from [5], the eigenvalues of A(y) depend continuously on ¢. Hence, from (2.3), it follows that
there exist v > 0 and ¢ € (0,7) such that

Vo € 0-(M), ReA(A(p)) < —27,

where O (M) is an e-neighbourhood of M.
By a picked € > 0, we choose T7 = T1(¢) such that

sup ||B(t, || <e Vit>T. (2.8)
PE€Tm

Next we prove that there exists K7 > 0 such that for any ¢ € O.(M) and for any ¢ > 0 the
inequality
€A < Ky -e™ (2.9)
holds.
Choose some ¢y € O.(M). Due to the properties of the exponent, there exists C(pp) > 0 such
that for any ¢ > 0,

A < Clpo)e = . (2.10)
Due to the continuity of A(yp), there exists § = d(po) > 0 such that for any ¢ € Os(po),
gl
A —A < . 2.11
1A(p) = Awo)l 3C(p0) (2.11)

The matrix X (t) = eA(¥) is a solution to the Cauchy problem

X = A(p0)X + (A(p) — A(po)) X,
X(0) = E.

Using the variation of the constant method, we obtain
t
X(t) = ettt / (t=A00) . (A(p) — A(0)) X (s) ds.
0

Then from (2.10), (2.11) we get

g

t
3
IX@ < Clon)e ¥ 4 [ %09 T X ds,
0

t
3y Yo sy,
X @) e tSC(wo)+/§'e2 [ X (s)]l ds.
0
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Applying the Gronwall inequality to the last inequality, we finally get

Vt>0, Vo€ Os(po) [le@] < Clpo)e .

From a cover {O(;(W)(goo)}%em of the compact set O (M) let us pick a finite subcover
{0540 (i)}, Letting Ky = max C(p;), we get (2.9).

Finally, for ¢ € O-(M), due to equality (2.6) and inequalities (2.8), (2.9), we get: for all ¢ > T7,

||efot P(s@s(w))dsH = ||eA@HBLR| < [ (-7 Het, (2.12)

In the case for ¢ ¢ O.(M), we use Theorem 2.1, which says that there exists 7 = 7(p,e) < T'(g) such
that ¢, () € O (M). Hence, for t > T(e) + 11,

o8 PoaoNds|| = ||eJd Plec(eds . of PlosoDds| < (dT(E) . ||fa™™ Ploslor(e))ds)

< e TE) R e(-7He) (=) < (A7) T(e) [¢ (=7 +e)t (2.13)

where d = max [|P(p)].
PpET,
From estimates (2.12), (2.13) we derive the desired inequality (2.7).

2(p), 7<0
0, T7>0
|Go(r,0)|| < Ke™"7l, 7 € R, and it is a Green-Samoilenko function of the invariant tori problem.
Moreover, estimate (2.7) is sufficient for the existence of an asymptotically stable invariant toroidal
manifold of system (1.1) of the form

From (2.7) it directly follows that the function Go(7, ) = { " satisfies the estimate

0
= u(p) = / (o) (pr(9) dr, 0 € T

This completes the proof. O

Remark 2.1. From the proof of Theorem 2.2 it follows that the constant n > 0 in (2.7) can be
chosen as
=— Re A;(A —¢,
n=-max max Re i(Alp)) —¢

where € > 0 is arbitrarily small.

Remark 2.2. Since V¢ > 7, V0 € R QL(pg(p)) = Qii%((p), from (2.7) it follows that
Vi>T, YoeTn || (e ||< Ke "7,

Example 2.1. Consider the following system:

d—(p = —sin? (f),

dt 2
@ 2.14
dt ( cosp  sing > (fl(cp)> (2.14)
= . T+ )
dxo sing  —Cosy f2()
dt

where ¢ € T1, © = (21, 72) € R?, f(¢) = (fi(¥), fap)) € C(T1).

Note that the symmetric matrix P(p) = (;;?jf —Sizrcl);ogo

dition (2.1).

> satisfies the Lappo—Danilevskii con-
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For the dynamical system %‘f = —sin2(§) on the torus 77, the set M of nonwandering points

consists of a single point ¢ = 0. The point ¢ = 0 is a fixed point, and all other trajectories tend to 0
as t — +oo. Hence, uniformly with respect to ¢ € T,

((JOS(sDt(so)) sin(¢(¢))

im Plee(e)) = . { gin(er(p)) —cos<¢t<s0>>):<01 —01)

t—o00 t—o00

and
t

g (-1 0
A= lim — [ Ppi, () dts = ( 0 —1>'

t—o00

Since

Re ;A = Re ), <_01 _01> =-1<0, j=1,2,

system (2.14) satisfies the conditions of Theorem 2.2 and has an asymptotically stable invariant
toroidal manifold.

3 Application to discontinuous dynamical systems

Let us apply the proposed approach to a certain class of discontinuous dynamical systems [6,7,12,14]

dy B

E - a((p)’ ® € va

d

dff =Plp)z+ flp), ¢¢T, (3.1)

Az| = 1(0)z +g(p),

where T' C T, a(p) € C(T,,) satisfies (1.2), P(p), f(¢) € C(Twm), I(p),g(p) € C(T).

We assume that the set I' is a smooth submanifold of a torus 7,, of dimension m — 1 and is defined
by the equation ®(¢) = 0, where ®(¢) is a continuous scalar 27-periodic with respect to each of the
components @, v = 1,...,m, function.

Denote by t;(¢), i € Z, the solutions of the equation ®(¢:(¢)) = 0, which are the moments of
impulsive perturbations in system (3.1). We assume that for every ¢ € T, the corresponding solutions
t =t;(p) exist, 2~1>1§|:noo t;(p) = £oo, and uniformly with respect to ¢t € R and ¢ € T,

1 1 = 2
m T p <o, (3 )
where i(a7 b) is the number of points ti(go) in the interval (a, b).

Along with system (3.1), we consider a linear system

% = P(pu(@))x + f(pe(9), t# Li(p),

(3.3)
Az, o = Lt (9)T + 9010 (9));

that depends on ¢ € 7,, as a parameter.

Let Cr(7,,) be a space of piecewise continuous 2m-periodic with respect to each of the components
Yy, v =1,...,m, functions that are defined on the m-dimensional torus T,,.

Definition 3.1. A set M is called an invariant set of system (3.1) if M is defined by z = u(p), ¢ € Th,
where a piecewise continuous function u(yp) € Cr(7T,,) is such that z(¢, ¢) = u(¢i(p)) is a solution to
(3.3) for any ¢ € Ty,
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The problems of the existence and stability of invariant toroidal sets of (3.1) have been studied
in [10,11]. Consider the homogeneous system of equations

dx

E = P(@t(@))xa t 75 ti(go)a (34)
Aa:|t:ti((p) = I(goti(@)(go))x.

Let X!(¢) be a fundamental matrix of (3.4) with X7 (¢) = E.
Let C(¢) be some matrix from the space Cr(7,,). Denote

GW.):{@wmwwa <o,
’ ~X2(p)(E — Clp- (), T>0.

Definition 3.2. A function Go(T, ¢) is called a Green—Samoilenko function of the impulsive system

de _

= Tm,
o a(p), ¢ €
dx
Z_p r
o (@), &T,

A‘T|¢er = I(p)z,
if
IXE(P)|| < Ke™71 1,7 € R, (3.5)
for some K > 1, n > 0, not depending on ¢ € T,.

Then the invariant toroidal set of system (3.1) can be presented as

+oo
z = u(p) = /Go(mo)f(wr(tp))dﬂr > Golti() +0,90)9(214)(#), © € T

—oo<t;(p)<oo

Conditions (3.2), (3.5) guarantee the convergence of the integral and sum. Hence, the existence of the
Green—Samoilenko function G (T, ¢) is a sufficient condition for the existence of invariant toroidal set
of system (3.1).

Theorem 3.1. Let for system (3.1) conditions (3.2) hold, the matriz P(p) satisfy conditions (2.1)
and (2.2), the matrices A(p) and I(¢) commute ¥ ¢ € Ty, and, additionally,

Y+ plha <0,

where
Y= max max ReXj(A()), a=sup|[E+ ()]
weM j=1,...,n el

Then system (3.1) has an asymptotically stable invariant toroidal set.

Proof. Choose € > 0 such that v+ plna + 3¢ < 0. The fundamental matrix of the impulsive system
(3.4) can be presented in the form [14]

X =% TI B+ Ienm@))2 Y, @), (3.6)
0<t; (p)<ti ()

where to(p) = 0, t;(¢) < t < tir1(p), QL(p) is the fundamental matrix of unperturbed system for
which the estimate

sup [|QL ()| < K10+ for ¢ > 1 (3.7)
©E€ETm
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holds with an arbitrarily small e and some constant K1 = K;(¢) > 0 (see Remark 2.1). Due to (2.6),
we have

() = ef TE I mnater(0) | - Bl-Ter ()
From a commutativity of the matrices A(¢) and I(yp) it follows that matrices E + I(¢,_, (©)) and

Qtj (¢)

lt_71(@(@) commute. Then from representation (3.6) and estimates (3.7), (2.8) we get the estimate

| XE ()| < Ko 29100 for ¢ >0,

where Ky = Ka(e) > 0 does not depend on .

From the existence of the uniform limit (3.2) it follows that there exists some K3 = Ks(e) > 1,
not depending on ¢, such that o0t < KseletPIne)t  Then for the fundamental matrix we get the
estimate

IXE ()] < K - eCtromalt for 4>,

X2(p), T<0,
0, T>0

is a Green—Samoilenko function of the invariant tori problem. Hence, system (3.1) has an asymptoti-
cally stable invariant toroidal set defined by

where K = K(g) > 0 does not depend on . This means that the function Go(7, ) =

0
= ufp) = / XU @ dr+ S X0 o @)9(@ni(@)): 9 E T

—00<t;(¢)<0

This completes the proof. O
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BOUNDARY VALUE PROBLEMS FOR FAMILIES
OF FUNCTIONAL DIFFERENTIAL EQUATIONS



Abstract. We consider boundary value problems for all equations from a family of linear functional
differential equations. The necessary and sufficient conditions for the unique solvability and existence
of non-negative (non-positive) solutions are obtained.*
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1 Introduction

In the recent years, the boundary value problems for functional differential equations have been
investigated in many works (for example, [1,6-12]). We offer new conditions for a unique solvability
of boundary value problems and the existence of solutions with a given sign. It turns out, these
conditions are sharp in some family of equations.

Here we use the following notation: AC" 1[0, 1] is the space of functions x : [0, 1] — R for which
there exist absolutely continuous derivatives of order less than n; CJ[0, 1] is the space of continuous
functions x : [0;1] — R with the norm || z|c = tren[goi] |z(t)|; L[0, 1] is the space of integrable functions

) :
z 1 [0;1] — R with the norm || z||r, = [ |2(s)| ds.
0

We consider general boundary value problems for linear functional differential equations

{xw (t) = (Tx)(t) + f(t), te[0,1],

lbir=q; 1=1,...,n,

(1.1)

where T : C[0,1] — L[0,1] is a linear bounded operator; f € L[0,1]; ¢; : AC"_I[O,l] — R, i =
1,...,n, are linear bounded functionals with the representation

n—1 1
lix = Z iz (0) + /goi(s)x(”)(s) ds, i=1,...,n,
j=0 0

@; : [0,1] = R, i = 1,...,n, are measurable bounded functions, a;; € R, ¢,j = 1,...,n; a; € R,
i=1,...,n. A solution of (1.1) is a function from the space AC™ [0, 1] which satisfies for almost all
t € [0,1] the functional differential equation from problem (1.1) and the boundary value conditions
from (1.1).

Such problem (1.1) has the Fredholm property (see, for example, [2]), therefore problem (1.1) is
uniquely solvable if and only if the homogeneous boundary value problem

{xw () = (Tz)(t), telo,1],

1.2
Eil‘zo, i=1,...,n, ( )

has only the trivial solution.

We will use the notation ¢ = {¢1,02,...,4,}, a = {1, a9,...,a,}.

An operator T : C[0,1] — L[0,1] is called positive if for every non-negative function z € CJ0, 1]
the inequality (Tx)(t) > 0 holds for a.a. ¢t € [0, 1].

Here we suppose that p™, p~ € L[0, 1] are the given non-negative functions.

Definition 1.1. Denote by S(p™,p~) the family of all operators T : C[0,1] — L[0, 1] such that
T=T+_-T",
where T+, T~ : C[0,1] — L[0, 1] are linear positive operators satisfying the conditions
TH1 =pt, T71=p.
Definition 1.2. We say that the pair (p,p~) belongs to the set A, , if problem (1.1) is uniquely
solvable for every operator T' € S(p™,p™).

Definition 1.3. We say that the pair (p*,p~) belongs to the set ]B%;@(a, f)if (p*,p7) € Ay and a
unique solution of problem (1.1) is non-negative for every operator T' € S(p™,p~).

Definition 1.4. We say that the pair (p*,p~) belongs to the set B (e, f) if (p*,p7) € A, and a
unique solution of problem (1.1) is non-positive for every operator T € S(p™,p™).
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In this paper, we give an effective description of the sets A, ¢, B} ,(a, f), B ,(a, f) under the

following condition. We suppose that the boundary value problem

{mw(t) — ft), telo1, (1.3)
J4

r=a;, 1=1,...,n,

is uniquely solvable. Then its solution w has a representation
= axi(t) + (GF)(t), te[0,1],
i=1

where the functions x1, s, ..., z, form a fundamental system of solutions to the equation z(™) = 0;
G : L[0,1] - AC"![0,1] is the Green operator defined by the equality

:/G(Ls)f(s) ds, t€|0,1];
0

G(t, s) is the Green function of problem (1.3). Note, that the Green function G(t, s) has a represen-

tation
G(t,s) = C(t,s) + ZZcijxi(t)goj(s), t,s €10,1],
i=1 j=1
where ( -
t—s)""
- <t<L1
Clt,s) =< (n—1!" ~— -
0, 0<t<s<l,

ci; €R, 4,5 €{1,2,...,n}.

2 The unique solvability for all equations with operators from
the family S(p™,p7)

Denote
(Gp)(t), te[0,1],

t)=pt(t)—p (1), v(t)=1-
) SE[O,H, 0<t; <ty <1,

G(t2, s)v(t1) — G(t1, s)v
= lalta _
= e g =
p~) belongs to the set A, ¢ if and only if one of the following conditions

—~

p
gtzﬂflﬂ)(s)

for any a € R.

Theorem 2.1. The pair (p*,
holds:
(1) v(t) >0 for allt € [0,1] and

1
/ gtz,h, ( )]_ +p_(8)[gt2,t1ﬂ)(8)]+) ds < U(tQ) fO’I" all0 <ty <tz < L;
0

(2) v(t) <0 for allt €10,1] and

1
/ gtz,tl U( )]+ +p_(s)[gt2,t17v(s)]_) ds < —’U(tg) fOT all0 <ty <ty <1
0
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For proving Theorem 2.1, we need the following lemma (see [3,4]).

Lemma 2.1. Boundary value problem (1.2) has only the trivial solution for every operators T €
S(p*,p™) if and only if the boundary value problem

2™ (t) = pr(t)z(tr) + p2(t)z(tz), t€(0,1],
| (2.1)
lLix=0, 1=1,...,n,
has only the trivial solution for every functions py, pe and points ty, to such that
p1,p2 € L[Oa 1]7 (22)
prt+pe=p"—p, (2.3)
—p (1) <pit) <p*(t), t€[0,1], i=12, (2.4)
0<t; <ty <1. (2.5)

Proof of Theorem 2.1. Boundary value problem (2.1) is equivalent to the equation
z(t) = (Gp1)()z(t1) + (Gpa2)(t)x(ta), t €]0,1].
This equation has only the trivial solution if and only if the algebraic system
z(ty) = (Gp1)(t)z(tr) + (Gp2)(t1)x(t2),  x(t2) = (Gp1)(t2)z(t1) + (Gp2)(t2)z(t2)

with respect to z(t1), z(t2) has only the trivial solution, that is, when

1= (Gp)(t1)  —(Gp2)(t1)
—(Gp1)(t2) 1 (Gp2)(t2)

1—(Gp1)(t1) w(t1)
—(Gp1)(t2)  v(t2)

A(ty,ta,p1,p2) =

=v(t2) + [ P1(8)gts,t1,0(s) ds # 0, (2.6)
/

We use Lemma 2.1. From the form of the set of admissible function p; (2.4), it follows that
A(ty,t2,p1,p2) does not equal to zero for every ¢;, p;, i = 1,2, if and only if the conditions of Theo-
rem 2.1 are fulfilled. It guarantees the unique solvability of all problems (2.1) under the conditions
(2.2)-(2.5). O

3 Examples

Consider the Cauchy problem

{¢@)=(TwXﬂ-%f@% teo,1],
z(0) = .

As an immediate result from Theorem 2.1, we have

Corollary 3.1. The pair (p™,p~) belongs to the set Ay {20y} if and only if the inequality

1+ ]lp(s) ds(l - ]Zp(s) ds) - /t2p+(3) ds + 7p+(s) ds/t2p+(s) ds >0
0 t1 0 0 t1

holds for all 0 < t; <ts < 1.

Now we can easily get the following known assertion.
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Corollary 3.2 ([5]).

1
(pT,0) € Ay 200y if and only if [pT(s)ds < 1;
0

1
(0,p7) € Ay 120y} if and only if Jp(s)ds < 3.
0

Set pT(t) =T t,p~(t) =T t, t €[0,1], where T+ >0, T~ > 0.
Corollary 3.3. The pair (p™,p~) belongs to the set A1 (2(0)) if and only if
0<Tt<2 0<T <1++5
or

0<Tt<2 T >1+45,
(TP =T NT +2)— (TP A-T)+2T T (TTT —2T+" —4T ) >0.

Consider the Cauchy problem for the second order functional differential equation

{:z(t) = (Tx)(t) + f(t), t€0,1],

(a) = a1, z(a)=as,
From Theorem 2.1, we have
Corollary 3.4.
(0,77) € Ag f2(0),5(0)} if and only if T~ < 16;

(0,p7) € Ay 14(0),2(0)) if P~ (t) <16 for allt € [0,1], p~ # 16.

Consider the Dirichlet boundary value problem

Corollary 3.5.
(TF,0) ¢ A2,{w(0),x(1)} if and only if T+ < 32;

(p+7 O) € AQ,{I(O),E(l)} pr+(t) <32 fOT allt € [07 1]7 p+ 5—'5 32.

4 Non-negative (non-positive) solutions for all equations
with operators from the family S(p™,p~)

Suppose a; € R, i=1,...,n, f € L and

. 1
Z v | +/|f(s)|ds > 0.
i=1 5

For every 0 < t; <ty <1, define

gtz,tl,w(s) = G(tQ’ S)w(tl) - G(th S)w(t2)7 s € [07 1]a
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Ry (t17 t2) = w(tl) + (p+(s)[gt2,t1,w(s)]_ +p (S)[gtz,thw(s)]—‘r) ds,
Ry(t1,t2) = w(ta) + [ (07 (8)[gta,t1,0(9)] T + 07 (8)[gtatr.0(5)] ) ds,
Rs(t1,t2) = w(ty) — [ (07 (8)[gtat2.0(9)]T 4+ 27 (8)[gt2.t1.0(5)] ) ds,

Ry(ty,t2) = w(tz) = [ (PT(5)[gr2t1.0(9)] ™ + 07 (8)[gtat 0 (5)]T) ds.

S O O~ °o—_ _

Theorem 4.1. Suppose (p*,p~) € A, 4.
The pair (p*™,p~) belongs to the set B;e(av f) if and only if one of the following conditions holds:

(1) v(t) >0, w(
(2) v(t) <0, w(

t) >0 for allt € [0,1] and R3(t1,t2) > 0, Ry(t1,t2) >0 for all 0 <3 <ty <1;

t) <0 for allt € [0,1] and Ry(t1,t2) <0, Ra(t1,t2) <0 for all 0 <ty <tg < 1.
The pair (pT,p~) belongs to the set B;’Z(a, f) if and only if one of the following conditions holds:

(1) v(t) <0, w(t) >0 for all t € [0,1] and R3(t1,t2) >0, Ra(t1,t2) >0 for all0 <t; <ty < 1;

(2) v(t) >0, w(t) <0 forallt €[0,1] and Ry(t1,t2) <0, Ra(t1,t2) <0 for all0 <t; <ty <1.

Lemma 4.1. Let (p*,p~) € A, . Then the set of all solutions of problems (1.1) for all operators
T € S(p*,p~) coincides with the set of solutions of the boundary value problem

2 (t) = pr(t)z(tr) + p2(t)a(tz) + f(t), te€[0,1], (4.1)
lix =04, 1=1,...,n, .
for all functions p1, ps and points ty, to satisfying conditions (2.2)—(2.5).

Proof. Let y be a solution of problem (4.1) for some functions p;, ps and for some points t1, to
satisfying conditions (2.2)—(2.5). Then y is a solution of problem (1.1), where T'=T% — T~ and the
positive operators T, T~ are defined by the equalities

(THa)(t) = P (DC(D)a(t) + (1 — C(E)alts), ¢ € 0,1,
(T72)(t) =p~ ()1 = C(¥)x(tr) + p~ ()C(H)a(tz), te€[0,1],
¢ :[0,1] — [0,1] is a measurable function such that
pi(t) =pT()¢(E) —p~ ()1 = ¢(1)), t€[0,1].

Therefore, T € S(p*,p™).
Conversely, let y be a solution of problem (1.1) with T € S(p™,p~). Let

iy = vt gy =ue)

Then for positive operators T+, T~ such that TT1 = pT, T—1 = p~ the following inequalities hold:

pT()y(t) < (TTy)(t) <pt(t)y(ta), t€[0,1],
p (Dy(t) < (T y)(t) <p (Hy(te), te[0,1].

Therefore, there exist measurable functions ¢, ¢ : [0,1] — [0, 1] such that

(TTy)(t) = p* ()1 = C)y(tr) + T (O)C(H)y(t2), t € [0,1],
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(T7y)(t) =p~ @)1 = &()y(tr) +p~ (O)E[@)y(t2), t € [0,1].

So, the function y satisfies problem (4.1) for the functions

pi(t) = (TTL)(O)(1 = ¢(t) — (T71)(1)(1 - £(1), te€[0,1],
p2(t) = (TT1)(1)¢(t) — (T71)()E(), t € [0,1].

It is clear that equality (2.3) and inequalities (2.4) hold. If ¢; > t3, then by renumbering p;, pa, t1,
t2, condition (2.5) will be valid. O

Proof of Theorem 4.1. Find when solutions of (1.1) retain their sign for all T € S(p™,p~). Use
Lemma 4.1. The maximal and minimal values z1 = x(¢1), 2 = z(t2) of a unique solution of problem
(1.1) satisfy the system

{”1 = w(ty) + (Gp1)(t1)1 + (Gpa)(h)as, (4.2)

z2 = w(t2) + (Gp1)(t2)z1 + (Gp2)(t2)x2

for some p1, p2 € L[0, 1] such that conditions (2.3), (2.4) are fulfilled.
Note that w £ 0.
From (4.2), we obtain

_ Aq(t1,t2,p1,p2) o — As(ty,ta,p1,p2)

X 2 _—
YAt e, prpa) Alt1,t2,p1,p2)

where the functional A(tq,ts,p1,p2) is defined by equality (2.6) and retains its sign (the condi-
tions of Theorem 2.1 are fulfilled, therefore sgn(A(t1,t2,p1,p2)) = sgn(l — Gp)); the functionals
Aq(t1,ta, p1,p2) and Ag(ty,ta,p1,p2) are defined by the equalities

Cwt)  —Gp)t) | /
Aq(t1,to,p1,p2) = w(ts) 1— (Gpo)(ts) —w(tl)—/p2(5)9t2,t1,w(3)d5a
01 (4.3)
_ 1= (Gp1)(t) w(t)]
Dot toprpn) = | T = i)+ / P1(S)0ta10(5) ds.

Find the maximum and the minimum of Aj (¢, s, p1,p2), Aa(t1,te, p1,p2) with respect to p1, po
at the fixed rest arguments. From representations (4.3) we have

Ryi(t1,t2) = max  Aq(ty,t2,p1,p2), Ra(ti,t2) = max  Ag(ty,t2,p1,02),
—p~ <p2<p* —p~ <p1<p*
R3(t1,t2) = i Ai(t1,t2,p1,p2), Raltr,t2) = i Ag(ty,ta, p1,p2),
that proves the theorem. O
5 Example

As an illustrative example, consider the Dirichlet problem

{i(t) = (OTx)(t) +1, telo,1], (5.1)

x(1) =0.

From Theorem 4.1 we immediately obtain a sharp condition for the existence of non-positive solutions
of (5.1).

Corollary 5.1. If p*(t) < 11 4 5v/5 for all t € [0,1], then (p*,0) € B, (2(0) 3:(1)}((0,0),1). The
constant 11 + 5v/5 is sharp.
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ON A RESOLVENT APPROACH IN A MIXED PROBLEM
FOR THE WAVE EQUATION ON A GRAPH



Abstract. We study a mixed problem for the wave equation with integrable potential on the simplest
geometric graph consisting of two ring edges that touch at a point. We use a new resolvent approach
in the Fourier method. We do not use refined asymptotic formulas for the eigenvalues and any
information on the eigenfunctions.*
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We consider the simplest geometric graph consisting of two ring edges that touch at a point (at
the node of the graph). Parametrizing each edge by the interval [0, 1], we study the following mixed
problem for the wave equation on this graph:

0?u;j(z,t) B 0?u;j(z,t)
ot? ox?
u1(0,t) = u1(1,t) = ua(0,t) = ua(l,t),
ullz(oat) - u/lac(lvt> + U/Qm(oat) - uér(lvt) = 07
u1(2,0) = p1(z), u2(2,0) = pa2(x), uly(z,0) = uh(z,0)=0.

_Qj(x)uj(xvt)7 T e [07 1}7 te (—OO,—H)O) (] = 172)a

Conditions (2), (3) are generated by the structure of the graph.

In this problem the application of the Fourier method causes difficulties associated with the fact
that the eigenvalues of the corresponding spectral problem might be multiple. These difficulties can
be coped with by applying the resolvent approach [1]. Note that we do not use refined asymptotic
formulas for the eigenvalues and any information on the eigenfunctions. Besides, we use Krylov’s
idea [2, Chapter VI] concerning the convergence acceleration of Fourier-like series.

The following result was obtained in [3]:

Theorem 1. If ¢;(x) € C[0,1] are complez-valued, p;(z) € C?[0,1] and are complex-valued, ¢1(0) =

©1(1) = 2(0) = p2(1), ¥1(0) = 1 (1) + ©5(0) — ¥5(1) =0, ¥ (0) = Y (1) = ¢3(0) = 5(1), then the
formal solution by Fourier method is a classical solution of problem (1)—(4).

Now, we assume that ¢;(z) € L[0,1] are complex-valued. Then a classical solution is defined as
a function w(z,t) such that u(x,t) and its first derivatives with respect to x and t are absolutely
continuous, and satisfies the boundary and initial conditions (2)—(4) and the differential equation (1)
almost everywhere. Here we use the scheme of analysis given in [4-6].

We assume that the vector functions ¢(z) and ¢’(z) are absolutely continuous and such that satisfy
the following conditions:

©1(0) = ¢1(1) = ¢2(0) = 2(1),  #1(0) — ¥4 (1) + ¢5(0) — 5(1) =0, Ly € L3[0,1].  (5)
Everywhere, by L3]0, ] we denote the space of vector functions f(x) = (fi(z), fo(z))? such that
fr(z) € L2]0,1] (k =1,2), T denotes the transpose.

1 The transformation of a formal solution

The Fourier method is related to the spectral problem Ly = Ay for the operator

Ly = (—(2) — a1 (@)1 (2), —93 (2) — @2(@)y2(2)) ",y = y(@) = (1 (2), o (@))”

with the boundary conditions

y1(0) = y1(1) = 32(0) = y2(1),  ¥1(0) — y1(1) +15(0) — y5(1) = 0.

By Ry = (L —AE)™}, RS = (L° — AE)~! are denoted the resolvents of the operators L and L°,
where L° is L with gj(z) = 0 (E is the identity operator, and A is the spectral parameter). In the
sequel the notation corresponding to L° is marked with a zero index.

The formal solution u(z,t) = (uy(x,t),us(x,t))T of problem (1)—(4) produced by the Fourier
method can be represented as

u(z,t) = 2m(/ Z/) (Rx)(x) cos pt d,

[A]=r n>n0

where r > 0 is fixed and such that all the eigenvalues \,,, with n < ng, belong to the disk |[A\| < r, and

there are no eigenvalues of L on the contour |A| = r; v, are the contours of sufficiently small radius

in A-plane such that all the eigenvalues of operators L and L°® with n > ng are only inside ~,,.
Proceeding as in [1], we obtain the following result.
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Theorem 2. The formal solution can be represented as

u(z,t) = uo(z,t) + ui(z,1),

where
ug(z, t) o < / >Z /) cosptd)\,
n2mno.,
ml@t) =55 ( / > /) Rxg— R3g] cos pt d),

IAl=r n>n0

g= (L — uoE)p, uo is not an eigenvalue of L or L°, |po| > r, and po lies outside ~,, for n > ng.

2 Spectral problem and resolvent

Let A = p?, where Rep > 0. Denote by {y;1(z),yj2(z)} (j = 1,2), the fundamental systems of
solutions of the equations
yi (@) = a;(2)y; (@) + p*y;(2) =0, (j=1,2)

with initial conditions

yjl(o) =1, y;’l(o) =0,
¥j2(0) =0, yj5(0) =1

yh(x) = cospz, (y}1(x)) = —psin pa,
sin px
y?z(x) = P (%‘2(1’))/ = CO8 P
From [7] it follows that all p for which A = p? are the eigenvalues of the operator L belong to the
semi-infinite strip S = {p|Rep > 0,|Im p| < h}, where h > 0 is sufficiently large.
Just as in [6, Lemma 7] we obtain

Lemma 1. If [Imp| < h, then

x

1
yjl(xvp) = COS px + 27 sinpx/ J(T) dr
P

o (£ oo

sin pgc
e, p) = = —fmm a7
0

+ 4;/36 {Qj (%) +q; <¥)} cos prdr + O(p™?),
0

where the O(...) estimates are uniform with respect to x € [0, 1].

The eigenvalues of operator L are the zeros of the determinant

L-yn(l)  —y(l) 0 0
1 0 -1 0
Ap=| | 0 lym()  —um()

—yn(1)  1=yl)  —yn()  1-ysn)
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The eigenvalues of LY (the zeros of A%(p)) are \) = (p2)2, where p = n7 (n =0,1,2,...). If nis
even, then eigenvalues are multiple. The eigenvalues A, of the operator L asymptotically approach
Y for large n.

Theorem 3. For the resolvent Ry = (Rix, Rox)?, the formula

Rizf(x) = (Mjpf)(x) + Qia(z, ), f=(fi,f2)" (G=1,2) (6)
holds, where

x

(M f5) () Z/Mj(x,ﬁ,p)fj(ﬁ)d& M;(z,&,p) = yi1(§)  ys2(8)

ygl(ﬂﬂ) yj2($)

)

0
Qir(@, f) = vj1 (@) (f1,911) + 052(2) (f1, v12) + vja(2) (f2, y21) +0ja(@)(f2, 422) (G =1,2),  (7)
)= 3B [Bulna) + Stz
et = B [ Sualon () = Sayia(V)
~ i (2)
v13(x) = P yik( ) [A3k( )y22(1) + A4k(P)y,22(1)]a
o) = 32 0 [ Akl (1)~ Aus(oha (1),

Ay s(p) are algebraic adjuncts of A(p), and vo;(z) are obtained by replacing Ag1, Aga by Agsz, Aga,

and y11(x), yi2(x) by yo1(x), y22(x); (f,9) = Off(x)g(x) dx

Proof. For y = (y1,y2)T = R f, we have
vy (@) = qi(2)y;(x) + p?y;(2) = fi(2), j=1,2,

whence
Uk(2) = cr1yr1 (%) + crayra(v) + (M, fi)(x), k=1,2.

From the boundary conditions for operator L follows (6), where

4
Ql)\(.’[ f yll Zd Ak 1 A((px)) Zdek,2(p)7
k=1
4
Qox(z, f) = y21 Zd Ak3 yzg((px)) dJAk,4(P)7
k=1

dl:(Mlpfl)’ _y day =0, dSZ(MprQ)‘ ,

1
d
di= [ ZMnEp)|_ hde+
0

O\,_.
5
—
&
A
>
o
=
N
QL
/"~

Calculating the coefficients dj, in an explicit form, we get (7). O

Define 4,, = {p| |p — 7n| = 0}, where ¢ > 0 is sufficiently small, n > ng, and ng is chosen so that
all \,, with n > ng lie inside 7,,. Let 7, be the image of 7, in the A-plane (A = p?).
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Lemma 2. If p € 7, then

o) (2,0) =03V (@,0) + O(" %) (j=0,1),
o) (x,0) =00 (2, 0) + O(" ) (5 =0,1),
oy (@, p) — qu(@)vit (@, p) — %Mam:mm
Vi@, p) — ao(@)vka(z, p) — vl (2, p) = O(p)

(k =1,2), where the derivatives are taken with respect to x and the O(...) estimates are uniform with
respect to x € [0,1] (in the last two relations O(...) stands for ||O(w)|eo < cw]).

Proof. Since v (z, p) — q(x)v;(x, p) = —p?vj(z, p), this lemma follows from Lemma 2 in [4]. O

Just as in [6], we can prove the following assertions.

Lemma 3. By p(z) denote the functions flm( q((§—x)/2)d¢ or fm &)q((€+x)/2) dE, where m(§)

is 91(6) 07 92(8) (9 = (g1 92)" = (L= poB)g). and a(a) i5 1(x) o aa(w). Then
IpllL, < 2[mliL, - llallz,
where || - ||L. s the norm on L0, 1].
Lemma 4. Let ¢(x) denote the function cosz orsinz. Letm(z) € L2[0,1] and m(z, p) = m(z)y(uz),
for € v, and B (1) = (m(x, u) w(wnx)). Further, by B, (n) we denote the sum of all |5, (1)|, where

m(z) is one of the functions g;(x qu ) dE, p(x) (p(x) is one of the functions from Lemma 3).

Then

no 1

> gl

n=niy

> A <e

n=niy

where ¢ > 0 is a constant independent of ny, na, and p € o, and by ||g|l2 is denoted the norm of
vector function g(z) = (g1(x), g2(x))T on L3[0,1].

Lemma 5. If g(z) = (g1(), g2(x))T € L3[0,1], p € 3, and p = 7n + u, then

(9 y1) = omx»+ O(p™" Bu(1)) + O(p~2llgll2),
(95> y51 — yh) = O(p™" Bul) + O(p~ 2| gll2),

@m%g=0@ Bu(1)) + O(p™?Bn(1)) + O(p~3lgll2),
(95> Yj2 — ¥52) = O(p™2Bn () + O(p~3|gll2),

where j = 1,2, s =1,2.
From Lemmas 2-5 follows
Lemma 6. If p=mn+p, p € Y0, Qa(z,9) = (Qa(z, 9), Qa(z,9)), then

A7
dxi

((z,9) = R(,9)) = O 2Bu(u)) + O lgll2) (j =0, 1).

((,9)) = O(p' ™ Bulm)) + 0P *[lgll2) (G =0,1),
d7
dzi
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3 Investigation of the function uy(z,1)
Since (M;,g;)(x), (M3,g;)(x) are entire functions, it follows that

uo(w,t) = —5 ( / Z /) /\_7’ cos pt d\.

n>no

From [3, Lemmas 3, 4] we have

Lemma 7. It is true that
(F(x+t)+ F(z —t)),

=g ( [+ 2 )i

n>ng

N |

ug(x,t) =

where

QA x,g) dA.

Lemma 8. For F(z) = (Fi(z), Fg(x))T, the relations
F1 1—x +F2(].—ZL') F1($)+F2(£E) s

1
) =5 [Fa
%[F1 1—2)+ (1 —2) + F(2) — Fa(z)],
1
=51
1
=51

Fy 1+£L’ F1 — F 1—56‘)+F2()+F2(1—33‘),
F 1+.T Fl —|—F1 1—56‘)+F2( ) Fg(l—.’lﬁ)
hold, and F(z) = §(x) = R}, g for x € [0,1].

Therefore, as in [6], we get

Lemma 9. The vector functions F(x), F'(z) are absolutely continuous, F"'(x) € L3[—A, A] for all
A >0, and F(x) = F(z+2).

Theorem 4. The function ug(x,t) is a classical solution of the reference problem obtained from
(1)~(4) by setting g;(x) = 0 with initial conditions (4), where p(x) is replaced by $(x) = R}, g, and
equation (1) is satisfied almost everywhere.

4 Investigation of the function u;(z,t)

For uq(z,t) we have

wet =g [ 2 )5

7L>7l()

,9) — D (x, g)] cos ptd.

By the methods in [6], we obtain the following assertions.

Lemma 10. The series uj(xz,t) and the series obtained by differentiating ui(x,t) term by term
with respect to x once and with respect to t twice is convergent absolutely and uniformly in Qr =
[0,1] x [T, T], where T > 0 is any fivzed number.

Lemma 11. The function uj ,(x,t) is absolutely continuous with respect to x, and the relation
uy 2 (x,t) = Q(x)ur (2,t) + d(x,t)
holds for almost all x and t in the rectangle Qr. Here Q(x) = diag(q1(x), ¢2(z)),

d(z,t) 27”( / Z />)\_ [Q(z,9) — DB (z, g)] cos ptd,

|>‘\—7" n>n0

and the series d(x,t) is convergent absolutely and uniformly in Qr.
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Using Theorem 4 and Lemmas 10 and 11, we obtain

Theorem 5. If q;(x) € L[0,1], the vector functions p(x) and ¢'(x) are absolutely continuous and
such that they satisfy the conditions (5), then the sum u(z,t) of the formal solution has the following
properties: the function u(x,t) is continuously differentiable with respect to x and t; the function
ul (z,t) (respectively, uy(z,t)) is absolutely continuous with respect to x (respectively, with respect to
t); and the function u(z,t) satisfies equation (1) almost everywhere and conditions (2)—(4); i.e., u(z,t)
is a classical solution of problem (1)—(4) with (1) satisfied almost everywhere.
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RELIABLE SOLUTIONS OF PROBLEMS
WITH UNCERTAIN HYSTERESIS OPERATORS



Abstract. Problems in technology lead to initial boundary value problems for partial differential
equations. Material properties which appear in constitutive relations are obtained by measurements.
These data are uncertain and thus are known to some extent only. Using their mean values in numerical
modelling cause several serious failures in technology.

The problem of finding a reliable solution by uncertain data is solved by the so-called worst scenario
method introduced by Ivo Babuska and Ivan Hlavacek. The method consists in looking for the worst
scenario that may appear in the case of any admissible data, the badness of situation is estimated by
means of a criterion-functional evaluating critical parts of the body.

In the contribution, the worst scenario method is applied to boundary value problems for nonlinear
equation with a scalar hysteresis operator F or its inverse G of Prandtl-Ishlinskii type. The method
demands special construction of admissible data and estimates the hysteresis operators. The existence
of a reliable solution for the initial boundary value problem for the heat conduction or the diffusion
equation cu; = (Fy[ug])s + f with various types of criterion-functionals is proved.*

2010 Mathematics Subject Classification. 47J40, 47Hxx, 35K55.

Key words and phrases. Prandtl-Ishlinskii hysteresis operator, reliable solution, uncertain data,
worst scenario method, heat conduction equation, diffusion equation.
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1 Introduction

Many problems in technology can be modelled by the initial boundary value problems for partial
differential equations with a hysteresis operator. Among them let us consider a scalar one-dimensional
equation

cuy=qe+f, q=kug, {EE(O,g), tE(OaT)v

which can be physically interpreted as the heat conduction in a one-dimensional body, particularly in
a bar (0,£). The unknown u(x,t) is the temperature, g(x,t) is a negative heat flow, ¢ is specific heat
capacity and k is thermal conductivity. We take a negative heat flow ¢ in order to obtain the linear
Fourier law ¢ = ku, with positive k > 0 instead of the usual Fourier law ¢ = —k u,, with (positive)
heat flow q. We replace this Fourier law by the relation ¢ = F[u,] with a hysteresis operator F which
describes behavior of a rate-independent material with memory or phase transition. In this way we
obtain the equation
cur=q+f, q=Flug), =€ (0,¢),te(0,T).

The equation contains material parameters, which are not known exactly, since they are obtained
by measurements. They are uncertain, i.e., they are known to some extent only. In the past, using
mean values of the data in the process of mathematical modelling caused several serious failures in
technology. This problem with uncertain data has been solved by I. Babuska and I. Hlavacek in a
series of papers, see [6,7]. They proposed the so-called worst scenario method.

The method takes into account all data, i.e., all material parameters from their range of uncertainty.
Using a criterion-functional which measures the badness of the situation, we seek for the worst scenario
that may appear. The method is used in engineering for its simplicity: the model is deterministic (no
need to deal with stochastic models), and optimization tools can be used for computing the maximum:
theory, numeric analysis and the corresponding software.

The problem of longitudinal vibration of a nonhomogeneous elasto-plastic rod including homog-
enization problem was solved in [2]. The one-dimensional diffusion equation with a scalar hysteresis
operator was solved in [3] and a higher space dimensional heat equation with a scalar hysteresis opera-
tor including homogenization problem was studied in [4]. Reliable solutions of the problem of periodic
oscillations of an elasto-plastic beam was studied in [9]. Reliable solutions of a homogenization problem
with monotone operators was studied in [5].

In the contribution, we study the initial boundary value problem for a nonlinear heat conduction
equation (or diffusion equation) with a hysteresis operator of Prandtl-Ishlinskii type. These hysteresis
operators are described and studied in e.g. [1,8,10]. The aim of the contribution is to propose sets
for admissible data, criterion-functionals and to prove the existence of the worst scenario solution.

The paper is organized as follows. Section 2 contains the survey of hysteresis operators and their
properties, in Section 3, the existence of a solution of the initial boundary value problem is proved,
and the worst scenario method applied to the problem is considered in Section 4 including the setting
of a set of admissible data and proposals of various criterion-functionals.

2 Hysteresis operators

In this section we deal with the one-dimensional hysteresis operators. These operators acting in a
space of real functions on an interval I = (0, T) representing time can be simply characterized by the
following properties. The hysteresis operators T are:

o rate independent — the output 7 [v] is independent of speed of the input v: T voy|(t) = T[v](p(t))
for any increasing mapping ¢ from I onto I,

e causal — the output is independent of future input, i.e., if u(s) = wv(s) for all s < ¢, then

Tlul(t) = TTol(®),

e locally monotone — a locally non-decreasing input yields a locally non-decreasing output and
also a non-increasing input provides a non-increasing output, i.e.,

T)(t)-v'(t) >0 for ae. tel.
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For more detailed study of hysteresis operators we can recommend [1,8,10].

2.1 Stop and play operators

Here we deal with hysteresis operators of Prandtl-Ishlinskii type. These operators are defined by
means of operators called as a stop and a play operator with one parameter r > 0. Their definition
is based on the solution of the following variational inequality. Let v € W11(I) be an input function
and s? € (—r,r) be an initial state. We look for a function s € W11(I) satisfying:

ls(t)| <r Vtel, s(0)=s, 1)
(s'(t) =v'(t)(E—s(t) >0 V[s] <r, ae tecl '
It should be noted that the above inequality yields s'(t) = v/(t) provided s(t) is inside the interval
(=r,7). If s(t) = r and v is increasing, then s'(t) = 0 and, also, if s(t) = —r and v is decreasing, then
likewise s'(t) = 0.
The inequality admits a unique solution s € W' 1(I) which defines the elementary hysteresis
operators:

Definition 2.1. The solution s(¢) of the variational inequality (2.1) defines two complementary
operators: the stop operator S, and the play operator P,.:

Sr[v](t) :=s(t), Prlv](t) :=ov(t) —s(t), t€(0,T). (2.2)

To simplify the notation, we have taken for the input v(t) the so-called virgin initial state
s% = min{r, max{—7,v(0)}} and omit s in the notation of the operators. We also put the input
v into square brackets to indicate that the dependence is not local: the value at time ¢ depends on
values on the whole interval (0,¢). Let us note that the stop operator can be equivalently introduced

on each interval of monotonicity (t,, ) of the input v(¢) by the relation
S, [v](t) = min {n max { — 7,8, [v](ta) + v(t) — v(ta)}} YVt e (ta,ts)-

Both stop and play operators are rate independent, causal and locally monotone, and in addition,
they satisfy S,[v]'(t) - Pr[v] =0 for a.e. t € I.

Values of the stop and play operators can be visualized by the so-called “piston in cylinder model”.
Let us consider a piston freely moving in a cylinder of length 2r. Position of the piston is the input
v(t), position of the cylinder center is the value of the play operator P,.[v](t), while the position of the
piston with respect to the cylinder center is the value of the stop operator S, [v](t).

Sr[v]

0 Polv] v

Piston in the cylinder model for the stop and play operators.

In mechanics, the stop operator S, can be interpreted as the output stress S,[v](t) = s(t) of an
elasto-plastic material caused by the input strain (deformation) v(t). Its rheological element consists
of an elastic and a friction element combined in series. On the other hand, the play operator P, can
be interpreted as the output strain P, [v](t) = v(t) — s(t) of an elasto-plastic material caused by the
input stress v(t). Its rheological element consists of an elastic and a friction elements combined in
parallel. In both cases the elasticity modulus is 1 and plasticity limit is r.

Plane diagram [v, S, [v]] of the stop operator has straight line segments with slope 0 or 1 with
concave increasing branches and convex decreasing branches, while the plane diagram [v, P,.[v]] of the
play operator has also straight line segments with slope 0 or 1, whereas the increasing branches are
convex and decreasing branches are concave:
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Diagrams of the stop operator v — S.[v] and the play operator v — Py[v].

Let us consider the properties of the stop and play operators (for proofs see, e.g., [2]).

Proposition 2.2. Let vi,vo € WH(I) and put s;(t) = S.[vi](t), pi(t) = Prlvi](t), i = 1,2. Then we

have
(P (t) — p5(£))(s1(t) — s2(t)) > 0, for a.e. tel, (2.3)
[p1(t) — p2(t)] < max {|p1(0) — p2(0)], lor — valloy } for t e,
|s1(t) — sa2(t)] < [|vr — wvall(0,y for t €. (2.5)

2.2 Prandtl-Ishlinskii operators

Diagrams of the stop and play operators consist of straight line segments with two slopes. But
diagrams of the real elasto-plastic materials have curved changing slope branches. To obtain such
diagrams we combine the operators with different parameters r of various weights.

The Prandtl-Ishlinskii operator F of stop type is defined as a parallel combination of the stop
operators with increasing parameters r; and various weights c¢;

Flv] = e1Sr, [v] + 28, [] + -+ - + enSy, [V] + Coov.

The combination can be rewritten with Stieltjes integral
Flol =n(eo)v = [ [} antr)
0

by a non-increasing distribution function 7n(r), where n(r) = cx for r € (r,,c0), n(r) = ¢; + ci+1 +
cootep F oo for T € (rimq,1i), i =1,2,...,n— 1, where o = 0.

The Stieltjes integral enables us to cover both the discrete combination of stop operators S,,,
when 7 is piecewise constant, and a continuous combination of stop operators S, if 7 is a continuous
function.

Definition 2.3. Let «, 8 € R be positive constants, 8 < 1 and let 5 : (0,00) — (0,00) be a non-
increasing right continuous function satisfying o < n(r) < % for all 7. Then the Prandtl-Ishlinskii
operator of stop type is given by

Falolt) = (o) v(t) = [ S ol(t)dn(r). (26)

In the case of elasto-plastic material, the dependence of the stress ¢ on strain e = u, can be
modelled by this operator as

q(t) = Fyle](t). (2.7)

The corresponding diagram of dependence of ¢(¢) on e(t) is an oriented continuous curve with concave
increasing and convex decreasing parts.

Similarly, the Prandtl-Ishlinskii operator of play type is defined as a serial combination of the play
operators with increasing r;. Again, we use the Stieltjes integral by a non-decreasing function 1 which
enables us to describe both discrete and continuous combinations:
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Definition 2.4. Let «, 8 € R be positive constants, a8 < 1 and let ¢ : (0,00) — (0,00) be a non-
decreasing right continuous function satisfying 8 < n(r) < é for all r. Then the Prandtl-Ishlinskii
operator of play type is given by

Gl t) = C(0) o(t) + [ Prlul(®) ). 28)

In the case of elasto-plastic material, the dependence of the strain e on the stress ¢ can be modelled

by this operator as

e(t) = Geldl(1). (2.9)
The corresponding diagram of the dependence of e(t) on ¢(t) is an oriented continuous curve with
convex increasing and concave decreasing parts.

For the increasing input v(s) = s, s € (0,00) and the Prandtl-Ishlinskii operator of stop type we
obtain the so-called virgin curve ¢(s) = F[v](s) which is a continuous increasing concave unbounded
function on RT. Similarly, for the input v(t) = ¢, t € (0,00) and the Prandtl-Ishlinskii operator
of play type we obtain the curve ¥ (t) = G[v](t) which is a continuous increasing convex unbounded
function on RT.

Let these functions ¢, ¥ be a pair of increasing mutually inverse functions, i.e.,

t=p(s) <= s=v(t), s,te(0,00). (2.10)
Moreover, the function ¢ is concave if and only if 1 is convex.

Definition 2.5. Let a, 8 > 0, af < 1 be positive constants. We say that the functions [r, ] defined

on RT form a pair of Prandtl-Ishlinskii distribution functions if they are right continuous, 1 non-

increasing, ¢ non-decreasing, they satisfy
a<n(r) <

and B < C(r) < (2.11)

QI+

S

and their primitive functions
s t
o(o) = [nryar, v = [ cryar
0 0
are mutually inverse, i.e., they satisfy (2.10). The set of all such pairs of distribution functions will
be denoted by PI(c, ) and the set of ¢ by PIt(a, 3).

These pairs of distribution functions define mutually inverse operators:

Proposition 2.6. Let (n,() € PI(«,). Then the corresponding Prandtl-Ishlinskii operators are
mutually inverse, i.e., for each inputs e, q

q(t) = Fylel(t) if and only if e(t) = Gclq(2). (2.12)

2.3 Properties of the operators

Let a, 8 > 0, af < 1 and (1,{) € PI(a,3). Let us consider the properties of the corresponding
Prandtl-Ishlinskii operators. They are locally monotone and Lipschitz continuous (for proofs, see [2,
Propositions 2.7-2.12].

Proposition 2.7. Let a, 8 >0, a8 < 1, (n,¢) € LP(«, ). Then the corresponding operators F and
G map WHoo(I) into WH>°(I) and also WHL(I) into WH(I).

Let further ¢ € WHY(I) and put e = G¢lq] or, equivalently, ¢ = F,le]. Then for a.e. t € I, the
derivatives exist and the following estimates hold:

ale' () <e'(t)d(t) < - (€(1)* (2.13)

Bld 1) <et)d(t) <~ (@) (2.14)
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The following estimates ensure the Lipschitz continuity of the operators:

Proposition 2.8. Let (n,¢) € LP(«a, 3) and q1,q2,e1,e2 € WHY(I). Then for t € I, we have
[Faleal(t) = Folea®)] < (5 =) - ller = el (2.15)

g — a2l 0,0)- (2.16)

Q|+

|Gclan)(®) = Gela](t)] <

The following estimate is a consequence of (2.3) (see also [2,3]):

Proposition 2.9. Let ( € LPT(«, ) and q1,q2 € WH(I). Then for a.e. t € I, we have

(Gelan](t) = Gelaal (1)) (a1 — g2) > g %[(ql — )7 (2.17)

Finally, the following estimate yields the dependence of the operator G¢ on the distribution func-
tions ¢ (for proof see, e.g., [2, Proposition 2.10]).

Proposition 2.10. Let (1,(s € PIT(a, 3) be two distribution functions, G¢,, G, be the corresponding
operators and qi,qo € WH(I) be arbitrary input functions. Then

[lg21lto,4

1G¢: [a1] = G la2]lljo, < Ci(o0)llar — azlljo,g + [G1(r) = Ga(r)] dr. (2.18)

2.4 Space dependent case

In case of nonhomogeneous materials the material properties depend even on the space variable x.
Thus both function n and ¢ are not only the functions of r, but in addition, they depend on the space
variable z, i.e., n = n(z,r) and ¢ = ((x,r).

3 Heat conduction and diffusion equation with
hysteresis operator

We deal with the following equations:
cur =qz + f, q= Fylug] or, equivalently, u, = G¢[q] (3.1)

onz € Q= (0,4)andt el = (0,T) with a pair of mutually inverse hysteresis operators G¢ or F,.
The equations are completed with the boundary conditions, e.g.,

u(0,t) =0, gq(l,t)=0 for tel (3.2)
and the standard initial condition
u(z,0) = u’(x) for x € Q. (3.3)

The problem can be physically interpreted as the heat conduction or the diffusion problem in some
materials with a changing phase in a bar (0,¢) and time (0,7"). In the case of heat conduction, the
variable u stands for temperature and ¢ for a negative heat flow, and in the case of diffusion problem,
u denotes concentration and ¢ negative mass flow.

The boundary condition u = 0 prescribes zero temperature or zero concentration on the left end
of the bar, while ¢ = 0 means thermal or mass insulated right end of the bar. The hysteresis operator
describes the relation between the negative heat or mass flow g and the temperature or concentration
gradient e = u,.
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3.1 Solvability of the problem

Hypotheses 3.1. We adopt the following hypotheses for the data of the problem:
o c€ L>®(Q) and ¢, < c(x) < epp for a.e. x € Q for some 0 < ¢y, < Cpr,y
o [EWNNI,L*(Q)),

e 1, € L™®(Q x I) such that (n,{)(z, ) € PI(«,B) for a.e. x € Q for some constants o, 8 > 0,
af <1,

e u' € WH2(Q) and it satisfies the compatibility condition with the boundary conditions, i.e.,
u®(0) = 0 and F[ul](¢) = 0.

Theorem 3.2. Let Hypotheses 3.1 hold. Then the problem has a unique solution, namely, there exist
the functions u,q € C(Q x I) and e = u, € L*(Q,C(I)) such that

Ut, €t, qt, Gz, € LOO(IvL2(Q))7

and equalities (3.1)—(3.3) hold almost everywhere.

The solution is unique. Moreover, all unknowns and their derivatives are bounded in the corre-
sponding norms by the constants depending on «, B, ¢m, cy and the norm of f in WHH(I,L?(9))
and u® in W12(Q).

Let us briefly sketch the proof of the theorem (the details can be found in [3]). The proof will be
done in several steps.

3.2 Semidiscretized problem

First we convert the partial differential equation into a system of ordinary differential equations in ¢.
We divide the interval Q = (0,¢) into n parts Q = (zx_1,2), K = 1,2,...,n, of length h = {/n,
where z = kh. In the semidiscretized problem, the space derivative is replaced by the difference, the
unknowns ug, e, g are the function of time ¢ € I approximating the value at x;, = kh, k =0,1,...,n.
In this way, we obtain the following system of equations, k =1,2,...,n—1and t € I,

1
R Uy = 7 (@1 = i) + fi (3.4)
1
€L — E (’u,}€ — ukfl), (3.5)
ex = Gklqx] or equivalently g, = Filex], (3.6)
uk(o) = ug )

where cy, ug, fr(t), (i (r) are the integral means of the corresponding functions over the space interval
O, e.g., fu(t) = % | f(z,t)dz. The operator Gy, is determined by the averaged distribution function
Qp

Ck(r) and Fy, is the operator, inverse to the operator G.

We have obtained a system of ordinary differential equations (3.4) with the initial conditions (3.7)
with additional equations (3.5), (3.6). Taking g = F[4 (ur—us—1)] and the properties of the Prandtl-
Ishlinskii operator of stop type, the right-hand side of the ODE (3.4) are Lipschitz continuous in uy,
and thus by the Piccard theorem, the system admits unique solutions ux € W21(I), ex € W2L(I)
and g, € WhH(I).

3.3 Estimates

We use the following estimates.
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Lemma 3.3. The solutions {ug, ek, qr} to system (3.4)—(3.7) satisfies

h; {(u;f + (@)2] (t)<C Vtel, (3.8)
/hn_ +(eh)? + (%)2] (r)dr < O, (3.9)
T k=1

where the constant C is independent of n, h.

Proof. To derive the estimate, we differentiate equation (3.4), multiply it by w}, and sum it with
equation (3.5) differentiated and multiplied by g}

1
"/ /A ! / ! / ! !/
Ck UpUy, + €qy = 7 (@1 U — @ 1) + S -

Further, summing up the equation for k =1,2,...,n — 1, we obtain for a.e. t €
> crujug + Z ehth = 7 (anup 1 — gy up) + D fi g
k k

Owing to the boundary conditions, we have ¢/, = 0 and uj = 0. We multiply the equality by h. Since

",/ 1

uj uj, = 3[(uy)?], integration of the last equality from 0 to a fixed t < T yields

t
hzck (1) /hZequdehZCk (u4(0) +/h2f,;u;d7. (3.10)
0 k

Using equation (3.4), initial condition (3.7) and properties of the operator Gy, the first term with
u},(0) can be estimated by a constant. Using the inequalities

/|f )] dt < max| (1 \/ (/f(t)dt>2§|1/f2(t)dt
I I

and |ab| < ea® + 1b?, we estimate the term with f,

[

Since fy is the integral mean of f(x) over the interval Q, we have by fi, = [ f(x) dz. Thus, by (2.8)
ko ¢

t

< h 1\2 /h / 2d

<eh max > (u)”+ > (fi)2dr
0

)
ey.q), > 0, for sufficiently small € > 0, we obtain the estimate of the terms on the left-hand side of
(3.10). Using inequalities (2.14), (2.15) and equations (3.4), (3.5), we obtain the remaining estimates
of Lemma 3.3. O

3.4 Approximate solutions and passage to the limit

For a fixed n, using the solutions ug, er, qr and the data cg, fr, (x, We construct approximated
solutions

o ¢, ?(n), u(™ are “forward” piecewise constant approximate solutions defined by the relation
7" = gy for z € Q,

o e g, Z(n) are “backward” piecewise constant approximate solutions defined by the relation
6(") = gy, for x € Q,

o u™ g™ are continuous piecewise linear on each €, approximation satisfying @) (z) = @
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The above approximations satisfy the system of equations for all ¢ and a.e. x € €
dmm =g + 77, e =al, e =g g, (3.11)

Estimates (3.8), (3.9) yield the estimates of the corresponding approximate solutions z(™, ™, (™),
2™ and ™. By the compactness, these sequences contain converging subsequences which converge
to the functions u, e, ¢ satisfying the problem. Thus the solution to the problem exists.

The proof of the uniqueness of a solution can be found in [3]. Since the uniqueness for the worst
scenario method is not necessary, we omit the proof. We have also proved that the unknowns in the
corresponding spaces are bounded by the constants depending on the constants ¢, T, ¢, ca, @, B
and the norms of f and u° only.

4 Problems with uncertain data and reliable solutions

Mathematical models of particular problems in engineering contain data, mainly material constants or
constitutive relation dependence. These data are obtained by measurements and thus are not known
exactly, they are uncertain, their values are known to some extent only. Since using the mean value
of the data by modelling already caused several failures of a construction in engineering practice, Ivo
Babuska has proposed the so-called worst scenario method.

The method consists in considering the problems with all data admissible by the measurements and
the corresponding solutions. According to the character of the problem, a criterion-functional on data
and solutions is chosen. This functional should evaluate a rate of danger of the situation. The method
thus looks for the data yielding the worst situation, i.e., what the worst can happen within the given
uncertain data, although the probability may be very low. The worst scenario method for obtaining
reliable solutions was further developed by Ivan Hlavicek and others (see, e.g., [7]) and also applied
to many particular problems. The survey paper [6] can be recommended for a brief introduction.

The advantage of the worst scenario method consists in the possibility to use numerical methods,
algorithms and software developed for optimization problems. For its deterministic character the
method is much more simpler and effective than probabilistic approaches.

4.1 Worst Scenario Method

Here we describe the method. Let us denote by P, the state problem with data a and the corresponding
solution by u,. The data a may contain coefficients of the equation, right-hand side, values in the
boundary conditions, etc. The set of all admissible values of data a will be denoted by U.q. It should
be chosen such that for each a € U,q the problem P, admits a solution wu,.

The criterion-functional ® = ®(a,u,) “evaluating” danger of the situation will be defined on the
data a € U,q and the corresponding solutions u, of the problem P,. Then the worst scenario problem
reads:

Problem. Find the data a* € U,q which maximize the functional ®, i.e.,
Look for a* € Uypg s.t. ®(a™, uqx) > P(a,uy) for all a € Uyg. (4.1)
In the case if the solution of the problem P, exists but is not unique, the problem is modified to:
Find a* € Uyq and u* € Uy+ s.t. ®(a™,u*) > P(a,u) Va € Upg Yu € Uy,
where U, is the set of all solutions u, to the problem P, with data a.

The aim of the contribution is to prove that the problem admits a solution, i.e., the functional ®
is bounded and attains its maximum. Let us note that this maximum can be attained for more than
one data a* and in the case of a nonlinear problem the maximum can be reached for the data a* in
the interior of the set U,q of admissible data, i.e., not on the boundary of i£,q as in the case of a linear
problem.

Knowing that for each a € U,q the problem P, admits a solution, the procedure continues with
the following steps:
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o we choose the set U,q which is compact, i.e., each sequence {a,} C U,q contains a subsequence
converging to an element a* € Uygq,

e we prove that the mapping a — u, is continuous, i.e.,

anp — @ = Uy, — U+

o and we verify the continuous dependence of the functional ® on the data a and the solution
Ugq, 1.€.,
ap, — @, Ug, — Ugr = P(ap,uq,) = Pla™, ugr).

Then the worst scenario problem admits a reliable solution. Indeed, let the sequence of data {a,}52
maximize the functional ® on U,g, i.e., P(an, u,, ) tends to a supremum of ® on U,q. Since the set Uaq
is compact, the sequence {a,} contains a subsequence {a, } converging to a* € U,q. The continuity of
the mapping a — ug yields u, , — u,+ and the continuity of ® yields ®(ay/, uq ,) tends to ®(a*, ug-).
Thus the supremum is a real number and ® admits a maximum on Us,q.

4.2 Admissible data

The data in our problem are of several types: the material constant ¢, the pair of distribution functions
(n,¢) of the hysteresis operator, the right-hand side f, the initial condition u° and the boundary
conditions for the unknown at = 0 and = = ¢; for the sake of simplicity, they were chosen to be zero.
For simplicity, we also take the initial condition u° and right-hand side to be certain.

We consider a nonhomogeneous medium composed of two or more homogeneous materials occu-
pying the parts Q1,...,Q. For the sake of simplicity, we assume that the parts §2; are known, only
the constant ¢ on each §2; is uncertain, i.e., its real values are within the intervals (¢;mn, ciar). Thus
c(x) will be piecewise constant functions from the admissible set Caq

Cad = {c: Q= R, c(x) =c; € {¢im,cim) for z €y, i = 1,...,k;}, (4.2)

where the constants 0 < ¢, < c¢jps are given. Since the set C,q is “equivalent” to the cartesian
product of compact intervals (¢im, ¢;ar), we have arrived to

Lemma 4.1. The set Caq is compact in the mazximum norm.

4.3 Admissible data for hysteresis operators

Mutually inverse Prandtl-Ishlinskii operators F and G are fully determined by their distribution
function € PI(a,8)~ or ¢ € PI(a,8)T. Since the use is made of the operator G of play type, we
define the set of admissible functions for ¢ as a subset of PI(«, 3)" which are constant outside of the
interval (0, R) with some R > 0. Thus for o, 8 > 0, o < 1 and R > 0 let Z(«, 3, R) be the set of all
functions ¢ = ((r) satisfying:

(a) (¢ is right-continuous nondecreasing function (0, co) — (0, 00),
(b) 6 <¢(r) < 1/aVr e (0,00) (ic., ¢ € PI{a, f)7),
(¢) ¢(r) is constant on (R, 00).
The set Z(a, 8, R) is compact in the following sense: Each sequence of {(,}22 ; in the set Z(«, 8, R)
contains a subsequence {(,/} and there exists a function ¢* in Z(«, 3, R) such that OfKn/ (r)—=¢*(r)|dr

tends to zero as n’ — oo.

This compactness can be proved by constructing finite e-nets of piecewise constant functions. Let
us divide the interval (0, R) by the points r; = i R/n, into n,. parts. Further, let us divide the interval
of values (8, 1) by z; = B+ (L — B)j/n. into n. equal parts. Then the functions ((r) which are
nondecreasing and take the values z; on each part (r;_i,r;) make for sufficiently large n, and n, a
finite e-net in Z(«, 8, R) which proves the compactness of Z(a, 8, R).
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Let {gn(t)} be a bounded sequence ||gn/(0,ry < R of functions uniformly converging to ¢*(t),
ie., [|gn(t) — ()l o,ry — 0. By (2.18), the convergence of (,(r) ensures that of the corresponding

€n = gCn [qn]'
Since the medium consists of k& homogeneous materials, we take the functions {(r,z) constant in
x on each z € Q;. For o;,8; >0, o;8; <land R; >0,1=1,2,...,k, we put

Zod = {C(T,x), st. C(z,7) € Z(ay, Bi, R;) for z €8y, i=1,2,.. .,k:}. (4.3)
Thus we have arrived to

Lemma 4.2. Each sequence of {(,}52 1 in the set Z,q of admissible distribution functions contains a
subsequence {(, }, and there exists a function (* in Z,q such that for any g, € C(QL x I) converging
uniformly to a ¢* € C(Q2 x I) the sequence of e, = G¢, [qn] converges uniformly to e* = Ge+[q*].

Thus the set for admissible data for our problem will be

Z/[ad = Cad X Zad~

4.4 Continuity of the mapping a — u,.

It remains to prove that the convergence of data a, — a* implies that of solutions u,, — ug~,
where u, = (u,e,q). Let us denote by w,, = (u",e™,¢") the solution of problem P, with the data
an = (¢",¢™) and by u* = (u*, e*, ¢*) the solution of problem P,- with the data a* = (¢*,(*), i.e.,

c'uf =g +f, € =uy, e =Genlg"],
cup =g+ f, € =uy, € =Ge-lg].
Comparing the first pair of equations and splitting the left-hand side, we obtain
'uff = fup = (" = Fug + M (uf —up) = ¢ — g
Multiplying the equation with (u}* — u}), we obtain
(" = ey (uf! —uf) + ¢ (uf —up)® = (q — ¢;)(uf’ —u}). (4.4)

The second pair of equalities yields e™ — e* = u}} — u}. Differentiating it by ¢ and multiplying it by
(¢"™ — ¢*), we obtain

(e —er)(q" —q") = (ug, —ug,)(¢" —q"). (4.5)
Summing up (4.4) and (4.5) and using formula f,g + fg. = (fg)=, we obtain

(" = up (uf! —uf) + < (uf! —u)® + (e —ef)(q" — ") = (u —uf)(d" = ¢"))a-

¢
We integrate the equation over G. Formula [ f,dz = f(£) — f(0) and the zero boundary conditions

0
for z = 0 and « = /¢ give zero in the right-hand side. Finally, integrating the equality over (0,t), we
obtain

/ [(" = up(uf —uf) + c*(uf —uf)® + (e} —€;)(¢" — ¢*)] dedr = 0. (4.6)
Qx(0,t)

Splitting e — e* = Gen[q"] — Gen[q*] + Gen [q*] — Ge+[¢*] and using the inequality

(Gerla") ~ Geola')), " —a) = 5 Sl — g
(see Proposition 2.9), for sufficiently large R, we obtain
/ H(uf —uf)? dedr + g /(q"(t) —q*(t))*dz
Qx(0,t) Q
R
< / D(c"—c*)u?(u?—u:) +/|C"—C*|dr] l¢" — ¢*| dzdr. (4.7)
Qx(0,t) 0
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Since by the compactness of U,q we have ¢ = ¢* and (" — (* — 0, the right-hand side tends to
zero which proves the convergence of the solutions. In this way even the uniqueness of the solution in
Theorem 3.2 is proved. O

4.5 Criterion-functional

In mechanics, the dangerous situations are extremes of the deformation or stress. In our heat con-
duction problem or the diffusion problem the extremes of the temperature or concentration can be
critical, the extremes of the temperature or concentration gradient can be critical, as well.

From the mathematical point of view, a continuous function on a compact (i.e., closed bounded)
set attains its maximum. If the function is integrable only, say in the LP space, then its values are
determined except for measure zero sets and thus the value of the function at a point x has no sense.
Instead of it we have to take integral mean of a small part G of €2

D(a,u,) = ﬁ /ua(x) dz,
G

where G is the small part of €2, where the failure of the construction may be expected.

Following the existence Theorem 3.2, the solutions u, ¢ are the continuous functions on C(2 x I).
Thus for any point zg € 2 and any time ¢ the criterion-functional for the data a € U,q and the
corresponding solution u, = (u, ¢, e) can be defined as the value of u or ¢ for (xg, tp) or its maximum
at the point xg or time tg, for example,

q)l(avua) = U(xo,to), Q)Q(a?ua) = q(xo,to),

(1)3(a7ua) = gleaé(u($,t0)7 (1)4(aaua) = I%lea}(q(l’o,t),

P = a t d = a t
5(a7ua) (.'p},?@é(xJU(x7 )a G(Q,Ua) (i,glEgXJq(x’ )7

where G is a closed subset of 2 and J is a closed subinterval of I.
Following Theorem 3.2, the unknown e = u, € L?(2,C(I)). Then the criterion-functional may be
be the integral mean of u, e.g.

1 1
Dr(a,u,) = Gl / lug(z,t0)|dz, Ps(a,u,) = €] /1{16&1}(|ux(sr,t)|dac7
a a

where G is an open subset of 2 and J a closed subinterval of 1.
Finally, following Theorem 3.2, the gradients wu;, e, ¢, ¢, are in L> (I, L?(2). Thus the criterion-
functional may be the integral mean over a closed G C 2 and J a subinterval of I, e.g.,

1
Dg(a,u,) = m / |v(z,t)| dt dz,
GxJ

where v stands for any of uy, e¢, g, qz-

4.6 Main result

Since the set of admissible data U,q is compact with respect to the corresponding norms, the mapping
a — u, is continuous and also each functional of type ®q,...,®g is continuous, we have arrived at
the main result:

Theorem 4.3. Let Hypothesis 3.1 be satisfied, the set of admissible data Upq = Caq X Zaq be defined
by (4.2), (4.3).

Then the worst scenario problem for the problem (3.1)—(3.3) with any criterion-functionals of type
Dq,..., D9 or their combination admits the solution.
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5 Concluding remarks

For the sake of simplicity, we have assumed certain zero boundary conditions for u(0,t) = 0, and
q(¢,t) = 0, certain initial condition and certain right-hand side f(x,t). The result can be extended
even to uncertain both boundary conditions u(0,t) = wug(t), or uncertain ¢(0,¢) = go(t) and similar
uncertain data on the right end x = £. Also, the initial condition u°(t) and right-hand side f(z,t)
may be uncertain. One should define the corresponding convenient compact sets for these uncertain
functions, and their difference will appear in the right-hand side of (4.7).
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1 Introduction

One of the possible ways to describe the qualitative behaviour of evolutionary processes with instant
impulsive perturbations is the theory of impulsive differential equations [14,20,21]. Autonomous
equations, which trajectories have impulsive perturbations at moments of intersection with certain
subset of the phase space, form an important subclass of impulsive differential equations and called
impulsive (or discontinuous) dynamical systems (DS). Some aspects of the long-time behavior of
such finite-dimensional systems have been studied in [1,6,13,14,17,19-21]. For infinite-dimensional
dissipative systems one of the important qualitative characteristics of their behavior is the concept of
a global attractor [23]. In [8,11,18,22,24], the theory of global attractors has been investigated in the
case, where the moments of impulsive perturbations are fixed.

First results of applying this theory to impulsive DS with a finite number of discontinuities along
the trajectories arose in [4]. In further works [2, 3], using a priori estimates on the behavior of
the trajectories in the neighborhood of impulsive set, the authors managed to transfer the basic
constructions of the classical DS theory to an impulsive case and obtain abstract theorems on the
existence and properties of the global attractor. However, the question of verifying the imposed
conditions on the impulsive DS for special infinite-dimensional nonlinear evolution problems remains
open. In [12], the authors offered another approach, based on the concept of a uniform attractor and
applied it to scalar impulsive parabolic equations with a small nonlinearity. In [7], this approach was
generalized to the multi-valued impulsive DS, generated by the solutions of evolution inclusions.

In this paper, using the methods of [12], we investigate the existence of a global attractor of
impulsive DS generated by the two-dimensional parabolic system with a small nonlinearity, which
solutions have impulsive perturbation at moments of intersection with a certain subset of the phase
space. Moreover, the conditions on the parameters of the problem do not guarantee the uniqueness
of the solution of the Cauchy problem, which requires to use the theory of global attractors of multi-
valued DS [10,15,16].

2 Formulation of the problem

Let & C R™, n > 1, be a bounded domain. For the unknown functions u(t, x), v(¢,z) in (0, +00) x €,
we consider the following problem:

% = alu+ {-jfl(U,U),
0
87175) = aAv + 2bAu + e fo(u, v), (2.1)
ul g = V)50 =0,
where £ > 0 is a small parameter,
a>0, |b<a, (2.2)

continuous linear functions f; : R2 — R, i = 1,2, satisfy the following condition:
3C >0 Yu,veR |fi(u,v)] +|f2(u,v)] <C. (2.3)

The space H = L*(Q) x L?(Q) with the norm ||z||z = /||u||2 + [|v||? is the phase space of problem
(2.1). Here and in the sequel, || - || and (-, - ) are the norm and the scalar product in L?(Q2), respectively,
{32, € (0, +00), {w:}32, C HE() are solutions of the spectral problem Aty = —\ih, ¥ € HE ().

Under conditions (2.2), (2.3), for every € > 0, 29 € H, there exists at least one solution z = (:}L €

C([0,400); H) of problem (2.1), where 2(0) = zo [5].
For the fixed « > 0, 8 > 0, v > 0, u > 0, we consider the following impulsive problem:
When the phase point z(¢t) meets the impulsive set

w={e= (4) € H 1 Jwwnl <7 atuvn) +Blon) = 1), (2.4
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then the impulsive map I : M —— M’ maps it into a new position [z € M’, where

w = {o= (M) €1 vl < aluvn) + B0 = 14 25)

We choose the set M due to the results from [12], where for a scalar parabolic equation, the
impulsive set M = {u € L2(Q) | (u,¢1) = 1}.

The main purpose of this work is to establish the existence and investigate the properties of the
global attractor of impulsive DS, generated by the solution of problem (2.1)—(2.5), for some class of
compact-valued impulsive maps I, which have the following form:

for z:Z(fll)dhEM

i=1
Izgfoz:{(d,)¢1+2( Dl i<y ad4sd=14af @0

In a particular case, the single-valued map I : M —— M’

(S (E)) = (an)or (@)

and the compact-valued map I = I are the partial cases of formula (2.6).

The main result of the work is to prove the fact that for an arbitrary compact-valued map I, which
satisfies (2.6), and for a sufficiently small € > 0, in the phase space H the impulsive problem (2.1),
(2.4), (2.6) generates impulsive (multi-valued) DS G, which has the global attractor ©. and

dist(0.,0) — 0, ¢ — 0, (2.7)
where

¢ —aA1 —ai T O
T (I B )

t€[0,7], Je1|<y

3 Construction of impulsive MDS

Let P(H) (B(H)) be a set of all non-empty (non-empty bounded) subsets of H.

Definition 3.1 ([15]). A multi-valued map G : Ry x H — P(H) is called a multi-valued dynamical
system (MDS), if the following conditions are satisfied:

Vee H G0,z) =z and Vit,s>0 G(t+s,z) CG(t,G(s,x)).
MDS G is called strict if Vo € H Vt,s >0 G(t + s,2) = G(t,G(s,x)).

Remark 3.1. If G is a single-valued map, then we obtain the definition of a semigroup. However,
we do not impose any continuity conditions on it, which is important when we consider impulsive
systems.

Definition 3.2 ([18]). A subset © C H is called a global attractor of MDS G, if
(1) © is a compact set;

(2) O is a uniformly attracting set, i.e.,

VB e B(H) dist(G(t,B),0) — 0, t— oo;
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(3) © is minimal among all closed uniformly attracting sets.

The next result follows from [18] and provides a criterion of the existence of a global attractor for
dissipative MDS.

Lemma 3.1. Assume that MDS G satisfies the dissipativity condition
dBye f(H) VBeB(H) 3T=T(B)>0 Vt>T G(t,B) C By.
Then the following conditions are equivalent:

(1) MDS G has global attractor ©;
(2) MDS G is asymtotically compact, i.e., Vt, /oo VB € B(H)

V&, € G(ty, B) the sequence {&,} is precompact in H.

Moreover,

© =w(By) = [ |J Gt Bo).

T>0t>T1

Now let us consider a special subclass of MDS called impulsive MDS. Impulsive MDS G consists
of non-empty closed set M C H (impulsive set), compact-valued map I : M — P(H) (impulsive map)
and some set K of continuous maps ¢ : [0, +00) — H, which satisfy the following assumptions:

(K1) Ve e H3Jp € K: ¢(0) = x;

(K2) Vpe KVs>0¢(- +3s) € K.

We denote K, = {p € K| ¢(0) =x}.

Remark 3.2. If in assumption (K1), for every z € H, there exists a unique ¢ € K such that ¢(0) = z,

then K, consists of a single trajectory ¢, and the equality V (¢, x) = ¢(¢) defines a classical semigroup
V:Ry xH— H.

A phase point of impulsive MDS moves along the trajectories of K, and at the moment of meeting
the set M, it immediately jumps onto a new position from the set IM. For the “well-posedness” of
the impulsive problem we assume the following conditions [4]:

MnNIM =, (3.1)
VeeM Voe K, 3r=7(p) >0 Vte (0,7) p(t) & M. (3.2)

We denote

VoeK M*t(p) = (U gp(t)) N M.
t>0

If M*(z) # @, then there exists a moment of time s := s(p) > 0 such that V¢ € (0,s) ¢(t) € M,
¢(s) € M. Therefore, we can define the following function s : K — (0, +o0]:

_Js i MT(p) # 2,
s(@){-i-oo it M*(p) = 2.

Let us construct impulsive trajectory ¢, which starts from the point zy € H. Let ¢ € K, .
If M+ (pg) = @, then define @ on [0, +00) as

P(t) = po(t) Vi =0.

If M+ (o) # @, then for sg = s(¢g) > 0, 71 = @o(so) € M and =] € Ix; define @ on [0, s¢] as

" t), tel0,sq),
- {2 ¢<10
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Let o1 € K+ If M™(p1) = @, then define @ on [0, +00) as

o(t) = p1(t —s0) YVt > so.

If M*(p1) # @, then for s1 = s(p1) > 0, 29 = ¢1(s1) € M and x] € Iz, we define @ on [sg, so+51] as

x;, t =50+ S1.

- ©1(t —s0), t € [s0,80 + 51),
p(t) = {
Continuing this procedure, we obtain the impulsive trajectory @ with a finite or infinite number of
impulsive points {z} },,>1 C IM, corresponding moments of time {s, },>0 C (0, 00) and the functions
{Qon}nZO CK.
Let

n

to = 0, tn+1 = Zsk.

k=0

If ¢ has an infinite number of jumps, then it is defined by the formula

~ n—th), TE[tn,tnt1),
V>0 Vt>0 3(t) = ‘p+( ) [t 1) (3.3)
$n+1, t= tn+1.
By l?; we denote the set of all impulsive trajectories, which start from the point z.
Let us assume that B
Va € H every ¢ € K, is defined on [0, +00). (3.4)

Remark 3.3. Due to the construction, every impulsive trajectory is right continuous. Moreover,
from (3.1) and (3.3) we obtain: Ve € H Vg € K, Vt >0 ¢(t) € M.

Lemma 3.2 ( [7]). Assume that the conditions (K1), (K2), (3.1), (3.2), (3.4) are satisfied. Then the
formula G(t,x) = {p(t) | ¢ € K.} defines MDS G : Ry x H — P(H), which we call impulsive MDS.

4 Existence of global attractor of impulsive MDS,
generated by problem (2.1), (2.4), (2.6)

Problem (2.1) generates a family of continuous maps:
K®={z:[0,+00) = H | z is a solution of (2.1)},
which due to the autonomy of the problem (2.1) satisfies the conditions (K1), (K2).

Lemma 4.1. Under conditions (2.2), (2.3) and the inequality
28y < 1 (4.1)

for a sufficiently small €, problem (2.1), (2.4), (2.6) generates impulsive MDS, and every impulsive
trajectory, which starts from the set M', has an infinite number of impulsive perturbations.

Remark 4.1. Here and in the sequel, under the expression for a sufficiently small ¢ we mean that
some property holds for all € € (0,&¢), where gy depends only of the parameters of problem (2.1).

Proof of Lemma 4.1. Let us verify conditions (3.1), (3.2) and (3.4). Condition (3.1) follows from the
definition of the sets M and M’. Due to conditions (2.2), (2.3) and Poincaré inequality, there exists
d > 0 such that for every solution z of the problem (2.1) and for almost all ¢ > 0 we get the inequality

1d

5 7 12Ol + 1=l < V2l (4.2)
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Then, for a sufficiently small e, we obtain

Vze KE V>0 ||z0))% < [12(0)]/%e~% + 1. (4.3)

Moreover, for every z = (Z) € K¢ and for every i > 1 we get the following equalities:
t
(u(t), 9i) = (u(0), g)e™ M +€/6_“"(t_s)(f1 (u(s),v(s)), i) ds, (4.4)
’ t
(0(t),9) = ((0(0), 9i) — 20X (u(0), ¥i)t)e™ "N + 5/6_“"”_5)(&(%8), v(s)), i) ds
0

%A / (t — $)e= = (£, (u(s), (s)), ) ds. (4.5)
0

Further, for the sake of simplicity, we denote v := 11, A := A1 and for z € K¢ consider the function
9e(t) = a(u(t), ¥) + B(v(t), ¥).
From (4.4), (4.5), for z(0) € M, we deduce
ge(t) = e~ (1 — 286A4(u(0), 1)) + £F (1),
where the function F. € C1([0,00)), F-(0) = 0, depends on z € K¢, however

30, >0 Yee (0,1) sup (|Fa(t)] + | FL(t)]) < Cy. (4.6)
t>0

From (2.2) and (2.3) we get
ge(0) = —aX — 28bA(u(0),) + F.(0).

Since |(u(0), )] <7, from (4.1) and (4.6) for a sufficiently small & there exists 7 = 7(2(0),&) > 0 such
that V¢ € (0,7) g-(t) < 1. Thus we get property (3.2).

Let us prove (3.4). Due to estimation (4.3), condition (3.4) is satisfied if z do not intersect the set
M. Thus, let us take arbitrarily z € K¢ from z(0) = zp € M’ and consider the function g.(t), which
has the form

ge(t) = €M (1 + p — 28bAt(uo, ) + eFx(t).

Since ¢g-(0) =1+ p, liirisup ge(t) < eCh, for a sufficient small € > 0, there exists s. > 0 such that
Vte (0,s:) ge(t) > 1, ge(se) =1. (4.7)
Let us show that for a sufficiently small £ > 0 the inequality
[(u(se), )] < v (4.8)
is fulfilled, i.e., 2(s:) € M. Indeed, for a sufficiently small ¢, from (4.7) we have the next inequality
(1 n g)emf > 14 p — 28bXse (uo, ). (4.9)

As |(ug, )| <7, from (4.9) we obtain
Se > S, (4.10)

where 5§ > 0 does not depend on &, zg and is the root of the equation

(1 + g)e“/\g =1+ - 28|b|AF.
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Then from (4.4) we deduce the estimation
‘(U(SE)v ’l/))‘ < ’yeia)\g + ‘C:Clv

from which for a sufficiently small € > 0 we obtain (4.8). Thus, every impulsive trajectory, which
starts from the set M’, has an infinite number of impulsive points and, due to estimation (4.10), we
have (3.4). O

Therefore, for a sufficiently small €, the impulsive multi-valued dynamical system éa Ry x H —
P(H),

Vt>0 Vzo€ H Ge(t,z0) = {z(t) | 2(-) e KL}, (4.11)

is correctly defined, where K ¢, is the set of all impulsive trajectories of problem (2.1), (2.4), (2.6),

which start from the point zj.
The main result of this paper is the following

Theorem. For a sufficiently small € > 0, under conditions (2.2), (2.3), (4.1), the impulsive MDS
(4.11) has a global attractor ©.. Moreover, the limit equality (2.7) is fulfilled.

Proof. Let us verify the dissipativity property. If for ||zg]] < R the impulsive trajectory z € K <, does
not have impulsive points, then from (4.3) it follows that

1
lz@)] < V2 VE>T = 5 In R2.

Otherwise, for a sufficiently small €, using the function g., for the moment s, = s(z) > 0, we
obtain the inequality

)

N | =

e~ (a(uo, ) + B(vo, 1) — 2BbAs-(ug, ¥)) >

thus, we deduce s. < s(R), where s(R) > 0 is a solution of the equation

1
L e = /a7 B R+ 28Asc R

After this, the phase point jumps into the point z;” = z(s.) € I(2(s. —0)). Due to the form of the
impulsive map (2.6), we deduce the estimation

Vze HY 2 € 1(2) |27 % < K2+ 2|4, (4.12)

2, In particular,

where £? := 72 + (71+“ﬂ+a7)

l2(se)llf < &%+ R® + 1.

Therefore, it suffices to prove the dissipativity condition only for those impulsive trajectories, which
start from the set IM, i.e., for a sufficiently small ¢, it suffices to prove that

ARy >0 VR>0 3T =T(R) >0 Vzo € IM, |z|lz <R,
Vze K Vt>T |2(t)|u < Ro. (4.13)

But if {s%}2°, are the moments of the impulsive perturbation for z € I?EO, then from (4.3), (4.12) and
inequality (4.10) we find that for k > 0,

k

Z(Zs;)

=0

K2

—_ 4.14
1— e 93 (4.14)

‘2 < e Ok+)sR2
H

Thus, from the last inequality and formula (4.3) follows (4.13), where Ry = 2 + 1_';72,57 .
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Let us prove that és is asymptotically compact. Towards this end, we fix an arbitrary solution
z = :j of problem (2.1). Considering every equation in (2.1) as a linear equation with right-hand

side hy(t) = efi(u(t),v(t)), ha(t) = 2bAu(t)+efa(u(t), v(t)), from the regularity lemma [23] we deduce
that there exists a constant Cy > 0, which depends only on the parameters of problem (2.1) and does
not depend on ¢, such that for almost all ¢ > 0,

d
S u®) By + all Au)]* < Cs, (415)
d
)1 + allu(t) |3 < Cs, (116)
d 5 5  A4b? 9
Sl + el Av®)? < = [ Au@ + Ca, (417)
d 9 9 4b2 9
SI@IP + allo(®)l3y < = a3 + Co. (418)

From (4.15), (4.16) and the Uniform Gronwall Lemma [23] we obtain

02 2Cy
Ve s 0 fu® < Cpt + LU0 2C 4.19
>0 Ju(@)ly < Cot+ 10 4 2 (4.19)
Then from (4.17)—(4.19) and the Uniform Gronwall Lemma we have
2
4b° lu(0)[12 + lo(0)|> | 2Cpy | C2r + llult =)l
2 < (= ae o .
Vi>0r e (0,0) [fo(t) |2 < (a2 +1) ( - += )+ - (4.20)
Assume that r = § and from (4.19), (4.20) we get the following estimation:
4 2([u(O)I” + [v(O)[*) | 2C2
2
<
V>0 o)l < (S5 +1)( - +=2)
Cot 1 2[[u(0)[|? = 2Cy
— 1+ — —_—+ —. 4.21
+2a ( +2a>+ ta? + a? (421)

(n)

=) c

Now, let z(()”) =3 ( ’( )> -1, ||Z(()n)|| u < R, be an arbitrary bounded sequence of initial data,
i=1 \d;"

&, € és(tn,zén)), tn, /S +00. Then &, = z,(t,), where z, € f(a(n). If 2, does not have impulsive
20
points, then for the function y, (t) = z,(¢t + t, — 1), t > 0 we obtain

Yn € I?gn(tn_l)v &n = Zn(tn) = yn(]-)

From (4.3) we find that ||z, (t, — 1)|| < V2 Vn > N(R). Therefore, from estimates (4.19), (4.21), the
sequence {y,(1) = &,} is bounded in H}(Q) x H(Q) and, hence, is precompact in H.
Otherwise, without loss of generality, from the previous arguments we can assume that z(()n) eIM,

||z(()n)||H < R. Let {Ti(_ti = > s,g")}izo be the moments of impulsive perturbation for z,(-) =

vn ()

precompactness of the sequence {nan}. From the dissipativity condition (4.13), the estimation

(u"()), ~{17i")Jr = zn(Ti(n)) 2, C IM be the corresponding impulsive points. Let us prove the

s<sM <3 (4.22)

and the estimates (4.19), (4.21), we get the existence of the constant C'(R), independent of e, such
that
Vi1 Vn>1 [lun (T = 0|2 + [loa (T = 0)[%, < C(R). (4.23)
0 0
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Then from (2.6) and (4.23) for all i > 1, n > 1 we deduce the estimation
Jean Ty + llon Ty < C(R) + 2097 (4.24)

Therefore, due to (4.24) and the compactness of the embedding H}(Q) C L?(12), there follows the
required precompactness of the set {n§")+ | ¢ > 1, n > 1} in H. Then for the sequence &, €
G. (tn,zén ), for every n > 1, there exists a number ¢ = i(n), i(n) — oo, n — oo, such that ¢, €

i) z(n)+1) Thus, from the inclusion

— ~ (n) (n)+
it follows that &, = yn(7,), where 7, := ¢, — Tl(:?), yn € K€ is a sequence of solutions of the
(n)+

(non-perturbed) problem (2.1), where y,(0) = Ni(ny - Since from the previous arguments on some

(n)+

subsequence we have 7, iny N in H, and from the inclusion 7,, € [0, 5] on some subsequence we have

Tn — T € [0,38], from the regularity results [9] of the solutions of the problem (2.1) we deduce the
following result:
Yn(mn) — y(7) in H, where y € K¢, y(0) = 7. (4.26)

Thus, the sequence {,,} is precompact in H, and from Lemma 3.1 we deduce the existence of the
global attractor

0. = J G-t Bo), (4.27)

s>0t>s

where the dissipative set By is defined from (4.14) and does not depend on e.
Let us prove convergence (2.7). It suffices to show that for e, — 0, k) ¢ O, , on the subsequence

¢W s ¢e0 in H k— .
From (4.27), there exist the sequences {t; ' oo}, {22} C By, 2zx € KE ¥, such that Vi > 1 ||€®) —
zi(te)]| < 1/k. If 2z, do not have impulsive perturbations, then using (4 2) we obtain the estimation

2e2(?
52

V>0 [lz()Ih < 2RlIFe* +

from which it follows that £*) — 0 in H.
Otherwise, if z; have impulsive perturbations, then under conditions (4.25) for & = zx(tx), we
obtain the equality
§e = yre(Tk), Yk € Kf];:i,

whence, using the notation from the previous part of the proving, it follows that
Th —tk—T(()) — T 0 .—771(()) —n, i(k) = o0, k— oo.

Since 71, € [O,sz(;)} and the point s = sgéclz) satisfies inequality (4.22) and is a solution of the

equation
™"k (1 + = 2BbAsk (uf, 1)) + exFr, (s1) = 1,

where ulg, vlg are the components of the vector n,j € IM, for k — oo we obtain that on the subsequence
s — s, where T € [0, s] and s is a solution of the equation

e~ (1 4 1 — 2BbAs(ug, ) = 1, (4.28)
\(U0a¢1)| S’Ya 04(”0#%)‘*‘5(”0#/&) = 1+:u’ (429)
From (4.4), (4.5) we deduce that Vi > 1

Tk

(e (o), ) = (U, i)e™ N7 4 / =N (f, (ug (), v (5)), W) ds

0
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Tk

(o (k) ¥1) = (05, %i) — 2bNi(ug, i) i) e~ N7 +€k/B*“Ai(T’”S)(fz(Uk(S),Uk(S))ﬂ/fi)dS

0

— er2bA; /(Tk — S)e_a)\i(m_s)(fl(uk(s)vUk(s))awi) ds.
0

Analogously to (4.26), we can assume that

& = <“’“(T’“)) s E=y(r) = (ZE:;) in H, where y € K, y(0) = 1.

’Uk(T;g)

Then, as k — oo, we obtain

(u(7),41) = (ug, P1)e” N7, (4.30)
(v(1),%1) = ((vo,1b1) — 2bA1 (ug, 1)) e~ *M7, (4.31)

where 7 € [0, s, s is a unique root of equation (4.28) under fixed ug, vy from (4.29).
Taking into account a “non-impulsive” character of the coordinates j > 2 along each impulsive
trajectory, from (2.2) we get

Vi 22 |(ug, ¥)] + [(v5, ¢5)] — 0, k — oo (4.32)
Then from (4.30)—(4.32) we obtain that £ € © and (2.7) takes place. O

Remark 4.2. As is shown in [12], for the impulsive DS the global attractor © is, generally speaking,
not invariant set of the semiflow G. However, the set © \ M [4] may have such a property. The
invariance property can be obtained from the explicit formula of ©, when € = 0. It turns out that if,
additionally, the map I is upper-semicontinuous, this fact is valid for a sufficiently small € > 0, i.e.,
the equality B

V>0 Ge(t,0.\ M) =0\ M

is satisfied. It will be done in the forthcoming papers.
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1 Introduction

During several last decades, derivatives and integrals of non-integer orders, the so-called fractional
derivatives and integrals, serve as an effective tool for modelling of many interesting technical and
physical problems originating, e.g., in control theory, rheology, anomalous diffusion, chemistry (see,
e.g., [4,7]). The extensive applications of this theory bring the need to understand well basic behaviour
of the solutions of differential equations containing fractional derivatives.

Starting point for introductory investigation of the qualitative properties of fractional differential
equations is the test equation of the form

oy(t) = Xy(t), a€(0,1), AeR, (1.1)
D§~'y(0) = yo, yo € R. (1.2)

The asymptotic behaviour of (1.1),(1.2) was extensively studied by many authors (see, e.g., [6-8])
and their results can be summarized as

Theorem 1.1. Let a € (0,1), A € R. Then the following statements hold:
(i) All solutions of (1.1) eventually tend to zero if and only if A < 0.
(if) All non-trivial solutions of (1.1) are eventually unbounded if and only if A > 0.

Analogous results were obtained for the modifications of (1.1) including vector cases [6,8], delay [1]
or discretized operators [2].

Although the statement of Theorem 1.1 seems to be quite similar to the results known from the
classical analysis of the equation y'(t) = Ay(t), fractional differential equations show several distinguish
properties. Most apparent difference occurs for A = 0, where in the integer-order case the solutions
are known to be bounded but they do not tend to zero. Theorem 1.1 does not discuss the decay rate
of solutions. If A < 0, unlike for the integer-order differential equations, the solutions of (1.1) do not
tend to zero exponentially, but algebraically (this decay depends on the derivative order «).

The goal of this paper is to generalize Theorem 1.1 for the linear fractional differential equation
with variable coefficient, i.e.,

DGy(t) = f(t)y(t), a€(0,1), AeR, (1.3)

where f is a continuous bounded real function and (1.2) is supplied as the initial condition.

Fractional differential equations with variable coefficients are usually studied in the literature from
the viewpoint of constructing the solutions with no particular stress put on qualitative properties of
such solutions (see, e.g., [10]). In [8,9], the authors considered (1.3) in the vector form and attempted
to employ Gronwall’s inequality to perform qualitative analysis, however the resulting assertions and
proof techniques contain some unfeasible conditions and incorrect assumptions.

This paper is organized as follows. Section 2 presents basic definitions and preliminary results.
Main results are contained in Section 3 including the corresponding proofs. Section 4 concludes the
paper by some comments and remarks.

2 Preliminaries

Throughout this paper, we employ the Riemann—Liouville derivative of order «. It is introduced as
follows: First, let y be a real scalar function defined on (0, 00). For v € (0, 00), the fractional integral

of y is defined as
t

_ e\yr—1
Dy = [ U= e)de, te (0,00),
0

and, for a € (0,00), the Riemann-Liouville fractional derivative of y is defined as

dlel

= o (Dy Ty (1)), t € (0,00),

Dgy(t)
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where [ -] denotes the ceiling function (also called upper integer part). We put DJy(t) = y(t) (for
more on fractional calculus see, e.g., [5,7]).
It is well-known that the solution of (1.1), (1.2) is given by

y(t) = yot* " Ea o (A7),
where F, . denotes the two-parameter Mittag—Lefller function introduced generally via the series
J

Eus®) = 2 5057 5)

j=0

, 2z€C, n,p € (0,00). (2.1)

The Mittag—Leffler function is known to play a role of generalized exponential function within frac-
tional calculus. Hence, asymptotic behaviour of (2.1) is essential with respect to the qualitative
analysis of fractional differential equations. For some of these properties relevant for this paper see,
e.g., [3,7,11].

Lemma 2.1. Let n, 5 € (0,00). Then E, g(z) is positive and increasing for z € R.
Lemma 2.2. Let n,8 € (0,00), A € R.
(i) If A >0, then

A1=8)/n

tPLE, s(MT) = exp(A\Yt) + OP 2171 s t — oo.

(ii) If A= 0, then
et

L(n)

71, (M) =

(iii) If A < 0, then

_th—n—1 o311
. NXG—n) +O(t ), B#mn,
tPTLE, s(MT) = - as t — oo.
-t —op—1 _

We note that the O-symbol for any functions g, h is introduced as g(t) = O(h(t)) as t = oo if and
only if there exist reals to, M such that |g(t)| < M|h(t)| for all ¢ > ¢,.

3 Main results

In this section we study asymptotic properties of solutions of (1.3) based on the boundedness of the

variable coefficient f. We supply (1.3) with the initial condition (1.2) where, without loss of generality,

we assume yo € (0, 00) throughout this section.

Lemma 3.1. Let o € (0,1), U,L € R and let f be a continuous real function such that
L<f(t)<U forall t€(0,00).

Then every solution y of (1.3), (1.2) satisfies

Yot® By o (LtY) < y(t) < yot® ' EL o (UtY) for all t € (0, 00).
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Proof. First we show that y(t) > yot® 1 E, o(LtY) for all t > 0. We introduce an auxiliary function
€~ via the relation e~ (¢t) = f(t) — L, i.e. L = f(t) —e(t). Clearly, ¢~ is non-negative and bounded
by U — L. This enables us to rewrite (1.3) as

Dgy(t) = Ly(t) + e~ @)y(t).

We denote by y& the solution of D§y(t) = Ly(t), D§y(0) = 1. Hence, based on the variation of
constants formula, the solution y of (1.3), (1.2) satisfies

y(t) = yoyr (t +/y£ (t—=&em(§)y(8) dE. (3.1)

Due to Lemma 2.1 we have 0 < yZ(t) for all ¢ € (0, 00). Assume that there exists t such that
y(t) < yoyk (). Relation (3.1) implies that there exists to € (0,t) such that

y(t) > yoyk (t) for all t € (0,t0).

Since y is a continuous function, ¢y can be chosen so that y(to) = yoyE (to). Therefore, by (3.1), we get
to
[ vkt -9 @i ag =o. (32)
0

Since yﬁ and £~ are non-negative functions, (3.2) implies that there exists a subset of non-zero measure
of (0,to) where y is negative, which leads to a contradiction. Hence, y(t) > yoyE (t) = yot® ' Eq.o(Lt%)
for all ¢ > 0.

The second part of the inequality, i.e., y(t) < yot® L Eq o(UtY) for all t > 0, is proved analogously
by using the auxiliary non-negative function e defined via the relation e*(¢t) = U — f(¢). That
concludes the proof. O

This enables us to formulate

Theorem 3.2. Let « € (0,1), U,L € R, ¢ty € (0,00) and let f be a bounded continuous function.
Further, let L < f(t) < U for allt € (tg,0).

(i) If U < 0, then all solutions of (1.3) tend to zero. Moreover, every non-trivial solution y of
(1.3), (1.2) satisfies KLt=o=1 < y(t) < KVt=2=! as t — oo for suitable positive real constants
KL KU,

(ii) If U = 0, then all solutions of (1.3) tend to zero. Moreover, every non-trivial solution y of
(1.3), (1.2) satisfies KLt < y(t) < KVt~ as t — oo for suitable positive real constants
KL, KU,

(iii) If L > 0, then all non-trivial solutions of (1.3) are unbounded.

Proof. (i) Since f is bounded, Lemma 3.1 implies that the solution y of (1.3) is positive.
First let us prove that y(t) < KVt=*"1 ast — oo for suitable real KY. We denote et (t) = U — f(t)
and, using similar approach as in the proof of Lemma 3.1, rewrite the solution of (1.3) as

y(t) = you¥ () - / y (t - €)™ (€)(E) dt — / g (= )t (E)y(€) de. (3.3)

Now, we investigate each term of (3.3) separately. The asymptotic behaviour of the first term is
known, indeed, due to U < 0 and Lemma 2.2, we have

—yot— !

m + O(t_2a_1) as t — oo. (34)

Yoyr (t) = yot® 1 Eu o (UtY) =
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The middle term of (3.3) contains positive functions y¥, y and the function e* which is allowed to
change its sign on (0, o), but is bounded, i.e., there exists m such that [T (t)| < m for all t € (0, o).
Thus, we get

to

} S PAGRGIE df] < [t - 9l © e ae
0 0

to
—yot— 1 Coa— —a—
< m(m + 0Ot 1)) /y(f) d¢ < Kt7> ' as t =00, (3.5)
0

where we have used the fact that the solution y of (1.3) is integrable (see, e.g., [5,7]).
The third term of (3.3) contains only positive functions y¥, y and et (more precisely, e* is non-
negative for ¢t € (0,00)). Considering this along with (3.4), (3.5), we can estimate (3.3) as

y(t) < KVt 71 as t — oo,

where KU is a suitable positive real constant. R
The second part of the inequality, i.e., y(t) > KXt=*~1 can be proved analogously.
The assertions (ii), (iii) can be proved by using similar steps as for (i). O

Theorem 3.2 directly implies the following results for f being asymptotically constant.

Corollary 3.3. Let a € (0,1), P € R and let f be a bounded continuous function such that

lim f(t) = P.

t—c0
Then the following statements hold:

(i) All solutions of (1.3) eventually tend to zero if P < 0.

(if) All non-trivial solutions of (1.3) are eventually unbounded if P > 0.

We can see that Corollary 3.3 is nearly in the effective form. The only case holding us from
formulating not only sufficient but also necessary conditions, is P = 0. Theorem 1.1 indicates that
A = 0 plays a role of stability boundary for (1.1), (1.2). Corollary 3.3 therefore further highlights the
special importance of the zero right-hand side of fractional differential equations.

Lemma 3.1 implies that if f is allowed to change its sign, the solutions of (1.3) can tend to zero
and be unbounded. In particular, we can see that if f is non-positive and tends to zero, the solutions
of (1.3) tend to zero (see Theorem 3.2(ii)). None of Theorems 1.1, 3.2 discusses situations when f
tends to zero and is positive or oscillates. To illustrate the range of possible behaviours of solutions
(1.3) in such cases, we consider the following examples:

(A) Let f be a bounded continuous function satisfying

lim f(t) =0 and f(t) > Kt 7,

t—o0

where v € (0,00), « € (0,1) and K is a positive real. Then the solution y of (1.3), (1.2) can be
estimated as

a—1 _ a—1
y(t) = y% + / E=O peyy(e) de
0

I'(«)
ta_l L (t _ f)a—l Ké-a—’y—l B ta_l KP(CV _’7) t2a—'y—1
= 00T +/ Ma) T “ %@ " T@ Tea_v)
0

Obviously, if v € (0,2a — 1) and « € (1/2,1), then y is eventually unbounded.
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(B) Let f be a bounded continuous function such that
f(t)>0 for t € (0,00) and f(t) =0 for ¢ € (¢, 0),

where ¢y € (0,00), a € (0,1). As in the proof of Theorem 3.2, the solution y of (1.3) can be
estimated as

t
tozfl Kl (t _ to)a71 ? tOéfl Kg(t _ to)a71

where K7, Ky are suitable positive reals. Obviously, y tends to zero.

Remark. The assumption of yg € (0,00) made throughout this section is not essential. Clearly, if
Yo € (—00,0), then the resulting inequalities only change their orientation.

4 Conclusions

We have studied asymptotic properties of solutions of the linear fractional differential equation with
variable coefficient (1.3)).

Lemma 3.1 implies that if f is bounded, then the corresponding solution of (1.3) is bounded
by the solutions of (1.1) for particular choices of A depending on the bounds of f. Consequently,
Theorem 1.1 shows that the solutions of (1.3) pose algebraic decay or exponential growth if f is
bounded and non-positive or positive, respectively.

The assumptions on the sign of f needed in Theorem 1.1 were weakened in Theorem 3.2 where
the fixed sign of f is required only for sufficiently large ¢t. Finally, Corollary 3.3 outlines the specific
case of asymptotically constant coefficient f. In particular, if f tends to a non-zero constant, the
full discussion of asymptotic behaviour is presented. If f tends to zero, solutions can be eventually
unbounded or tending to zero depending on decay rate of f as illustrated by the examples.

Possible future research directions are a deeper analysis of the case when f asymptotically ap-
proaches zero, and various generalizations of (1.3) to multi-term equations or vector forms.
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Abstract. Recently, some extensions of results of M. A. Krasnosel’skii and Gustafson—Schmitt for
systems of the type 2’ = f(¢, ) with periodic boundary conditions x(0) = x(1) have been obtained for

1 1
nonlocal boundary conditions of the type z(1) = [ dh(s) z(s) or (0) = [ dh(s) z(s), where h is a real
0 0

non-decreasing function satisfying some conditions, and containing the periodic boundary conditions as
special cases. The situations with periodic and nonlocal boundary conditions are compared through
the use of counterexamples, exhibiting the special character of the periodic case. Similar counter-
examples also show, in the case of second order systems with some nonlocal boundary conditions,
that the sense of some inequalities in the assumptions cannot be reversed.*
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1 Introduction

Let (- | -) denote the usual inner product in R™, | - | the corresponding Euclidian norm, and Bg C R"
the open ball of center 0 and radius R. Throughout the paper, let f : [0,1] x R™ — R™ be continuous.
Let us first consider the periodic boundary value problem

' = f(t,z), z(0)=z(1). (1.1)
A classical existence theorem for problem (1.1), more than fifty years old, is the following one.

Existence theorem. If there exists R > 0 such that either
(w] f(t,u)) >0 V(t,u) €[0,1] x OBg,

" (u] f(t,u)) <0 V(t,u) €[0,1] x OBg,

then problem (1.1) has at least one solution such that x([0,1]) C Bg.

The two results are indeed equivalent, the second one being deduced from the first one through
the change of variable 7 = 1 — t. They are a nonlinear counterpart to the elementary result that, for
each e € C([0,1],R™) and each A € R\ {0}, the problem

¥ =X +e(t), z(0)=z(1)

has a solution, a consequence of the fact that 0 is the unique real eigenvalue of the operator % with
periodic boundary conditions.

Although the existence theorem above is a special case of a result given by M. A. Krasnosel’skii in
1966 ([6, Theorem 3.2]), and was surely known to him, its explicit statement is not contained in [6],
and we did not find an earlier reference. One can just mention that in 1965, F. E. Browder [1] proved
the existence of a solution of (1.1) with R™ replaced by an arbitrary real Hilbert space with inner
product (- | -) when f :[0,1] x H — H is continuous, — f(¢, - ) is monotone for each ¢ € [0,1] and
there exists R > 0 such that (u | f(¢,u)) <0 for (¢,u) € [0,1] x OBg.

Krasnosel’skii's theorem. If there erists a bounded open conver set C C R", and functions ®; €
CHR™",R) (i = 1,...,7) such that C = {u € R" : ®;(u) <0 (i = 1,...,7)}, V®;(u) # 0 when
®,;(u) =0 for some u € OC, and either

(V®;(u) | f(t,u)) >0 V(t,u) €[0,1] x IC and Vi € a(u),

" (V®;(u) | f(t,u)) <0 V(t,u) €[0,1] x IC and Vi € a(u),

where a(u) == {i € {1,...,7} : ®;(u) = 0}, then problem (1.1) has at least one solution such that
z([0,1]) c C.

The existence theorem above corresponds to the choice of C' = B, r = 1 and ®1(u) = § (Ju|*—R?).
A more direct proof of Krasnosel’skii’s theorem based upon coincidence degree arguments has been
given in 1974 in [7, Corollary 3.2].

Now, if C C R"™ is an open convex neighborhood of 0 € R™, then, for each u € 9C, there exists
some v(u) € R™\ {0} such that (v(u) |u) >0and C C {veR": (v(u) | v—u) < 0}. v(u) is called
an outer normal to OC at u, and v : 9C — R™\ {0} an outer normal field on OC'. Notice that v needs
not to be continuous. The second condition means that v(u) is orthogonal to a supporting hyperplane
of C at u [2,5]. In 1974, using arguments similar to those of [7], Gustafson and Schmitt [4] introduced
the following elegant existence condition.

Gustafson—Schmitt’'s theorem. If there exists a bounded convex open neighborhood C' of 0 in R™, and
an outer normal field v on OC such that either

(v(u) | f(t,u)) >0 V(t,u) €[0,1] x OC, (1.2)
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(v(u) | f(t,u)) <0 V(t,u) €[0,1] x OC, (1.3)

then problem (1.1) has at least one solution such that z([0,1]) € C.

Notice that the monograph [6] is not quoted in [4], and that the special case where C = Bp is
explicitly stated there. The relation between [6] and [4] was explicited in [7, 8], where it was also
shown that inequalities need not to be strict in Gustafson-Schmitt’s assumptions (1.2), (1.3) if one
replaces C' by C in the conclusion. See also [3] for further generalizations. Krasnosel’skii’s theorem
follows from extended Gustafson—Schmitt’s condition because if, without loss of generality, we assume
that 0 € C' in Krasnosel’skii’s statement, then, for v € dC and i € a(u), V®;(u) is an outer normal
to 0C at u.

In [10], the following generalizations of problem (1.1)

1

Y= f(ta), 2(1) = /dh(s)x(s), (1.4)

0

and
1

¥ = f(t,x), z(0)= /dh(s)z(s) (1.5)

0

(sometimes called nonlocal terminal value problem, and nonlocal initial value problem, respectively),
have been considered, where

1
h:10,1] = R is non-decreasing and /dh(s) =1.
0

Both boundary conditions in (1.4) and (1.5) can be seen as generalizations of the periodic boundary
conditions x(0) = z(1), where either z(0) or x(1) is replaced by some average of = over the interval
[0, 1].

The following theorems are special cases of the results proved in [10] by reduction to a fixed point
problem and the use of some version of Leray—Schauder continuation theorem.

Theorem 1.1. If h(0) < h(«) for some o € (0,1) and if there exists an open, bounded, convex
neighborhood C of 0 in R™ and an outer normal field v on 0C such that

(v(u) | f(t,u)) =0 V(t,u) €[0,1] x OC, (1.6)
then problem (1.4) has at least one solution x such that x([0,1]) € C.

Theorem 1.2. If h(a) < h(1l) for some o € (0,1) and if there exists an open, bounded, convex
neighborhood C' of 0 in R™ and an outer normal field v on 0C such that

(v(u) | f(t,u)) <0 V(t,u) €[0,1] x OC, (1.7)
then problem (1.5) has at least one solution x such that z([0,1]) C C.

The following consequences of Theorems 1.1 and 1.2, corresponding to C' = Bpg, are also given
in [10].

Corollary 1.1. If h(0) < h(«) for some o € (0,1) and if there exists R > 0 such that
(] F(t,u)) >0 ¥ (t,u) € [0,1] x OB, (1)

Then problem (1.4) has at least one solution x such that z([0,1]) € Bg.
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Corollary 1.2. If h(a) < h(1) for some o € (0,1) and if there exists R > 0 such that
(u| f(t,uw)) <0 V(t,u)€[0,1] x OB, (1.9)
then problem (1.5) has at least one solution x such that z([0,1]) € Bg.

Comparing those statements with our first existence theorem for the periodic problem, we see that
the sense of the inequality in conditions (1.6) or (1.8) and (1.7) or (1.9) depends upon the boundary
condition. On the other hand, as it is easily verified by direct computation, the system

' =Mz +e(t),

with each of the three-point boundary conditions

= 1(3) +20]. #101= 1 p(3) a0

has a solution for each e € C([0,1],R™) and each A € R\ {0}. This is again a consequence of the
fact that the only real eigenvalue of % with each boundary condition is 0. Hence a natural question
is to know if the conclusion of the above corollaries still holds when the sense of the corresponding
inequality upon f is reversed.

The aim of this paper is to show by some counterexamples that the answer is negative in general,
which of course implies that the same negative answer holds for Theorems 1.1 and 1.2. In this sense,
the existence conditions given in [10] are sharp.

The construction of our counterexamples in Section 4 depends upon the study of the associated
complex eigenvalue problem in Section 2 and of the corresponding Fredholm alternative in Section 3
for some special three-point boundary conditions.

In Section 4, we exhibit a (complex) eigenvalue A and show the existence of a function e €
C(]0,1],C) such that the equation

2 =Xz +e(t),

with the corresponding multipoint boundary conditions, has no solution z : [0,1] — C and such that,
for the equivalent 2-dimensional system obtained by letting

x1 =Rz, 2 =Sz, fi(t,z) =RAz+e(t)), fo(t,z) =3z +e(t)),

(u | f(t,u)) has the opposite sign to the one in the corresponding corollary, for all ¢ € [0,1] and all
sufficiently large |u|. We complete this 2-dimensional counterexample by a 3-dimensional one, from
which counterexamples can easily be obtained in all dimensions n > 2.

In Section 4, we also give an example of periodic problem (1.1) having no solution and such that
(z, f(t,x)) changes sign when |z| = R and R > 0 is sufficiently large. Hence, the assumptions of the
existence theorem for periodic problems are sharp as well.

Finally, in Section 5, we construct in a similar way a counterexample related to the following
nonlocal boundary value problem for a second order system considered in [9]

1
2" =g(t,z,2'), z(0)=0, 2/(1) = /dh(s) z'(s), (1.10)
0
1
where g : [0,1] x R™ x R™ — R™ is continuous and h : [0,1] — R is non-decreasing and [ dh(s) = 1.
0
The following existence result is proved in [9].

Theorem 1.3. If h(0) < h(w) for some o € (0,1) and if there exists an open, bounded, convex
neighborhood C of 0 in R™ and an outer normal field v on OC' such that

(v(v) | g(t,u,v)) >0 V(t,u,v) €[0,1] x C x dC,

then problem (1.10) has at least one solution x such that x([0,1]) C C and 2'([0,1]) C C.
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Its special case where C' = Bpr goes as follows.

Corollary 1.3. If h(0) < h(«) for some o € (0,1) and if there exists R > 0 such that
(v|g(t,u,v)) >0 V(t,u,v) €0,1] x Bg x Bg, (1.11)
then problem (1.10) has at least one solution x such that x([0,1]) C Bg and z'([0,1]) C Brg.

In Section 5, we exhibit a counterexample showing that a statement like Corollary 1.3 does not
hold if the sense of inequality (1.11) is reversed.
Notice that one could consider as well the problem

P = gt z,a'), 2(0) =0, x’(O):/dh(s)x’(s), (1.12)

when h(a) < h(1) for some a € (0,1) and the assumptions on g, and prove, mimicking the approach
of [9], the following existence result.

Theorem 1.4. If h(a) < h(1) for some o € (0,1) and if there exists an open, bounded, convex
neighborhood C of 0 in R™ and an outer normal field v on 0C such that

(v(v) | g(t,u,v)) <0 V(t,u,v) €[0,1] x C x dC,
then problem (1.12) has at least one solution x such that x([0,1]) C C and 2'([0,1]) C C.

We leave to the reader the task of stating the corresponding corollary analog to Corollary 1.3 and
of constructing a counterexample to an existence statement with reversed inequalities.

In analogy with the periodic case for first order differential systems, the two-point boundary value
problem

2" =g(t,z,2'), z(0)=0, 2/(0) =2'(1) (1.13)
is a special case of both problems (1.10) and (1.12). Hence, the existence of a solution to problem
(1.13) is insured if there exists R > 0 such that either

(v|gt,u,v)) >0 V(t,u,v) €[0,1] x Br x OBg,

or
(v|gt,u,v)) <0 V(t,u,v) €[0,1] x Bg x OBg.

2 First order eigenvalue problems

We consider the eigenvalue problem

2(t) = Ma(t), 2(1) = % [0) + z(%)} (2.1)

where A € C, z : [0,1] — C. TIts three-point boundary condition is a special case of the one in
Corollary 1.1 with

0 if s=0,
h(s)=<¢1/2 if s€ (0,1/2]
1 if se(1/2,1)

Proposition 2.1. The eigenvalues of problem (2.1) are Aic1,. = 2k(2mi) and Me 2 = —logd + (2k +
1)(2wi) (k € Z). They are located in the left part of the complex plane.



The Sharpness of Some Existence Statements for Differential Systems with Nonlocal Boundary Conditions 85

Proof. The eigenvalue problem (2.1) has a nontrivial solution if and only if A € C is such that

11
A=y 2 eM2 2.2
e 2+2e (2.2)

Set uu := /2, so that equation (2.2) becomes the equation in s

1 1
2
e u—==0
2 5 Iz B )
whose solutions are pie,1 = 1, e = —%. The equation M2 = tte = 1 is satisfied for % = 2kmi

(k € Z) which gives the eigenvalues
Ae1 g = 2k(2mi) (k € Z).

The equation e*/? = iy, » = —3 is satisfied for § = —log2 + mi + 2kmi = —log 2+ (2k + 1)i (k € Z),
which gives the eigenvalues

Ateok = —logd+ (2k + 1)(2mi) (k € Z). 0

Similarly, we consider the eigenvalue problem

2(t) = A=(t), =(0) = [z(%) (1), (2.3)

where A € C, z : [0,1] — C. Its multi-point boundary condition is a special case of the one in
Corollary 1.2 with

0 if se0,1/2),
h(s)=<1/2 if se[1/2,1),
1 if s=1.

Proposition 2.2. The eigenvalues of problem (2.3) are Aic.1, = 2k(2mi) and ¢, = logd + (2k +
1)(2wi) (k € Z). They are located in the left right part of the complex plane.

Proof. The eigenvalue problem (2.3) has a nontrivial solution if and only if A € C is such that

1 1
1=§eW+§eN (2.4)

Set u := €2, so that equation (2.4) becomes the equation in x

1, 1
- S —1=0
g T gH

whose solutions are pi;c,; = 1 and p;c2 = —2. Consequently, we obtain, as above,
)\ic,l,k = 2k(27r2) (k c Z)

and
Xico g = logd + (2k + 1)(2mi) (k € Z). O

Remark 2.1. The situation can be compared with the spectrum for the periodic boundary conditions
2 =Xz, 2(0)=2z(1)

which, as easily seen, is made of the eigenvalues A, ;, = k(2m¢) (k € Z). One can see that, in the case
of (2.1), half of the eigenvalues of the periodic problem move to the line 8z = —log4, and, in the
case of (2.3), the same half moves to the line Rz = log4. The spectra have lost their symmetry with
respect to the imaginary axis.
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3 Fredholm alternative

The construction of our counterexamples requires the use of the Fredholm alternative for the corre-
sponding forced boundary value problems.

Proposition 3.1. X is an eigenvalue of (2.1) (resp. (2.3)) if and only if there exists a continuous
function e such that the nonhomogeneous problem (3.1) (resp. (3.2)) has no solution.

Proof. It is shown in [10] (or by direct verification) that the non-homogeneous problems

Lz:=2 —z2=ce(t), 2(0)= %z(%) + %z(l)

and

Mz:=2 +z=e(t), 2(0) = %z(%) + %z(l)

have a unique solution z = L=te and z = M ~e for every e € C([0, 1],C), and that the linear mappings
L=1 and M~ are compact in the space C([0,1],C). As a consequence, each problem

YAz =elt), 2(1)= %z(O) + %z(%) (3.1)
and
24 Az =e(t), 2(0)= %z(%) + %z(l) (3.2)

can be written equivalently
z=\=DL" 24+ L e, 2=+ 1)M 124+ M e,

so that the Fredholm alternative follows from Riesz theory of linear compact operators. O

4 Counterexamples to Corollaries 1.1 and 1.2 with
opposite vector fields sign conditions

We now finalize the construction of our counterexamples.

We first consider the case of a three-point boundary condition of terminal type, and apply Propo-
sition 3.1 to the case of the eigenvalue Aic 20 = —log4d + (4k + 2)7i of (2.1). Let e : [0,1] — C be a
continuous function such that the problem

1 1 /1
2 (t) = (—logd + 2mi)z(t) + e(t), 2(1) = = 2(0) + = z(f) (4.1)
2 2 \2
has no solution. Setting z(t) = x1(t) +ix2(t), e(t) = e1(t) + ie2(t), problem (4.1) is equivalent to the

planar real system
2} (t) = —(logd)xy (t) — 2wao(t) + e1(t),

wy(t) = 2wy (t) — (log4)za(t) + ea (),

z1(1) = %901(0) + %xl (%), (4.2)
z2(1) = %902(0) + %xz (%)

Let
f(t,u) == (= (log4)us — 2mus + e1(t), 2muy — (log4)us + es(t)).
For (4.2), we have
(ul| f(t,u)) = ur | — (log4)us — 27us + €1(t)] + uz [2mus — (log4)ug + ea(t)]
= —(log4)(uf + u3) + urex (t) + uzea(t)
< —(log4) ul* + le(t)] |u| <0, (4.3)
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when |u| > R for some sufficiently large R.

Conclusion. For problem (1.4) with the conditions of Corollary 1.1 on f and the existence of some
R > 0 such that
(w] f(t,u)) <0 V(t,u) €[0,1] x OBg,

there is no existence theorem similar to Corollary 1.1.

In the case of the three-point conditions of initial type, we similarly apply Proposition 3.1 to the
case of the eigenvalue \;c 20 = log4 + 273 of (2.3). Let e : [0,1] — C be a continuous function such
that the problem

2 (t) = (log 4 + 2m0)2(8) + e(t), (1) = % 2(0) + % z(%) (4.4)

has no solution. Setting z(t) = x1(t) + ix2(t), e(t) = e1(t) + ie2(t), problem (4.4) is equivalent to the
planar real system

x)(t) = (logd)z1(t) — 2mwa(t) + e1(t),
xh(t) = 2mxq (t) + (logd)zo(t) + ea(t),
S e

Let
f(t,u) == ((log4)uy — 2mus + €1 (t), 2mus + (log4)us + e2(t)).

For (4.5), we have
(ul f(t,w))

ur[(log4)uy — 2mug + e1(t)] + uz [2muy + (log4)ug + ea(t)]
= (log 4)(u% + ug) + urer(t) + ugea(t)
> (log4)[ul® — le(t)| |ul > 0,

when |u| > R for some sufficiently large R.

Conclusion. For problem (1.5) with the conditions of Corollary 1.2 on f and the existence of some
R > 0 such that
(ul| f(t,u)) 20 V(t,u) €[0,1] x OB,

there is no existence theorem similar to Corollary 1.2.

Remark 4.1. The symmetry-breaking for the spectra of the three-point boundary value problems of
terminal or initial type explains the difference in the existence conditions for the nonlinear problems
with the three-point boundary conditions and with the periodic conditions. The presence of the
complex spectrum in the left or the right half-plane influences like a ghost the existence of solutions
of the real nonlinear systems. Maybe extra conditions upon f could provide existence results with the
sign conditions of the counterexamples.

Remark 4.2. Strictly speaking, our counterexamples do not cover the case of n =1 or of n odd. For
n = 3, if one adds the equations

2y = —(log d)zs + 1%4 (@ +a2). (1) = 5 [as0) + (5

or

2y = (log4)zs + # (z1+22), 23(0) = % [xd(%) T mg(l)}

to (4.2) or to (4.5), respectively, the corresponding boundary value problems have no solutions and
the nonlinear parts verify the opposite sign conditions to Corollaries 1.1 and 1.2, respectively. Of
course, the counterexamples for n = 2 and n = 3 easily provide counterexamples in any dimension
n > 2. The case n = 1 remains open.
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Remark 4.3. The periodic problem
2 =2miz +e*™ 2(0) = 2(1) (4.6)
has no solution. Indeed, if z is a possible solution, then
(e7*™2) =1,

which gives a contradiction, by integration over [0, 1] and use of the boundary conditions.
Letting z = x1 + ix2, the following problem

¥y = —2mwy + cos(2mt), xh = 2mxy +sin(27t), 21(0) = z1(1), x2(0) = 22(1),
equivalent to (4.6), has no solution. On the other hand, letting

fi(t, 1, 20) = —2mwxg 4 cos(2mt), folt, x1,x2) = 2way + sin(27t),
xr = (I17I2)7 f(tVT) = (fl(t,I’l,IQ),fQ(t,.Tl,IQ)),

we have

(x, f(t,x)) = —2mwxows + cos(2mt)xy + 2mx 20 + Sin(27t) o
= cos(2nt)x1 + sin(27t)x2.
For « = R[cos(2m0),sin(2n8)] € 0Br (6 € [0,1]), we have
(z, f(t,x)) = R[ cos(2mt) cos(2m) + sin(2nt) sin(276)]
= Rcos2n(t — 0)] (¢,0 €0,1]),

which implies that, for each ¢ € [0, 1], (x, f(t,x)) takes both positive and negative values on dBpg, and
shows that, for n even, the assumptions of the existence theorems for periodic problems given at the
beginning of the Introduction are sharp.

5 Second order differential systems

As in Section 2, we start with the following “eigenvalue problem”

1 1 1
() = A1), 2(0) =0, (1) =3Z(0)+3 z<§> (5.1)
where A € C, z : [0,1] — C. Notice that it is not the classical eigenvalue associated to z” in which
Az’ must be replaced by Az.

Proposition 5.1. All the “eigenvalues” Npcji (j = 1,2; k € Z) of the multipoint boundary value
problem (5.1) have real part equal to 0 or —log4, and hence are located in the left part of the complex
plane.

Proof. Setting w(t) = 2'(t), so that, using z(0) = 0, z(t) = [ w(s)ds, problem (5.1) is equivalent to

O —

the eigenvalue problem

W (t) = Mw(t), w(l) = %w(O) + %w(%)

i.e., to the eigenvalue problem (2.3). Hence the result follows from Proposition 2.1. O

We now deduce, from the first order case, the Fredholm alternative.

Proposition 5.2. \ is an “eigenvalue” of (5.1) if and only if there exists a continuous function e
such that the nonhomogeneous problem (5.2) has no solution.
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Proof. In a similar way as in Proposition 5.1, the non-homogeneous problem

1 1 1
S0 = elt), 2(0) =0, (1) =57(0)+5 2(5) (5.2)
is equivalent, with w = 2/, to the non-homogeneous problem
, 1 1
w = dw =e(t), w(l)= 3 {w(O) + w(i)},
and then the conclusion follows from Proposition 3.1. O

To construct the counterexample, we apply Proposition 5.2 to the case of the “eigenvalue” Aps 2,0 =
—log4 + 27 of (5.1). Let e: [0,1] — C be a continuous function such that the problem

2"(t) = (—log4 + 2mi)2'(t) + e(t), 2(0) =0, 2'(1)==2'(0) + 1z'(l) (5.3)

has no solution. Setting z(t) = z1(t) + iz2(t), e(t) = e1(t) + iea(t), problem (5.3) is equivalent to the
planar real system
2 (t) = —(log 4)2' (t) — 2ma5(t) + ex (),

wy(t) = 2m2’ (t) — (log4)as (1) + e2(t),

#1(0) =0, (1) = 521(0)+ 574 (3),
22(0) =0, x5(1) = %m'z(O) + %x’z(%)

Let
g(t,v) := (= (log4)v1(t) — 2mva(t) + e1(t), 2mvy (¢) — (log4)va(t) + ea(t)).
By (4.3), we obtain (v, g(t,v)) < 0, when |v| > R for some sufficiently large R.
Conclusion. For problem (1.10) with the conditions of Corollary 1.3 on g and the existence of some

R > 0 such that o
(v, g9(t,u,v)) <0 V(t,u,v) € [0,1] X Br x 0B,

there is no existence theorem similar to Corollary 1.3.

Similar conclusions hold for problem (1.12).
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Introduction

On the interval [a, b], we consider the functional differential equation
u'(t) = F(u)(t), (0.1)

where F : C([a,b];R) — L([a,b];R) is a continuous (in general) nonlinear operator. As usually, by
a solution of this equation we understand an absolutely continuous function « : [a,b] — R satisfy-
ing equality (0.1) almost everywhere on [a,b]. Along with equation (0.1), we consider the nonlocal
boundary condition

h(u) = ¢(u), (0.2)
where ¢ : C([a,b];R) — R is a continuous (in general) nonlinear functional and h : C([a,b];R) — R

is a (nonzero) linear bounded functional.
The following notation is used in the sequel.

- R is the set of all real numbers. Ry = [0, +o0].

- C([a,b];R) is the Banach space of continuous functions v : [a,b] — R with the norm ||v]¢ =
max{|v(t)| : t € [a,b]}.

- AC([a,b]; R) is the set of absolutely continuous functions v : [a,b] — R.

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

- L([a,b];Ry) = {p € L([a,b];R) : p(t) > 0 for almost all ¢ € [a,b] }.
- Lgp is the set of linear operators ¢ : C([a,b];R) — L([a,b];R) for which there exists a function
n € L([a,b]; R4 ) such that

[e(v) ()| < n(t)||v]|lc for a.e. t € [a,b] and all v € C(][a, b];R).

- P, is the set of so-called positive operators £ € L,;, transforming the set C([a,b];R;) into the
set L([a,b]; Ry).

- Fp is the set of linear bounded functionals h : C([a, b]; R) — R.

- PF,, is the set of so-called positive functionals h € Fy;, transforming the set C([a,b]; R,) into
the set R,..

- Bi.={ue C(la,b];R) : h(u)sgn ((2—17)u(a)+ (i —1)u(b)) < c}, where h € Fpp, c € R, i = 1,2.

- K(Ja,b] x A; B), where A,B C R, is the set of function f : [a,b] x A — B satisfying the
Carathéodory conditions, i.e., f(-,z) : [a,b] — B is a measurable function for all x € A,
f(t,-): A — B is a continuous function for almost every t € [a,b], and for every r > 0, there
exists ¢, € L([a,b]; Ry) such that

|f(t,2)] < ¢ (t) for a.e. ¢t €[a,b] and all x € A, |z] <.

As usual, throughout the paper we suppose the following assumptions on a nonlinear operator F
and a functional ¢:

F:C([a,b];R) = L([a,b];R) is a continuous operator such that the relation

H1
sup {|F(v)(-)|: v e C(la,b];R), |[v]|c < r} € L([a,b];Ry) holds for every r > 0. (1)
and
¢ : C([a,b];R) = R is a continuous functional such that the condition (H2)
sup {|¢(v)| : v e C([a,b];R), |Jv]|c <7} < 400 holds for every r > 0.
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The solvability of boundary value problems for functional differential equations is being studied
intensively. There are many interesting results in the literature (see, e.g., [1-6, 8] and references
therein). But in the case, where a nonlocal boundary condition is considered, there are still many
open problems.

In this paper, we generalize the results stated in [4] in such a way that the boundary condition
(0.2) is considered as a nonlocal perturbation of the two point condition

u(a) + Mu(b) = p(u). (0.3)
where A € R;. Consequently, in what follows, we consider the linear functional A in the form

h(v) & v(a) + Mo(b) — ho(v) + hy(v) for v e C([a,b];R), (0.4)
where A € Ry and hg,hy € PF,,. There is no loss of generality to assume h like the above one,
because an arbitrary linear functional i can be represented in this form.

One can see that a particular case of equation (0.1) is, for example, the differential equation with
deviating arguments

u'(t) = pt)u(r(t)) — g(O)ulo () + £ (t, ut), u(u(t))), (0.5)

where p,g € L([a,b;R,), 7,0, : [a,b] — [a,b] are measurable functions, and f € K([a,b] x R%;R).
We mention that the conditions for the solvability and unique solvability of boundary value problems
for this equation are presented in Section 2.

On the other hand, the boundary condition (0.2) covers, for example, the Cauchy problem, anti-
b

periodic problem, condition (0.3) and an integral condition of the form [u(s)ds = c.
a
The statements formulated below generalize some results stated in [7] concerning the linear case,

as well as, some results presented in [4] concerning problem (0.1), (0.3).

1 Main results

In this section, new effective conditions are found for the solvability and unique solvability of problem
(0.1),(0.2).

Theorem 1.1. Let ¢ € Ry, h be defined by (0.4), where A €]0,1] and

ho(1) < A (1.1)

Let, moreover,
p(v)sgnu(b) <c for ve C(a,b);R) (1.2)

and there exist
o, by € Py (1.3)

such that on the set Bz ([a,b];R) the inequality
(F0)(t) — to(0)(t) + (o)1) sgnv(t) > —g(t, [ollc) for a.e. t € [a,0] (1.4
holds, where the function q € K([a,b] x Ry ;R,) satisfies

b

lim 1/q(s,:c) ds = 0. (1.5)

x—+4oco
a

If, in addition,
(L+h W) o(D)lz + Allex ()]l < A = ho(1), (1.6)

then problem (0.1), (0.2) has at least one solution.
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Remark 1.1. Let the operator 9 : L([a,b]; R) — L([a,b]; R) be defined by the formula

P(2)(t) f z(a+b—1t) for ae. t € [a,b] and all z € L([a, b]; R).

Let, moreover, A € [1,400[, w be the restriction of 1 to the space C([a,b];R), and

F(2)(t) L —p(F(w(2)))(t) for ae. t € [a,b] and all z € C([a,b);R),

2) % 2(a) + % () - %ho(w(z)) + % hi(w(2)) for 2 € C([a, b R),

52) & 1 plw(2)) for = € O(la, B R).

It is not difficult to verify that if u is a solution of problem (0.1), (0.2), then the function v 2ef w(u) is
a solution of the problem

v'(t) = Fu)(1), h(v) = @(v), (L.7)

and vice versa, if v is a solution of problem (1.7), then the function u Lef w(v) is a solution of problem
(0.1),(0.2).

Using the transformation described in the previous remark, we can immediately derive from The-
orem 1.1 the following statement.

Theorem 1.2. Let ¢ € Ry, h be defined by (0.4), where A € [1,+o0[ and
ho(1) < 1. (1.8)
Let, moreover, the condition
e()sgnv(a) < c¢ for v e C([a,b];R) (1.9)
be fulfilled and there exist €y, {1 € Py, such that on the set B} ([a,b];R) the inequality
(F)(t) — fo(0)(6) + 6 (0)(1)) sgno(t) < alt,[ollc) for a.e. € a,h
hold, where the function q € K([a,b] x Ry;R,) satisfies (1.5). If, in addition,
1o (Dllz + O+ ha () (D)l < 1= ho(1), (1.10)
then problem (0.1), (0.2) has at least one solution.

The next theorems deal with the unique solvability of problem (0.1), (0.2).

Theorem 1.3. Let h be defined by (0.4), where X € [0,1] and ho(1) satisfies (1.1). Let, moreover,
the condition

(#(v) = p(w)) sgn(v(b) —w(b)) <0 (1.11)
hold for every v,w € C([a,b];R) and there exist £y, € Py, such that on the set Bi ([a,b]; R) with
¢ = |p(0)] the inequality

(F(v)(t) = F(w)(t) — lo(v — w)(t) + €1 (v — w)(t)) sgn(v(t) — w(t)) > 0 (1.12)
is fulfilled for a.e. t € [a,b]. If, in addition, condition (1.6) is satisfied, then problem (0.1),(0.2) is

uniquely solvable.

Theorem 1.4. Let h be defined by (0.4), where A > 1 and ho(1) satisfies (1.8). Let, moreover, the
condition

(p(v) = p(w)) sgn(v(a) — w(a)) <0 (1.13)
hold for every v,w € C([a,b];R) and there exist Lo, 1 € Py such that, on the set B} ([a,b]; R) with
¢ = |p(0)], the inequality

(F(0)(t) = F(w)(t) = to(v — w)(t) + (v — w)(t)) sgn(v(t) — w(t)) <0 (1.14)

is fulfilled for a.e. t € [a,b]. If, in addition, condition (1.10) is satisfied, then problem (0.1),(0.2) is
uniquely solvable.
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2 Corollaries for nonlinear delay differential equations

In this section, corollaries of the main theorems are presented. We formulate the conditions guaran-
teeing the solvability and the unique solvability of the problem

u'(t) = p(t)u(r(t)) — g(t)u(o(t)) + f (¢, u(t), u(u(t)), (0.5)
p(u) = h(u), (0.2)

where a linear functional h is considered by formula (0.4).

Corollary 2.1. Let c € Ry and h be defined by (0.4), where X € [0,1] and ho(1) satisfies (1.1). Let,
moreover, (1.2) and

ft,z,y)sgnx > —q(t) for a.e. t € [a,b] and all x,y € R

be satisfied, where q € L([a,b];Ry). If, in addition,

b

b
(1+h1(1))/p(s)ds+/\/g(s)ds < A —ho(1), (2.1)

then problem (0.5), (0.2) has at least one solution.

Corollary 2.2. Let ¢ € Ry and h be defined by (0.4), where X\ > 1 and ho(1) satisfies (1.8). Let,
moreover, (1.9) and

ft,z,y)sgnz < q(t) for a.e. t€la,b] and all z,y € R

be satisfied, where q € L([a,b];Ry). If, in addition,

b b
/p(s) ds+ (A + ha(1)) /g(s) ds < 1 — ho(1), (2.2)

then problem (0.5), (0.2) has at least one solution.

Corollary 2.3. Let h be defined by (0.4), where A € [0,1] and ho(1) satisfies (1.1). Let, moreover,
conditions (2.1) and

[f(t,z1, 1) — f(t,22,y2)] sgn(zy — x2) >0 for a.e. t € [a,b] and all z1,22,y1,y2 € R

hold. If, in addition, condition (1.11) is fulfilled for every v,w € C([a,b];R), then problem (0.5), (0.2)
is uniquely solvable.

Corollary 2.4. Let h be defined by (0.4), where A > 1 and ho(1) satisfies (1.8). Let, moreover,
conditions (2.2) and

[f(t,z1,y1) — f(t, 22, y2)] sgn(z1 — 22) <0 for a.e. t € [a,b] and all x1,x2,y1,y2 € R
hold. If, in addition, condition (1.13) is fulfilled for every v,w € C([a,b];R), then problem (0.5), (0.2)
is uniquely solvable.
3 Auxiliary propositions

We use the lemma on a priory estimate stated in [6] to prove main results of the paper. It can be
formulated as follows.
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Lemma 3.1 ([6, Corollary 2]). Let there exist a positive number p and an operator £ € Lqp such that

the homogeneous problem
W(t) = £)(t), h(u) =0 (3.1)

has only the trivial solution, and for every § €]0,1] an arbitrary function u € AC([a,b];R) satisfyings
the relation

u'(t) = C(u)(t) + 0 [F(u)(t) — L(u)(t)] for a.e. t €[a,b], h(u)=dp(u) (3.2)
admits the estimate
lulle < . (33)
Then problem (0.1), (0.2) has at least one solution.

Definition 3.1. Let h € F,. We say that an operator £ € L,;, belongs to the set U(h), if there exists
r > 0 such that for arbitrary ¢* € L([a,b]; R4 ) and ¢ € R, every function u € AC([a, b]; R) satisfying
the inequalities

h(u)sgnu(b) < e, (34
—(u'(t) — £(u)(t)) sgnu(t) < ¢*(t) for a.e. t € [a,b] (3.5)

admits the estimate
lulle < r(e+lg"|lz)- (3.6)

Lemma 3.2. Let ¢ € Ry and (1.2) hold. Let, moreover, there exists £ € U(h) such that on the set
B3 ([a,b]; R) the inequality

hc
—(F(v)(t) = L(v)(t)) senv(t) < q(t, ||vllc) for a.e. t € [a,b] (3.7)

is fulfilled, where the function q € K(Ja,b] x Ry;Ry) satisfies (1.5). Then problem (0.1), (0.2) has at
least one solution.

Proof. Since ¢ € U(h), it is not difficult to show that the homogeneous problem (3.1) has only the
trivial solution.

Assume that a function v € AC([a, b]; R) satisfies (3.2) with some § € |0, 1[. By virtue of (1.2),
inequality (3.4) is fulfilled, i.e., u € B7_([a,b]; R). Moreover, from relations (3.2) and (3.7) we obtain
that (3.5) holds with ¢* = q(-, ||ul]|c). Therefore, in view of (3.4), (3.5) and the assumption ¢ € U(h),
there exist r > 0 such that estimate (3.6) holds.

On the other hand, according to (1.5), there exists p > 2rc such that

8=

b
1
/q(s,x)ds<2—r for = > p.

The last inequality, together with (3.6), yields that estimate (3.3) is satisfied. Since p depends neither
on u nor on ¢, it follows from Lemma 3.1 that problem (0.1), (0.2) has at least one solution. O

4 Proofs of main theorems

Proof of Theorem 1.1. Put £ = £y — {1, where £y, 1 € P, are such that condition (1.6) holds. Firstly,
we show that ¢ belongs to the set U(h).

Let c € Ry, ¢* € L([a,b];Ry), and u € AC([a,b]; R) satisfy (3.4) and (3.5). We prove that estimate
(3.6) holds, where the number r depends only on ||£o(1)||L, ||41(1)]|L, A, ho(1), and hq(1).

It is obvious that

u' (t) = Lo(u)(t) — £1(u)(t) + q(t) for a.e. t € [a,b], (4.1)

where
q(t) =u'(t) — L(u)(t) for a.e. t € [a,b].
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Hence, in view of (0.4), (3.4) and (3.5), we get

(u(a) + Au(b) — ho(u) + hy(u)) sgnu(b) < c (4.2)

and
—q(t)sgnu(t) < ¢*(t) for a.e. t € [a,b)]. (4.3)

First suppose that the function u does not change its sign. Then from (4.2) it follows that

(@)l + Alu()] = ho([ul) + hi(fu]) < ¢ if u(b) # 0. (4.4)

Put
My = max{|u(t)| : t € [a,b]} (4.5)

and choose ¢y, € [a,b] such that
|U(tM0)| = Mo. (46)

Clearly, My > 0 and, in view of (1.3), (4.3) and (4.6), from relation (4.1) we get
—|u(t)] < Moly(1)(t) + ¢*(t) for a.e. t € [a,b].

The integration of the last inequality from ¢y, to b with respect to (1.3), (4.4), (4.6), A €]0,1] and
hg, h1 € PF,, results in
Mo (A = ho(1) = MG )llz) < llg"|lz + . (4.7)
Moreover, it follows from condition (1.6) that A — ho(1) — A||¢1(1)]lL > 0 and thus, relations (4.5) and
(4.7) yield
* -1
lulle < (lg*llz +¢) (A = ho(1) = A& (D)) -
Consequently, estimate (3.6) holds with 7 = (A — ho(1) — A|[¢1 (1)) !
Suppose now that the function u changes its sign. Put

m = —min{u(t): ¢t € [a,b]}, M =max{u(t): t € [a,b]} (4.8)

and choose t,,,ty € [a,b] such that

—m=u(ty), M =u(ty). (4.9)
Obviously, m > 0, M > 0, and either
tm > tar (410)
or
tm < tar. (4.11)
Suppose that relation (4.10) holds. Then there exists a; € |tpr, [ such that
u(a1) =0, wu(t) >0 for ty <t <ay. (4.12)
Let
ag =sup {t € [t b] : u(s) <0 for ¢, <s <t}
Obviously,

u(t) <0 for t, <t <ay and if ay < b then u(az) =0. (4.13)

Hence, in view of (4.2) and (4.9), we obtain
Au(ag) > —M(1+ hqi(1)) — mho(l) —c. (4.14)

Integrating (4.1) from t¢p; to a; and from t,, to ag, with respect to (1.3), (4.3), (4.8), (4.9), (4.12),
(4.13), and (4.14), one gets

tav
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and
az

tm tm tm

Hence, we have

M1 —=A) <mC+j¢*||z,

<
- 4.15
m(A —ho(1) = AB) < M(1+ hy(1) + AD) + Al¢*||z + ¢, (4.15)
where
A= /51(1)(s)ds, B = /61(1)(5) ds, C= /60( ds, D= /ZO
tar tm tm tm

By virtue of (1.6) and A €]0,1], it is clear that A — ho(1) — AB > 0 and 1 — A > 0. Consequently,
inequalities (4.15) imply

0< M(1—A)(A—ho(1)=AB) <C(M(1+h1 (1) +AD)+A||¢* || +¢) + g% | L (A= ho(1) = AB),

0 < m(1 =AY ho(1) = AB) < (mC + ") (1 + Ma(1) + AD) + (1 = A ).
Observe that
(1= A)A=ho(1) = AB) > A= A(A+ B) — ho(1) > A = A 2(1) ||z — ho(1). (4.17)
Moreover, from (1.6) and A €]0,1] we get
C(1+ hy(1) + AD) < (14 by (1))(C + D) < (1 + ha (1) 1€6(D)]1. (4.18)
In view of inequalities (1.6), (4.17), and (4.18), it follows from (4.16) that
M <o (14 A+ (1) + Allo(D)l) (e + lla*]|1), (4.19)
m < ro(L+ A+ 7 (1) + Alb@)l|z) (e + lg7]lz),
where
ro = (A= ho()) = Al — (1+ b o(D)]1) - (4.20)
Consequently, estimate (3.6) holds, where the number r is given by
r=ro(1+A+hi(1)+ A&(1)|L). (4.21)
Let now (4.11) hold. Then there exists az € |tar, tm[ such that
u(asz) =0, u(t) <0 for t, <t<as. (4.22)

Put
as =sup {t € [tar,b] 1 u (s) > 0 for tpyy <s <t}

It is clear that w(t) > 0 for tpr < ¢ < aq and if ag < b then u(as) = 0. Hence, by virtue of (4.2), we
obtain
Mu(ag) < m—+ Mho(1) +mhi(1) + c. (4.23)

Integrating (4.1) from ¢, to as and from ¢5; to a4 and taking into account (1.3), (4.3), (4.8), (4.9),
(4.22) and (4.23), one gets

m<M/€0 ds—l—m/ﬁl ds—i—/ *(s)ds
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and

a4 aq aq

—m — Mho(1) = mhi(1) —c+ AM < )\m/ﬁo(l)(s) ds+)\M/€1(l)(s)ds+)\/q*(s) ds.

tm tv tym

Hence, N N
m(l—A) < MC + ||¢*|1,
-AD<MC+[gl o
M (X = ho(1) = AB) <m(1+ hi(1) + AD) + ¢+ N|¢* ||z,

where

Z:/zl(l)(s)ds, E’:/El(l)(s)ds, é:/eo(l)(s)ds, ﬁ:/zou)(s)ds.

In view of A €]0,1] and (1.6), we have A — ho(1) — AB > 0 and 1 — A > 0. Therefore, inequalities
(4.24) yield

0 < m(l—A) (A= ho(1) = AB) <mC(1+hy(1) + AD) + (l¢* [z +¢) (L + A+ ha (1) + [€o(1)]|2),
0< M(1—A)(A—ho(1) = AB) < MC(1+ h1(1) + AD) + (l¢* [l + ) (1 + X+ ha (1) + [[€o(1)]|1)-

Now, analogously as in case (4.10), we show that relations (4.19) hold with ¢ given by (4.20).
Consequently, estimate (3.6) is fulfilled, where the number r is defined by (4.21).

We have proved that estimate (3.6) holds in all possible cases and therefore, the operator £ = g —£;
belongs to the set U(h). Therefore, it follows from Lemma 3.2 that problem (0.1), (0.2) has at least
one solution. O

Proof of Theorem 1.2. According to Remark 1.1, the assertion of the theorem follows immediately
from Theorem 1.1. O

Proof of Theorem 1.3. 1t follows from assumption (1.11) that inequality (1.2) is fulfilled on the set
C([a, b]; R), where ¢ = |¢(0)|. On the other hand, from (1.12) we get that inequality (1.4) holds on the
set B2 .([a,b]; R), where ¢ = |F(0)|. Consequently, according to Theorem 1.1, problem (0.1), (0.2) has
at least one solution. Moreover, it follows from the proof of Theorem 1.1 that the operator £ = fo — ¢4
belongs to the set U(h).

It remains to prove that problem (0.1),(0.2) has at most one solution. Let uq, uz be solutions of
problem (0.1), (0.2). Put

u(t) = uy(t) — ua(t) for t € [a,b].

From relations (1.11) and (1.12), we get uy,us € B3 ([a,b]; R) with ¢ = [p(0)],
h(u)sgnu(b) <0,

and
—(u'(t) — L(u)(t)) sgnu(t) <0 for a.e. t € [a,b].

Consequently, the last inequalities, together with ¢ € U(h), result in v = 0, which yields u; = us. O

Proof of Theorem 1.4. The assertion can be proved analogously to Theorem 1.3. We only use Theo-

rem 1.2 instead of Theorem 1.1 and relations (1.13), (1.14) instead of (1.11), (1.12). O
Proofs of Corollaries 2.1-2.4. The assertions of corollaries follow from Theorems 1.1-1.4. O
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SOME REMARKS ON FUNCTIONAL
DIFFERENTIAL EQUATIONS IN ABSTRACT SPACES



Abstract. The aim of this paper is to present some remarks concerning the functional differential
equation
v'(t) = G(v)(¢)

in a Banach space X, where G : C([a, b]; X) — B([a, b]; X) is a continuous operator and C([a, b]; X),
resp. B([a,b]; X), denotes the Banach space of continuous, resp. Bochner integrable, abstract func-
tions.

It is proved, in particular, that both initial value problems (Darboux and Cauchy) for the hyper-
bolic functional differential equation

Ou(t, x)

“otor L)

with a Carathéodory right-hand side on the rectangle [a,b] X [c,d] can be rewritten as initial value
problems for abstract functional differential equation with a suitable operator G and X = C([c, d]; R).*
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Key words and phrases. Functional differential equation in a Banach space, hyperbolic functional
differential equation, initial value problem.
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1 Statement of problem

On the interval [a, b], we consider the functional differential equation

V() = G) (1) (L1)

in a Banach space (X, | - [|x), where G : C([a, b]; X) — B([a, b]; X) is a continuous operator® satisfying
the local Carathéodory condition (see Definition 2.9).

Definition 1.1. By a solution of equation (1.1) we understand an abstract function v : [a,b] — X
which is strongly absolutely continuous on [a, b] (see Definition 2.1), differentiable a.e. on [a,b] (see
Definition 2.2), and satisfies equality (1.1) almost everywhere on [a, b].

Remark 1.2. In Definition 1.1:

(a) Differentiability a.e. on [a,b] has to be assumed, because it does not follow from the strong
absolute continuity (in general). Indeed, let X = L([0, 1];R) and

1 ifo<a<t<l,
0 if0<t<az<l.

v(t)(z) = {
Then v is strongly absolutely continuous on [0,1], but not differentiable a.e. on [0, 1] (see [3,
Example 7.3.9]).

(b) Solutions of equation (1.1) are understood as global and strong ones, the notions like local
existence and extendability of solutions have no sense in our concept.

Remark 1.3. In the existing literature, several kinds of abstract differential equations can be found
and for each of them, a solution is defined in a different way. For instance, equation (1.1) differs from
frequently studied abstract differential equations of the type

v = A(t)v + f(t,vy),

where A(t) are usually densely closed linear operators with values in X that generate a semigroup
etc. In those cases the so-called mild solutions are considered, i.e., the solutions of the corresponding
integral equation

o) = V£, 0)0(0) + /f/(t,s)f(s,vs) ds.
0

where ‘7(75, s) denotes an evolution operator for A(t).
We mention here two natural and straightforward particular cases of equation (1.1):
(A) X =R - scalar first-order functional differential equations, for example,
e differential equation with an argument deviation
V() = f(t0(), 0(7 (1)),

where f : [a,b] x R? — R is a Carathéodory function and 7 : [a,b] — [a,b] is a measurable
function,

e integro-differential equation

b
J(t) = / K (t, s)o(r(s)) ds,

where K : [a,b] X [a,b] = R and 7 : [a,b] — [a, b] are suitable functions,

IFor definition of the spaces C([a,b]; X) and B([a, b]; X), see Section 2.
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e differential equation with a maximum
v'(t) = p(t) max {v(s) : T1(t) < s < 7a(s)} +q(s),
where p, ¢ € L([a,b];R) and 71,73 : [a,b] — [a, b] are measurable functions.

(B) X = R"™ — systems of first-order functional differential equations and scalar higher-order func-
tional differential equations.

For both cases R and R"™, there are plenty of results concerning solvability as well as unique solv-
ability of various boundary value problems, theorems on differential inequalities (maximum principles
in other terminology), oscillations, etc. In order to extend our results from those topics (as well as
our methodology) for functional differential equations in abstract spaces, some additional operations
and structures are needed in X (like ordering, positivity, monotonicity, unit element, ...). Therefore,
we are interested in other particular cases of (1.1) besides (A) and (B) that can help one to find out
what operations and structures a Banach space X should be endowed with. We will show in Section 4
that the hyperbolic functional differential equation

Ou(t, x)

“otor ~ Fwta)

with a Carathéodory right-hand side on the rectangle [a, b] X [¢, d] can be regarded as a particular case
of the abstract equation (1.1) with X = C([e, d]; R).

2 Notation and definitions

The following notation is used throughout the paper:
(1) (X, - |lx) is a Banach space.

(2) C([a,b];X) is the Banach space of continuous abstract functions v : [a, ] — X endowed with the
norm [v]le e = max{lo(t)x : ¢ € [,

(3) AC(Ja,b]; X) is the set of strongly absolutely continuous abstract functions v : [a,b] — X (see
Definition 2.1 below).

(4) B([a,b];X) is the Banach space of Bochner integrable abstract functions ¢ : [a,b] — X endowed

b
with the norm gl (a1 = [ l9(t)[x dt.

(5) L([a,b];R) = B([a,b];R), see Lemma 2.7 below.
(6) D= la,b] x [c,d].

(7) C(D;R) is the Banach space of continuous functions v : D — R endowed with the norm
llullc(piry = max{|u(t,z)| : (t,x) € D}.

(8) The first- and the second-order partial derivatives of the function v : D — R at the point
(t,z) € D are denoted by v, (¢,z) (or vy(t, z), 8”&’@), vy (t, ) (or v (t, @), 8”{%2@), vl (t, )

(or v} (t, ), agfgi)), and vy ;,(t, @) (or vy (t, @), agité?)

(9) AC(D;R) is the set of functions v : D — R absolutely continuous in the sense of Carathéodory
(see Definition 2.4 and Proposition 2.5 below).

(10) L(D;R) is the Banach space of Lebesgue integrable functions p : D — R endowed with the norm
IpllLomy = [ |p(t, )| dt da.
D

(11) meas E denotes the Lebesgue measure of a (measurable) set E C R.
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Definition 2.1 ([3, Definition 7.1.7]). A function v : [a,b] — X is said to be strongly absolutely
continuous, if for each € > 0 there exists § > 0 such that > ||v(b;) — v(a;)||x < € whenever {[a;, b;]} is

1
a finite system of mutually non-overlapping subintervals of [a, b] that satisfies Y (b; — a;) < 6.

3

Definition 2.2 ([3, Definition 7.3.2]). A function v : [a,b] — X is said to be differentiable at the point
t € [a,b], if there is x € X such that

lim

H v(t+6) —v(t)
6—0

) XHX

We denote x = v/(¢) the derivative of v at t. If v is differentiable at every point ¢ € E C [a, b] with
meas E = b — a, then v is called differentialbe almost everywhere (a.e.) on |[a,b].

Definition 2.3 ([1, §7.3]). Let S(D) denote the system of rectangles [t1,t2] X [x1, z2] contained in D.
A mapping @ : S(D) — R is said to be absolutely continuous function of rectangles, if it is additive
and for every £ > 0 there exists § > 0 such that for any finite system {[a;, b;] X [¢;, d;]} of mutually
non-overlapping rectangles contained in D, the implication

Z(bz — al)(dz — Ci) <) = Z |(I)([(l“b7j X [Cl,dz])’ < e

holds.

Definition 2.4. We say that a function u : D — R is absolutely continuous in the sense of
Carathéodory if the following conditions hold:

(a) the function of rectangles
D, ([t1,t2] X [x1,22]) := u(tr,x1) — u(t1, z2) — u(te, x1) + u(ta, x2) for [t1,ta] X [z1,22]) C D
associated with u is absolutely continuous.
(b) the functions u(-,¢) : [a,b] — R and u(a, - ) : [¢,d] — R are absolutely continuous.
Proposition 2.5 ([4, Theorem 3.1]). The following assertions are equivalent:
(1) The function u: D — R is absolutely continuous in the sense of Carathéodory.

(2) The function u: D — R admits the integral representation

t x
u(t,z) = e+ /f(s) ds + /q(n) dn + // p(s,n) dsdn for (t,z) € D, (2.1)
a c la,t] X [e,x]

where e € R, f € L([a,b];R), ¢ € L([c,d];R), and p € L(D;R).
(3) The function u: D — R satisfies the following conditions:

(a) u(-,z) € AC([a,b];R) for every x € [c,d], u(a, -) € AC([c,d]; R),
(b) upy(t, -) € AC([c,d];R) for almost all t € [a, b],

i, € L(D;R).

(e) uy

)

(4) The function u : D — R satisfies the following conditions:

(A) u(t, -) € AC([e, d];R) for every t € [a,b], u(-,c) € AC([a,b];R),
(B) ujy(-,2) € AC([a,b;R) for almost all x € [c, d],
[

(C) uf}, € L(D;R).
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Lemma 2.6 ([4, Proposition 3.5]). Let a function u be defined by formula (2.1), where e € R,
f € L([a,b];R), g € L([c,d];R), and p € L(D;R). Then there exists a measurable set E C [a,b] such
that meas F = b — a and

T

upy(t,z) = f(t) —l—/p(t,n) dn for t € E, x € [c,d].

c

Lemma 2.7 ([3, Remark 1.3.14]). A function g : [a,b] — R is Bochner integrable if and only if it is
Lebesgue integrable and the two integrals of g have the same value.

Lemma 2.8 ([3, Theorem 1.4.3]). If g € B([a,b]; X), then the function ||g(-)|x : [a,b] — R is Lebesgue
integrable.

Definition 2.9. We say that an operator G : C([a, b]; X) — B([a, b]; X) satisfies the local Carathéodory
condition if for each r > 0 there exists a function ¢, € L([a, b]; R) such that

G (w)(t)|lx < g-(t) for a.e. t € [a,b] and all w € C([a,b];X), ||w|c(apx) <7

Definition 2.10. We say that an operator F' : C(D;R) — L(D;R) satisfies the local Carathéodory
condition if for each r > 0 there exists a function ¢, € L(D;R) such that

|F(2)(t,x)] < (o (t,z) forae. (t,z) € D and all z € C(D;R), |z|lcpr) <7

3 Hyperbolic functional differential equation
On the rectangle D = [a, b] X [c, d], we consider the hyperbolic functional differential equation

0?u(t, )

“tor F(u)(t, z), (3.1)

where F' : C(D;R) — L(D;R) is a continuous operator satisfying the local Carathéodory condition
(see Definition 2.10).

Definition 3.1. By a solution of equation (3.1) we understand a function v : D — R which is
absolutely continuous in the sense of Carathéodory and satisfies equality (3.1) almost everywhere on D.

Two main initial value problems for equation (3.1) are studied in the literature.

Darboux problem

The values of the solution u are prescribed on both characteristics ¢ = a and = = ¢, i.e., the initial
conditions are

u(t,c) = a(t) for t € la,b], wula,z)=p(z) for x € [c,d], (3.2)

where oo € AC([a,b];R), 8 € AC([c,d]; R) are such that a(a) = 8(c).
The following statement follows from the proof of [5, Theorem 4.1].

Proposition 3.2. The function u is a solution of problem (3.1),(3.2) if and only if it is a solution of
the integral equation

ult, z) = —aa) + a(t) + B(z) + / / F(u)(s,7) dyds

in the space C(D;R).
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Cauchy problem

Let H be a curve, which is defined as the graph of a decreasing continuous (not absolutely continuous,
in general) function h : [a,b] — [c,d] such that h(a) = d and h(b) = ¢. The values of the solution u

and its partial derivative u’m are prescribed on H as follows:

u(t, h(t)) =~(t) for t € [a,b], UE2] (hY(z),2) = ¢(x) for ae. = € [c,d], (3.3)

where v € C([a, b];R), ¥ € L([¢,d]; R) are such that
d
the function ¢ +— ~(t) + / ¥(n) dn is absolutely continuous on [a, b] (3.4)
h(t)

(in other words, the pair (v,) is h-consistent, see [2, Section 3]).
The following statement follows from [2, Lemmas 3.3 and 3.4].

Proposition 3.3. The function u is a solution of problem (3.1),(3.3) if and only if it is a solution of
the integral equation

u(t, x) = (1) + / () dn + / / F(u)(s,n) dpds
h(t) h=1(x) h(s)

in the space C(D;R).

4 Main results

In this section, we formulate main results of the paper, namely, Theorems 4.1 and 4.4 showing that
both Darboux and Cauchy problems for the hyperbolic equation (3.1) can be rewritten as initial value
problems for the abstract equation (1.1) in the Banach space C([c, d]; R). Consequently, the hyperbolic
equation (3.1) can be regarded as a particular case of (1.1) with X = C(]c,d]; R).

Theorem 4.1. Let « € AC([a,b];R), 5 € AC([c,d];R) be such that a(a) = B(c) and let F : C(D;R) —
L(D;R) be a continuous operator satisfying the local Carathéodory condition.
If u is a solution of problem (3.1),(3.2), then the function v defined by the formula

v(t)(z) == u(t,z) for t € la,b], x € [cd], (4.1)

is a solution of the problem

in the Banach space C([c,d];R), where

G(w)(t) :==w(t) for a.e. t € [a,b] and all w € C([a,b]; C([c,d];R)),
w(t)(z) == (t) + /F(z)(t,n) dn for a.e. t € [a,b] and all x € [c,d], (4.3)

2(t,x) = w(t)(z) for (t,z) € D.

Conversely, if v is a solution of problem (1.1),(4.2) with G given by (4.3), then the function u
defined by the formula
u(t,z) = v(t)(z) for (t,z) €D (4.4)

is a solution of problem (3.1),(3.2).
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Remark 4.2. It follows from Propositions 5.1, 5.2, and 5.9 below that the formulation of Theorem 4.1
is correct.

Remark 4.3. Theorem 4.1 can be easily extended to a “more general” Darboux problem for equation
(3.1), where the values of the solution u are prescribed on characteristics ¢t = ¢ty and = = zo, i.e., the
initial conditions are

u(t,xo) = a(t) for t € la,b], wulto,z)=p(z) for = € [c,d],
where tg € [a,b], zg € [¢,d], a € AC([a,b];R), f € AC([c,d]; R) are such that a(ty) = B(xo).

Theorem 4.4. Let h € C([a,b];R) be a decreasing function such that h(a) = d and h(b) = c. Let,
moreover, v € C([a,b];R) and ¥ € L([c,d];R) be such that condition (3.4) holds and F : C(D;R) —
L(D;R) be a continuous operator satisfying the local Carathéodory condition.

If u is a solution of problem (3.1),(3.3), then the function v defined by formula (4.1) is a solution
of the problem

v'(t) = G(o)(®),
v(t)(h(t)) = ~(t) for t € [a,b] (4.5)

in the Banach space C([c,d];R), where

G(w)(t) :==w(t) for a.e. t € [a,b] and all w € C([a,b]; C([c,d];R)),
d T
w(t)(z) = % ('y(t) + / P(n) dn) + / F(2)(t,n)dn for a.e. t € [a,b] and all x € [c,d], 3 (4.6)
h(t) h(t)
2(t,x) == w(t)(x) for (t,x) € D.

Conversely, if v is a solution of problem (1.1),(4.5) with G given by (4.6), then the function u
defined by formula (4.4) is a solution of problem (3.1),(3.3).

Remark 4.5. It follows from Propositions 5.1, 5.2, and 5.10 below that the formulation of Theorem 4.4
is correct.

5 Proofs of main results

5.1 Auxiliary statements

We first show the properties of the relationship between abstract functions and the functions of two
variables given by formulae (4.1) and (4.4).

Proposition 5.1. Let u € C(D;R) and the function v be defined by formula (4.1). Then v €
C(la, b); C([c, d]; R)).

Proof. Tt follows easily from the definitions of continuity. O

Proposition 5.2. Let v € C([a,b]; C([c,d];R)) and the function u be defined by formula (4.4). Then
u € C(D;R).

Proof. Let (to,x¢) € D be arbitrary and let {(t,,z,)}> be a sequence of points from the rectangle

n=1

D such that (t,,z,) — (to,x0) as n — +o00. Then, clearly,

lim t, = to, lim =z, = xo.
n—-4o0o n——+oo

Let € > 0 be arbitrary. Since v € C([a,b]; C([c,d];R)) and v(ty) € C([c,d];R), there exists np € N
such that .

[v(tn) = v(to)lleqedam < 5

v(to) (zn) — v(to) (z0)] < % for n > ng
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which yields
[v(tn)(z) — v(to) ()| < % for x € [¢,d], n > ng.

Consequently, we get
[u(tn, n) — u(to, zo)| < [v(tn)(xn) — v(to)(xn)| + |v(to)(zn) — v(to)(z0)| < €

for n > ng and thus, lim wu(t,,x,) = u(te, zo). O
n——+oo

Proposition 5.3. Let u € AC(D;R). Then the function v defined by formula (4.1) is strongly
absolutely continuous, i.e., v € AC([a,b]; C([c,d];R)).

Proof. Tt follows from Proposition 2.5 that the function w admits the integral representation (2.1),
where e € R, f € L([a,b];R), g € L([c,d];R), and p € L(D;R).
Let € > 0 be arbitrary. Since the function

E—s 1£O1+ [ Ipten]dn
is Lebesgue integrable on [a, b], there exists § > 0 such that

/ <f(s) + /d |p(5,17)|d17> ds < e for E CJa,b], meas E < 4. (5.1)
B c

Let {[ag,br]}}7_, be an arbitrary system of mutually non-overlapping subintervals of [a, b] such that

n
D (b —ar)
k=1

By virtue of (2.1) and (4.1), it is clear that

v(bg)(z) — v(ag)(z) = 7 (f(s) + ip(s,n) d77> ds for z € e, d], k=1,...,n,

and thus, we get

S b — v(a)llcqen = Zmax{‘ /( pls,) dn) ds

k=1

x € [e, d]}
< |f(s)] + Ip s,m)|dn | ds, (5.2)
A c

where A := | [ag, br]. Since meas A = > (b, — ay) < 4, it follows from (5.1) and (5.2) that
k=1 k=1

> (o) = vaw)lleear) <& O
k=1

Lemma 5.4. Let g € L(D;R) be such that

q(t,z) >0 for a.e. (t,x) € D. (5.3)
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Then there exists a measurable set E C [a,b] such that meas E = b—a and for each t € E the condition

}I_I}}) 5 / </ )ds = jq(t,n) dn uniformly on [c,d] (5.4)

holds.

Proof. It follows from Lemma 2.6 that there exists a measurable set E' C ]a, b[ such that meas E = b—a
and

t x x
d
G [ [aemands= [attman tor te B, o cled,

ie.,
lim ~ / (/ 5,m dn) ds = /q(t,n) dn for (t,z) € E X [c,d]. (5.5)
500
Let tg € E and € > 0 be arbitrary. Since g(to, -) € L([c, d]; R), there exists ¢ > 0 such that
dy
€
/q(t0777) d’l] < 5 for Cl,dl S [C, d}, ‘dl — Cl| < C (56)
c1
It is clear that there is a collection x1,xa,...,2, € [¢,d] such that c =21 <23 < -+ <z, =d and

max{zry1 — 2k hk=1,...,n—1} < (.

Condition (5.5) yields that for each k € {1,...,n}, there exists {; > 0 such that

to+9d Tk Tk

1 €

5[ ([asman)as [atma] <5 for 0<ii<q. (57)
to c c

Put ¢y := min{¢x : kK = 1,...,n} and let 29 € [c,d] be arbitrary. It is clear that there exists
m € {1,...,n — 1} such that z,, <z < Z,41. According to assumption (5.3), the function

to+9d x

1
T < / (/q(s,n) dn) ds is non-decreasing on [c, d]

to

and thus, by virtue of (5.6) and (5.7), for any J € R satisfying 0 < |J] < (o, we get

1 to+d o zo
B / (/q(s’”)dn) ds—/q(to,n) dn
to c "
to+8  Tmo1 — _—
1 o
=3 / ( / q(sm)dn) o / o) i+ / q(to,mdn < 5+ 5 =¢
to c A J
and
Zo 1 to+d  xo
/q(to,n) dn — 5 / (/q(s,n) dn) ds
¢ to c
Zo Ty totd @y
1 .
< [atwman+ [atwman—3 [ </q(8ﬂ7)d77> ds<s+5=c

T c to c
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However, it means that

to+96 Zo o

1

5[ (Jasman)as- [awmna] <cfor o< <
to c c

Since zq is arbitrary and (y does not depend on g, we have

to+d T T
1
’5 / (/q(s,n)dn) ds—/q(to,n)dn’ <e for 0 <|d| < (o, x € [c,d],
0 c c
i.e., the desired condition (5.4) holds for every t € E. O

Proposition 5.5. Let u € AC(D;R). Then the function v defined by formula (4.1) is differentiable
a.e. on [a,b] and
V' (t) = upy(t, ) for a.e. t € [a,b]. (5.8)

Proof. Tt follows from Proposition 2.5 that the function w admits the integral representation (2.1),
where e € R, f € L([a,b;R), ¢ € L([¢,d];R), and p € L(D;R).
By virtue of Lemma 2.6, there exists a measurable set E; C [a, b] such that meas F1 = b — a and

x

uy(tz) = £0)+ [ ptn)dn for ¢ € By, o € [e.d) (59)
| t+6 1 t
glg(l)g / f(s)ds = a/f(s) ds = f(t) for t € Ey. (5.10)
t a
Moreover, it follows from Lemma 5.4 with ¢ := 2 |2+ P and q := ‘p‘T_p that there exists a measurable

set By C [a,b] such that meas F3 = b — a and for every ¢ € Es, relation (5.4) holds.
Put E = Fy N Ey and let ty € E be arbitrary. In view of (4.1) and (5.9), from (2.1) we get

00—y,
to+0 totd y

<3 [rasey [ (/p<s,n>dn)ds—f<t0>—]p<to,n>dn]

to c

t

n ’; 76(],;(3,77) dn) ds—]p(to,n) dn‘

to

) t0+60 ‘
g]5 [ )as— fita)

for z € [¢,d] and § # 0 small enough which, together with (5.10) and (5.4) with ¢ := g, guarantees that

v(tg +0) —v(t

lim H—( o +9) —vlto) ufy (to, )H =0.

5—0 1) C([c,d];R)

However, it means that the abstract function v is differentiable at ¢y and, moreover, v'(ty) = u’m (to, - )-
To conclude the proof it is sufficient to mention that ¢ty € E was arbitrary and meas E' = b — a. O

Now we provide several statements concerning Bochner integrable abstract functions and their
primitives.
t
Lemma 5.6. Let g € B([a,b];X) and F(t) :== [g(s)ds fort € [a,b]. Then F € AC([a,b];X), F is
differentiable a.e. on [a,b], and

F'(t) =g(t) for a.e. t € [a,b]. (5.11)



114 Jifi Sremr

Proof. The assertion of the lemma follows from Theorems 7.4.9, 7.4.11, and 5.3.4 stated in [3]. O

Lemma 5.7 ([3, Theorem 7.4.13 and 5.3.4]). Let F € A(([a,b];X) be differentiable a.e. on [a,b] and
condition (5.11) hold. Then g € B([a,b];X) and

t

F(t) = F(a) + /g(s) ds for t € [a,b]. (5.12)

Proposition 5.8. Let f € L([a,b];R) and p € L(D;R). For a.e. t € [a,b], we put

x

g(t)(z) == f(t) +/p(t,77) dn for x € [e,d]. (5.13)

c

Then g € B([a,b]; C([c,d];R)) and for each t € [a,b], the equality

</t9(5)d3)(35) = jf(s) d8+/t/xp(8a77) dnds for x € [c,d]? (5.14)

a

holds.

Proof. Observe that the abstract function g : [a,b] — C([c, d];R) is defined a.e. on [a,b]. Put

u(t, x) :/tf(s)der/t/mp(s,n) dnds for (t,z) €D (5.15)

and define the function v by formula (4.1). It follows from Proposition 2.5 that u € AC(D;R) and, in
view of Lemma 2.6, we have

uh] (t,z) = f(t) + /p(t,n) dn for a.e. t € [a,b] and all z € [c,d]. (5.16)

c

On the other hand, Proposition 5.5 yields that the abstract function v : [a, b] — C([c, d]; R) is differen-
tiable a.e. on [a,b] and condition (5.8) holds which, together with (5.13) and (5.16), guarantees that

V'(t) = g(t) for a.e. t € [a,b]. (5.17)
Moreover, according to Proposition 5.3, v € AC([a, b]; C([c,d]; R)) and thus, it follows from (5.17) and
Lemma 5.7 that g € B([a,b]; C([c,d];R)) and

v(t) = v(a) + /g(s) ds for t € [a,b].

However, in view of (4.1) and (5.15), it means that for each ¢ € [a, b], equality (5.14) holds. O

At the end of this section, we provide two statements guaranteeing that formulations of Theo-
rems 4.1 and 4.4 are correct.

Proposition 5.9. Let o € AC([a,b;R) and F : C(D;R) — L(D;R) be a continuous operator
satisfying the local Carathéodory condition (see Definition 2.10). Then the operator G defined by
formula (4.3) maps the set C([a,b]; C([c,d];R)) into the set B([a,b]; C([c,d];R)), it is continuous and
satisfies the local Carathéodory condition (see Definition 2.9).

20Observe that the integral on the left-hand side of the equality is Bochner one, whereas both integrals on its righ-hand
side are Lebesgue ones.
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Proof. Let w € C([a,b]; C([c,d];R)) be arbitrary and put z(t,z) := w(t)(x) for (t,x) € D. Observe
that, in view of Proposition 5.2, we have z € C(D;R). It follows from Proposition 5.8 with f := o’
and p := F(z) that G(w) € B([a,b]; C([c,d];R)) and thus, the operator G maps C([a,bl; C([c,d];R))
into B([a, b]; C([c, d]; R)).

Now let v,,v € C([a,b]; C([c,d];R)), n € N, be such that ngrfw lvn = vlle((a,):0((e,ar)) = 0- Put

Un(t,x) := v, (t)(x), wu(t,z):=v(t)(z) for (t,z) €D, neN. (5.18)

Then, by virtue of Proposition 5.2, we have u,,u € C(D;R) for n € N and, moreover, it is not difficult
to verify that

Jim =) =0,

Since the operator F' is supposed to be continuous, the latter relation yields

Jim Z)/ () (s,m) — F(u)(s,m)| dsdn = 0. (5.19)

n—-+oo

According to (4.3) and (5.18), it is clear that

x

”G(Un)(t) - G(“)(t)HC([c,d];R) = max{’ /F(Un)(tﬂ?) dn — /F(Un)(tﬂ?) dﬁ‘ HERAS [C, d]}

c
d

< / F(un)(t,m) — F(un)(t,m)| dn for ace. t€ [a,b], neN,

whence we get

1G(vn) — G()| B(la,b);0 (e, d)iR))
b
=‘/WKXvnﬂﬂ-—CKvwacqgﬂR>dtSL[/LF@M)wvn)—fNUXSJﬁIdsdn for n € N.
a D

However, the latter inequality and (5.19) guarantee that lim ||G(v,) — G(v)|B((ab:c((c,dR)) = O,

n—-+oo
i.e., the operator G is continuous.

Finally, let » > 0 be arbitrary and ¢, € L(D;R) be the function appearing in the Carathéodory
condition for the operator F (see Definition 2.10). Let, moreover, w € C([a,b]; C([c,d];R)) be an
arbitrary function such that |[wl|c((a,b;c(fe,dr)) < 7 and put z(t, z) := w(t)(x) for (t,z) € D. In view
of Proposition 5.2, we have z € C(D;R) and, moreover, it is not difficult to verify that ||z||cpmr) < 7.

Then

Imwwmmm®=mw{d@+/F@@mwwxebﬂ}

for a.e. t € [a,b]. Since the function

d
t— |/ ()] + /Cr(t, n)dn is Lebesgue integrable on [a, b],
c

d
the operator G satisfies the local Carathéodory condition with the function ¢, = |&/| + [{-(-,n)dn
(see Definition 2.9). 0
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Proposition 5.10. Let h € C([a,b];R) be a decreasing function such that h(a) = d and h(b) = c. Let,
moreover, v € C([a,b];R) and ¢ € L([e,d];R) be such that condition (3.4) holds and F : C(D;R) —
L(D;R) be a continuous operator satisfying the local Carathéodory condition (see Definition 2.10).
Then the operator G defined by formula (4.6) maps C([a,b]; C([c,d];R)) into B([a,b]; C([c,d];R)), it
is continuous and satisfies the local Carathéodory condition (see Definition 2.9).

Proof. Let w € C([a,b]; C([c,d];R)) be arbitrary. Put z(¢,z) := w(t)(z) for (t,z) € D and
H := {(5,77)673: a<s<hb, cgngh(s)}.

Observe that, in view of Proposition 5.2, we have z € C'(D;R). Since F(z) € L(D;R), it is easy to see
that

b h(s)
J[resmasan= [ ([ Feemna)
H a c
and thus,
h(t)
the function ¢+— / F(z)(t,n)dn is Lebesgue integrable on [a, b]. (5.20)
Now we put
q d
plt) = o <v(t)+ / ¥(n) dn) (5.21)
h(t)

Clearly, ¢ € L([a,b];R) because we assume that condition (3.4) holds. Therefore, it follows from
Proposition 5.8 with f := ¢ — h(f)F(z)( -,n)dn and p := F(z) that G(w) € B([a,b]; C([c,d];R)) and
thus, the operator G maps C’([a,cb]; C([e,d]; R)) into B([a,b]; C([c, d]; R)).

Analogously to the proof of Proposition 5.9, we show that the operator G is continuous and
satisfies the local Carathéodory condition with the function ¢, = ¢+ jl ¢r(+,m)dn (see Definition 2.9),

where (. € L(D;R) is the function appearing in the Carathéodory condition for the operator F' (see
Definition 2.10). O

5.2 Proofs of Theorems 4.1 and 4.4

Proof of Theorem 4.1. Let u be a solution of problem (3.1), (3.2) and let the function v be defined by
formula (4.1). In view of Proposition 3.2, it follows from Lemma 2.6 that

upy(t,x) = o/(t) + /F(u)(tm) dn for a.e. t € [a,b] and all z € [¢,d]. (5.22)

On the other hand, Propositions 5.3 and 5.5 yield that the abstract function v : [a,b] — C([c,d];R) is
strongly absolutely continuous, differentiable a.e. on [a,b], and satisfies condition (5.8). Hence, from
(5.8) and (5.22) we get

V() = o/ (t) + / F(u)(t, ) dy = G)(t) for ae. ¢ € [a,b],

where the operator G is defined by formula (4.3). Moreover, v(a) = u(a, -) = 8 and thus, the function
v is a solution of problem (1.1),(4.2) in the Banach space C([c, d]; R).
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Conversely, assume that v is a solution of problem (1.1), (4.2) with G given by (4.3) and define
the function u by formula (4.4). Since the function v is strongly absolutely continuous, according to
Proposition 5.2, we have u € C(D;R). It follows immediately from Lemma 5.7 that

v(t) =v(a) + /G(v)(s)ds for t € [a,b], (5.23)

ie.,
t

v(t) =B+ /g(s) ds for t € [a,b], (5.24)

a
where the function g : [a,b] — C([c,d];R) is for a.a. t € [a,b] defined by formula (5.13) with f := &/
and p := F(u). Therefore, by virtue of Proposition 5.8, we get

t

(/tg(s) ds) (x) Z/a’(s) ds+/t/IF(u)(s7n) dyds for (t,z) €D

a a

which, together with (4.4) and (5.24), yields that

u(t,z) = —ala) + alt) + Blz) + / / F(u)(s,n) dnds for (tz) € D.

Consequently, according to Proposition 3.2, the function u is a solution of problem (3.1), (3.2). O

Proof of Theorem 4.4. Define the function ¢ by formula (5.21). It is clear that ¢ € L([a, b]; R) because
we assume that condition (3.4) holds.

Let u be a solution of problem (3.1),(3.3) and let the function v be defined by formula (4.1). In
view of Proposition 3.3, it follows from Lemma 2.6 that

upy(t,x) = o(t) + / F(u)(t,n)dn for a.e. t € [a,b] and all z € [c,d]. (5.25)
h(t)
On the other hand, Propositions 5.3 and 5.5 yield that the abstract function v : [a,b] — C([c,d];R) is

strongly absolutely continuous, differentiable a.e. on [a,b], and satisfies condition (5.8). Hence, from
(5.8) and (5.25) we get

V'(t) = p(t) + / F(u)(t,n)dn = G(v)(t) for a.e. t € [a,b],
h(t)
where the operator G is defined by formula (4.6). Moreover, v(t)(h(t)) = u(t, h(t)) = v(¢t) for t € [a, ]
and thus, the function v is a solution of problem (1.1), (4.5) in the Banach space C(]c, d]; R).
Conversely, assume that v is a solution of problem (1.1), (4.5) with G given by (4.6) and define

the function u by formula (4.4). Since the function v is strongly absolutely continuous, according to
Proposition 5.2, we have u € C(D;R). Analogously to the proof of Proposition 5.10, we show that

h(t)
the function ¢ +— / F(u)(t,n)dn is Lebesgue integrable on [a, b].

It follows immediately from Lemma 5.7 that condition (5.23) holds, i.e.,

o(t) = v(a) +/g(s) ds for t € [a,b], (5.26)
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where the function g : [a,0] — C([e,d];R) is for a.a. t € [a,b] defined by formula (5.13) with
h(-)
f=¢— [ F(u)(-,n)dn and p := F(u). Therefore, by virtue of Proposition 5.8, we get

S

</tg ds) :/t( / F(u )(syn)dn> d8+jiF(u)(s,n) dnds
ZW(t)‘F/i/)( )dn —~(a // )(s,m) dnds
hit)

a h(s)

for (t,z) € D which, together with (4.4) and (5.26), yields that

u(t,z) = u(a, ) + 7(t) /¢ dn+// (s,n)dnds for (t,z)eD.  (5.27)

h(t) a h(s)

It follows from the initial condition (4.5) that u(h~'(x),z) = y(h~!(z)) for € [c,d]. Therefore,
substituting h=1(z) for ¢ in equality (5.27), we get
hil(r) T
u(a,z) = vy(a) — /w(n) dn — / / F(u)(s,n) dnds for x € [c,d].
a  h(s)

Hence, (5.27) implies

t T

u(t,z) = v(t) + / ¥(n)dn + / / F(u)(s,n) dnds for (t,z) € D.

h(t) h=1(z) h(s)

Consequently, according to Proposition 3.3, the function u is a solution of problem (3.1), (3.3). O
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1 Introduction

Let T > 0 be given, J = [0, T}, ||z|| = max{|z(t)| : t € J} be the norm in C(.J), while ||z||; = ||z||+|«’|
is the norm in C*(J).

In accordance with [12,13], let M be the set of (generally nonlinear) functionals ¢ : C'(J) — R
which are

(i) continuous, ¢(0) =0,
(ii) increasing, that is, z,y € C(J), z(t) < y(t) for t € J = ¢(z) < ¢(y).

Examples of functionals belonging to the set M were given in [12,13].
We are interested in the implicit fractional differential equation

Du(t) = f(t,u(t),u'(t), Du(t), Du(t)), (1.1)

where 1 < B < a < 2, f € C(J x R*) and D denotes the Caputo fractional derivative. Further
conditions on f will be specified later.
Together with (1.1), we consider the nonlocal boundary condition

w(0) =u(T), ¢(u)=0, ¢ M. (1.2)

Example 1.1. The special cases of (1.2) are the boundary conditions:

2(0) =0, 2(T) = 0;

2(0) = () = a(T), where & € (0,T);
2(0) = 2(T), min{z(t): te J} =0;
2(0) = 2(T) = — max{z(t) : t € J}.

Definition 1.1. We say that u : J — R is a solution of equation (1.1) if v/,“D*u € C(J) and u
satisfies (1.1) for ¢ € J. A solution u of (1.1) satisfying condition (1.2) is called a solution of problem
(1.1), (1.2).

If x,°D%x € C(J), then it is not difficult to verify that “DPz(t) = I*~#D%x(t) for t € J. Hence,
if u is a solution of equation (1.1), then the equality
Du(t) = f(t,ult), v (t), I*PD(t), Du(t)), t € J,
holds, that is, w = “D*u satisfies the equality
w(t) = f(tult),w (t), I* Pw(t),w(t)) forte J. (1.3)
The special case of equation (1.1) (for « = 2, a € C(J), f(t,z,y,v,2) = a(t)v + f1(t,z,y,2)) is
the implicit generalized Bagley—Torvik fractional differential equation
u” (t) = a(t)DPu(t) + f(tu(t), ' (t),u" (t)). (1.4)

For more details on the generalized Bagley—Torvik fractional differential equation one can see [13-15]
and the references therein.

We recall the definitions of the Riemann—Liouville fractional integral and the Caputo fractional
derivative [8,9,11].

The Riemann—Liouville fractional integral I7x of order v > 0 of a function = : J — R is defined as

t

— g1
Iz(t) = /(tr(i)x(s) ds,
0

where I is the Euler gamma function. I° is the identical operator.
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The Caputo fractional derivative D7z of order v > 0, v € N, of a function = : J — R is given as

N e N P
Dra(t) = @/ I'(n—7) (x(s) a kz—o k!
0 —

=
»
e
~—
[N
)

where n = [y] + 1, [y] means the integral part of the fractional number ~. If v € N, then DYz(t) =
()
X .
In particular,

2 [ _ gl
Drx(t) = d /u (z(s) — z(0) — 2'(0)s) ds

Tda2 ) T@2-7)
0
d2 2_,), !/

It is well known that I7 : C(J) — C(J) for v € (0,1); I"I*a(t) = I"tra(t) for x € C(J) and
Y, € (0,00); DIVx(t) = x(t) for x € C(J) and v > 0; if 2,°D7z € C(J) and v € (0,1), then
"DV (t) = z(t) — x(0).

The boundary value problems for implicit fractional differential equations were considered in the
papers [1,2,4-6,10] and the references therein. For instance, the problem

Du(t) = f(t,u(t), D*u(t)), a € (0,1],
Z aku(tk) = Up
k=1

was discussed in [6], while the problem

Du(t) = f(t,u(t), D*u(t)), ac(1,2],
w(0) = ug, u(T) =1

was considered in [4].

The aim of this paper is to discuss the existence of solutions to problem (1.1), (1.2). The existence
result is proved by the following procedure. We first show that for each x € C'(J) there exists a
unique solution w € C(J) of the equation w = f(t,z(t),s'(t), [* Pw,w). Then we put w = Fz and
obtain an operator F : C1(J) — C(J) and prove that if u is a solution of the problem ‘D%u = Fu,
(1.2), then w is a solution of problem (1.1), (1.2). In order to prove that this problem has a solution,
we introduce an operator @ : C1(J) x R — C!(J) x R having the property that if (u,c) is its fixed
point, then w is a solution of problem “D%u = Fu, (1.2). The existence of a fixed point of Q is proved
by the Leray—Schauder degree method [7].

We work with the following conditions on the function f in (1.1).

(Hy) There exist positive constants Ly and L such that

LlTaiﬁ

A= Ta-g1D

+ Ly <1

and the estimate
|f(t, 2, y,v1,21) — F(t, 2,y v2,22)| < Lifvy — va| + Lo|21 — 22
is fulfilled for ¢ € J and z,y,v;,2; € R.
(Hz) There exist p, u € (0,1) and A > 0 such that

|f(t,2,y,0,0)] < A(1+ |z]” + [y|*) fort e J, z,y eR.
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(Hs) There exist positive constants A, B and C such that

|f(t,2,9,0,0)] < A+ Blz|+ Cly| fort e J, z,y € R.

The paper is organized as follows. In Section 2, an operator F is introduced and its properties are
given. In Section 3, the operators Q, K and H are defined and their properties are stated. The main
existence results for problem (1.1),(1.2) are given and proved in Section 4. Examples demonstrate
our results.

2 Operator F and its properties
Keeping in mind (1.3), we need the following result.
Lemma 2.1. Let (Hy) hold and let x € C*(J). Then there exists a unique solution w of the equation

w= f(t,x(t),2'(t), [*Pw,w) (2.1)
in the set C(J).
Proof. Let an operator S : C(J) — C(J) be defined as

(Sw)(t) = f(t,2(t), 2 (), I*Pw(t), w(t)).
We show that S is a contractive operator. To this end, let wy,ws € C(J). Then
[(Sw)(®) = (Sw2)(t)] = | £ (8, 2(t), 2/ (0), 1 Fwn(£), w1 (1)) = F(t,2(8), ' (6), I P (t), wa(t))|
< La| 1% P(wi () = wa(1))] + Lafwi (t) — wa(t)]
LT 8

“T@-p+1D)
< Ale —’LUQH, te

w1 — wal| + Lallwi — w2

In particular,
[Sw1 = Swal| < Alwy — wa.

Due to A < 1, the operator S is contractive and therefore there exists a unique fixed point w of S. It
is clear that w is a unique solution of (2.1) in C(J). O

By Lemma 2.1, for each x € C1(J) there exists a unique solution w € C(J) of equation (2.1). We
put w = Fz and obtain an operator F : C1(J) — C(T) satisfying

(Fzx)(t) = f(t,x(t),a:’(t),]o‘fﬁ(fx)(t), (Fz)(t)) fort € J and z € C'(J). (2.2)
The properties of F are collected in the following result.

Lemma 2.2. Let (Hy) hold. Then F : C1(J) — C(J) is a continuous operator and

| Fz| < max {|f(t,2(t),2(t),0,0)| : t€ J}, =€ C'(J). (2.3)

1
1-A
Proof. Let {x,} C C'(J) be a convergent sequence and let x € C'(J) be its limit. Let (for t € J,
n € N)

du(t) = f(t, 2 (t), 2, (1), I* P Fa(t), Fa(t)) — f(t,x(t), 2 (t), [* P Fa(t), Fa(t)).
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Then lim ||d,| = 0. It follows from the relation (see (2.2))
n—oo

| Fan(t) — Fa(t)| < ‘ £t n(t), 2y (8), 1B Fan (t), Fan(t)) — f(t,xn(t),x;(t),fa—ﬁfx(t),fxn(t))‘

[t 0), 20, 128 Flt), Faoa(t)) = (6,2 (0), 23, (6), 120 Fa(t), Fa(t))|

+ |dn(t)]
< Ly |12 (Fan(t) — Fao(t))| + Lo | Fan(t) — Fz(t)] + |da(t)]
LlTaiﬂ
< (== _
< (5 Y + L2 ) | Fan — Fall + ldull, teJ, neN,
that
|Fz, — Fz|| < A||Fz, — Fz| + ||dn]|, n€N.
Therefore |
_ < n
|Fan — Fz|| < 1A n €N,

and so lim ||Fz, — Fz| = 0. Hence F is continuous.
n—oo

It remains to prove that estimate (2.3) is valid. Let € C1(J). Then (2.2) and (H;) give

|Fz(t)] < |f(t,x(t)w’(t),Io‘_ﬂ]—"m(t)7.7-'x(t)) — f(t,x(t),x’(t),o,fx(t))’

< Ly|[I1°7PFa(t)| + La| Fa(t)| + | f(t, (1), 2/ (t),0,0)]
< Al|Fzx|| + |f(t,x(t),2'(t),0,0)], te

In particular,
[Fz| < Al Fz|| + max {|f(t, z(t),2'(t),0,0)| : t € J}

and (2.3) follows. O

3 Auxiliary results
We investigate the fractional differential equation
Du(t) = (Fu)(t). (3.1)
The following result gives the relation between the solutions of problems (3.1), (1.2) and (1.1), (1.2).

Lemma 3.1. Let (Hy) hold. If u is a solution of problem (3.1), (1.2), then u is a solution of problem
(1.1),(1.2).

Proof. Let u be a solution of problem (3.1), (1.2). In view of (2.2), we see that
D(t) = f(t,u(t),u’(t),]"_’BCDau(t), ‘Du(t)) fort e J.

Hence u is a solution of equation (1.1), because I*~#°D% = “DPu. Since u satisfies the boundary
condition (1.2), u is a solution of problem (1.1), (1.2). O

In order to prove that problem (3.1), (1.2) has a solution, we introduce an operator Q : C*(J) xR —
C1(J) x R by the formula

Q) = (e + I°(Fa)(t) = I(F)D)] . e+ (),

where ¢ is from (1.2).
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Lemma 3.2. Let (Hy) hold. If (z,c) is a fized point of the operator Q, then x is a solution of problem
(3.1), (1.2) and ¢ = z(0).

Proof. Let (z,¢) be a fixed point of Q. Then
2(t) = c+ I*(Fa)(t) - %I“(]—'x)(t)  ted (3.2)
o(x) = 0. (3.3)
It follows from (3.2) that x(0) = ¢, z(T) = ¢, z € C*(J) and
Dex(t) = DYI(Fx)(t) = (Fx)(t), te
These facts together with (3.3) imply that z is a solution of (3.1), (1.2) and ¢ = z(0), O

Lemmas 3.1 and 3.2 show that for the solvability of problem (1.1), (1.2) we need to prove that the
operator Q admits a fixed point. Really, if (z,¢) is a fixed point of Q, then z is a solution of (1.1),
(1.2). To this end, we first define an operator K : C*(J) x R x [0,1] — C*(J) x R as

’C(ZL’, c, A) = (670 + ¢(SC) + (>‘ - 1)(;5(71’))

Let
Q= {(z,0) eCY(J) xR |z[y <M, || < M}.

where M is a positive constant.
Lemma 3.3. The relation
deg(Z — K(-, -,1),91,0) #0
is valid, where “deg” stands for the Leray—Schauder degree and T is the identical operator on C*(J)xR.
Proof. Tt is not difficult to show that K is a completely continuous operator and since
K(=,—¢,0) = (—¢,—c + d(—a) — 6(x)) = —(esc+ 6(x) — d(—a)) = —K(x,c,0)

for z € C*(J) and c € R, K(+, -,0) is an odd operator.
Assume that K(x,c,\) = (x,¢) for some (x,c) € C1(J) x R and X € [0,1]. Then

x(t)=c, teJ, (3.4)
o(z) + (A =1)g(—z) =0. (3.5)

In view of (3.4), it follows from (3.5) that ¢(c) + (A — 1)¢(—c) = 0. If ¢ # 0, then properties (i) and
(ii) of ¢ € M give ¢(c)p(—c) < 0, which contradicts ¢(c) + (A — 1)¢(—c¢) = 0. Hence ¢ = 0, and
so x = 0. We have proved that K(z,c,\) # (z,¢) for (z,¢) € 9Q; and A € [0,1]. By the Borsuk
antipodal theorem and the homotopy property,

deg (I K(-, +,0),01,0) £0,
deg (Z—K(-,,0),94, )zdeg(I—lC(~,~,1),Ql,O).
Combining these relations we give the conclusion of Lemma 3.3. O
Finally, let an operator H : C1(J) x R x [0,1] — C*(J) x R be defined as
H(z,c,\) = (Hi(z, e, N), Ha(z, 0)),
where H1 : C1(J) x R x [0,1] — C*(J), Ha(x,c) : CH(J) x R = R,

Hi(z, e, \)(t) = ¢+ A(I“(fw)(t) - %I‘X(”)(“L:T)’
Hao(z,c) = c+ ¢(x).
It is clear that
H(z,c,0) = K(x,¢,1), H(z,e,1) = Q(z,¢) (3.6)

for (z,¢) € C1(J) x R.
The following result states that H is completely continuous.
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Lemma 3.4. Let (Hy) hold. Then H is a completely continuous operator.

Proof. Step 1. H is continuous.
Let {x,} € CY(J), {c.} C R, {\,} C [0,1] be convergent sequences and let le |zn — 2|1 = 0,
lim ¢, =c, ILm An = A\, where z € C1(J), c € R, A € [0,1].

n—o0

By Lemma 2.2, lim ||[Fz, — Fz| = 0. Since
n—0o0

e t a o i o
19(Fan)(t) = 7 1°(Faa) ()| = 1°(F2)(O) + = *(Fo)(t)]
[—s [T =g a1
t—s)" —8)* @
< - A7 < -
< || Fan fx”(/ e d5+/ Ta) >ds S Tlat D) | Fxy, — Fl
0 0
and
1Y Faa) (1) — = 1°(Fan)(t)| _ — 177 (Fa)) + 1 1°(Fa)(t)|
T t=T T t=T
(=92 1 [(T—s\ Tl 1
t—s)*" —8)¥~ o—
< — — — < 14+ = _
< | Fan ]-':c||(/ ol ds+T/ = >ds_ F(Q)( + 2|1 Fan — Fal,
0 0
it is easy to verify that lim ||Hi(@n,cn,An) — Hi(z,¢,A)|[1 = 0. This fact together with
n— 00
lim Ha(wp,cn) = Ha(z,c) gives lim H(xp,cn,An) = H(z,c,A) in C1(J) x R. Hence H is con-
n—00 n—oo
tinuous.

Step 2. H takes bounded sets into bounded sets.

Let U C C1(J) and ¥V C R be bounded, ||z||; <V for x € U, |c| <V for ¢ € V, where V is a
positive constant. Then My = sup{|f(¢,z(t),2'(¢),0,0)| : t € J, x € U} < oo. In view of (2.3), we
have | Fz|| < M for x € U, where M = M7 /(1 — A). Hence (for u e U, c €V, A€ [0,1],t € J)

t T

_Safl _sa,1 o
Y%@&JW)SV+M</“F&)(E+/Gj)m)gv+éffn,
0

0

t T
%Hl(:v,c,A)(t)’ SM(/Mder;/st) < Mrf:) (1+é),
0 0

and therefore

[Hi(z, e, N[l <V + (3.7)

(e

Due to the properties (i) and (ii) of ¢ and =V < z(t) < V for t € J, x € U, we see that ¢(=V) <
¢(x) < $(V), and therefore

(07

[Ha(z,c)| =|c+¢(x)| <W foruecl,ceV, (3.8)

where W =V 4 max{|¢(—V)|, ¢(V)}.
From (3.7) and (3.8) we conclude that H maps U x V x [0,1] into a bounded set in C*(J) x R.

Step 3. For each bounded U C C1(J) the family {I*~(Fz): z € U} is equicontinuous on J.
Let U be a bounded set in C*(J). As in Step 2, ||Fz| < M for x € U, where M > 0. Let x € U
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and 0 <ty <ty <T. Then

t1

1Y (Fa)(t )|t -1 Y Fx)( |t " ‘/m(fx)(s)ds—/m(fm)(s)ds
0
b 9 , oo Jyam?
‘ / : a_(tll) S (Fa)(s) s+ / (t;(a_) 5 (Fa)(s)ds
0 t

t1 to
(tl _ S)a—Q _ (tg _ 5)04—2 / (t2 _ S)a—Z
<M d ————d
= (/ Tla—1) T Ta-n ¢
0 t
M 2M
= s (T A~ 0) T ) < S (e - 1)
F(a)(l +2(ty — 1) 2 F(a)(2 1)
Since t*~! is a continuous function on J, we see that the family {I*~!(Fx) : = € U} is equicontinuous
on J.
To summarize, H is continuous by Step 1 and it follows from Steps 2 and 3 and the Arzela-Ascoli
theorem that H; is relatively compact in C*(J). Besides, (3.8) implies that H, is relatively compact
in R. Consequently, H is completely continuous. O

The following two results give bounds for fixed points of H.

Lemma 3.5. Let (Hy) and (Hz) hold. Then there exists S > 0 such that the estimate

lzlh < S, e < S, (3.9
holds for fized points (x,c) of the operator H(-, -, \) with X € [0,1].
Proof. Let H(z,c,\) = (z,c¢) for some (z,c) € C*(J) x R and X € [0,1]. Then

#(t) = e+ A(I*(Fa)(t) - %I Fa|_ ). tes (3.10)
b(2) = 0. (3.11)
By (H>),
[Flt,2(0),2/(8),0,0)] < AL+ 207 + &' (OF) < AL+ [all{ + al{), ¢ .
and therefore (see (2.3))
(ol < AQH LI+ lelt) 512)
Due to (3.11), we have 2(€) = 0 for some € € J [12]. Hence (3.10) gives
c= —/\(Ia(]-"a:)(t)‘tzg - %1& (]-"x)(t)’t:T>,

and therefore

Then

_safl ‘ _Safl 1z _Safl Y
lz(t)] < ||Fz|(/%ds+/%ds+/%ds> < %H}'xﬂ,
0 0

T
1 [ (T—-s)"! To-1 1
< — ~ 7 < il
|2/ (t)] |]-'x||</ e ds+T/ T ds) <T@ (1+Q)H}'x||7 teJ
0 0
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In particular,

3T« 7ot 1
< — N < 1+ — .
ol < gy el 1l < gy (14 5) 17l
Hence 1
T 3T +1
< .
el < Frgy (1 =5 =) 1721 (3.13)
and (see (3.12)))
el < K (1+ Il + ll2]1), (3.14)
where .
AT~ 3T +1
K= 1 .
(1—A)F(a)( =)

Since (note that p,p € (0,1)) lim 7T = 00, there exists S > 0 such that
vV— 00

ROForor)
v>K(1+v”+0") forallv> 6.

The last inequality together with (3.14) gives ||z|; < S. In view of ¢ = z(0), we get |c| < S. Since S
is independent of x, ¢, A, estimate (3.9) follows. O

Lemma 3.6. Let (Hy) and (H3) hold and let

(B+C)T>t <1+3T+1) 1

V=AW

Then the estimate
lz]l1 < S1, |e| < 51,

holds for fized points (x,c) of the operator H(-, -, \) with X € [0,1], where

AT ! 3T +1

S1 = .
T - AQ - W) (@) ( )

Proof. Let H(z,c,\) = (z,c) for some (z,c) € C*(J) x R and X € [0,1]. Analysis similar to that in

the proof of Lemma 3.5 shows that ¢ = z(§) for some & € J and estimate (3.13) is valid. From (H3)

and (2.3) we have

A+ Bllz| + Cll2"l| _ A+ (B+ O]

<
7o) < SRS < SIS O

and therefore

7! 37 +1 AT>! 37 +1
< 1 A+ (B = 1 .
Il < = xypay (1 =) A+ B+ Ol = = gy (1 =) + Wlells
Hence 1
AT~ 3T +1
1-— <
a=Wllelh < 5= gy ()
which implies ||z||; < S7 and |¢|] < Sy because ¢ = z(0). O

4 The main results and examples

Theorem 4.1. Let (Hy) and (Hz) hold. Then problem (1.1),(1.2) has at least one solution.

Proof. Let S > 0 be from Lemma 3.5 and let

Q={(z,c) e C'(J) xR: |z|ly < S, |c| < S}
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By Lemma 3.4, the restriction of H to € x [0,1] is a compact operator and Lemma 3.5 shows that
H(z,c,\) # (x,c) for (x,¢) € 9 and A € [0, 1]. Hence it follows from the homotopy property that

deg (Z —H(-,-,0),9,0) =deg (Z —H(-,-,1),9,0).
In view of (3.6) and Lemma 3.3 (for M = S in Q;), we have

deg (Z—H(-,,0),92,0) =deg (T - K(-, -,1),Q,0) #0,
deg (Z—H(-,+,1),92,0) =deg (Z - Q(-, -),2,0),

and so

deg (Z — Q(-, -),©,0) #0. (4.1)
Consequently, there exists a fixed point (u,c) of Q and, by Lemmas 3.1 and 3.2, u is a solution of
problem (1.1), (1.2). O

Theorem 4.2. Let (H;) and (Hs) hold and let W < 1, where W is from Lemma 3.6. Then problem
(1.1),(1.2) has at least one solution.

Proof. Let S be from Lemma 3.6 and let
Q={(z,c) eC'(J) xR: |zl <S1+1, || < S1+1}.

By Lemma 3.6, H(x,c,\) # (z,¢) for (z,c) € 02 and X € [0,1]. Analysis similar to that in the proof
of Theorem 4.1 shows that relation (4.1) holds. Hence there exists a fixed point (u,c) of Q and u is a
solution of problem (1.1), (1.2). O

Example 4.1. Let r € C(J), p,p € (0,1) and k > /2T7*F /T (o — B+ 1). Then the function

1 (z+y)In(l +|z|)

t,r,y,v,z) =r(t x|? K arctan

satisfies condition (H;) for L1 = 1/k?, Ly = 1/2 and condition (H;) for A = max{||r||,7/2,1/k}. By
Theorem 4.1 there exists at least one solution u of the equation

1 (u~+ o) In(1 4+ |“Dul)
k+<Dbfy 24 u? 4+ (u)?

D = r(t) + |u|” + |u'|* arctan u’ + (4.2)

satisfying the boundary condition (1.2).
For instance, if ¢(u) = min{u(t) : ¢ € J}, then there exists at least one solution u of (4.2) fulfilling
w(0) =w(T), min{u(t): te J} =0.

Example 4.2. Let T =1, a = 3/2, 8 € (1,3/2), |k| <T'(5/2 — 8)/4 and r,r1,r2 € C[0,1], ||r1] +
lr2]] < 3+/m/44. Then the function
In(1 +
f(tvxvyvvv Z) = T(t) + Tl(t)x + TQ(t)y + kv + W

satisfies condition (H;) for Ly = |k|, Lo = 1/4 (note that A < 1/2) and condition (Hs) for A = ||r||,
B = |r1]|, C = ||r2]|. Since

(B+O)1! 3T+ 1N 22([|rafl + llr2l) _ 44(lrall + lIr21)
(- A (1+ )= 3L-d)r S 3vF

by Theorem 4.2 there exists at least one solution u of the equation

W= <1

o' In(1 + |D3/2u)

c3/2 c
DY = r(0) + ra(tu+ ol + KD+ =

satisfying the boundary condition (1.2).
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1 Introduction

For the recent decades the delay differential equations theory has made great achievements. Con-
sequently, appropriate numerical methods and corresponding theoretical background are being de-
veloped since 1970’s. A valuable monograph, which summarize numerical methods for various delay
differential equations and introduce comparison with the methods known for ordinary differential
equations, is due to Bellen and Zennaro [2]. A various phenomena were observed as differences be-
tween the both mentioned classes of differential equations and their numerical discrete counterparts.

The concepts of asymptotic stability in numerical analysis are usually related to the numerical
solution behaviour of the studied method applied to a certain test equation. Such equations in the
delay differential case are, e.g.,

y'(t) =by(t —7), t>0,
y'(t) = ay(t) + by(t — 1), t >0, (1.1)

where a,b,7 € R, 7 > 0. In general, the coefficients a, b are considered as complex ones in various
types of stability manner. In this paper, we constrain our considerations to the case of equation
(1.1) with real coefficients a,b. This restriction arises from the studied numerical discretization and
visualization purposes.
The numerical scheme, that we are going to analyse, can be captured by the linear difference
equation
Ynt2 + QWn +VYn—e =0, n=0,1,2,..., (1.2)
where «,v € R and £ € N. We recall that equations (1.1) and (1.2) are said to be asymptotically stable
if for any of their solutions y(t) — 0 as t — oo and y,, — 0 as n — oo, respectively. This terminology
is usual in the theory of homogeneous linear differential (difference) equations with a constant delay.
In the case of linear difference equations with constant coefficients the asymptotic stability coin-
cides with affiliation of all roots of a characteristic polynomial to the open unit disk in the complex
plane. There exist several valuable criteria for checking this property, but these are suitable just for
a computational verification for concrete given values of equation’s (polynomial’s) parameters. These
criteria are mostly based on the analysis of signs of certain determinant sequences (see [9] or [12]). In
several particular cases the necessary and sufficient conditions for asymptotic stability were derived in
a closed effective form, i.e., a few conditions should be verified instead of a huge number of computa-
tions depending on the order of difference equation in the case of algebraic criterion. The asymptotic
stability conditions for (1.2) in necessary and sufficient manner are introduced in [6]. We recall them
in Section 2 for our consideration purposes. In addition to the previous, we remark that there are
several results introducing closed form of necessary and sufficient conditions for asymptotic stability
of certain difference equations, which cover many numerical schemes intended for delay differential
equations, e.g.,
Yn+1 + QYn +YYn—¢ =0, n=0,1,2,...,
Ynt1 + Wn—m + VYn—¢ =0, n=0,1,2,...,
Ynt1 + Yn + BYn—t41+YYn—¢ =0, n=0,1,2,...,
Yn+t2 + QYp + 5yn7£+2 + VYYn—t = 0, n=0,1,2,...,
where «, 8,7 € R and m, ¢ € N, m < £. The results can be found in [3,4,11] and [5], respectively.
The structure of the paper is as follows. In Section 2, we recall the necessary and sufficient
asymptotic stability conditions for equations (1.1) and (1.2). In Section 3, we introduce the anal-
ysed numerical scheme, description and visualization of its stability regions and discussion of some

unexpected situations arising at numerical computations. We conclude the paper by final remarks in
Section 4.

2 Preliminaries

Any asymptotic stability property of a numerical scheme is usually connected with asymptotic stabili-
ty properties of a certain test differential equation. In this paper, we are going to analyse asymptotic
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stability regions (i.e., the sets of pairs (a,b) € R? such that the studied discretization is asymptotically
stable considering fixed stepsize) of numerical scheme applied to delay differential equation (1.1).
Therefore we recall the necessary and sufficient conditions for asymptotic stability of (1.1) itself
introduced in [1] and [7].

Theorem 1. Any solution of equation (1.1) is asymptotically stable if and only if one of the following
two conditions holds:

a<b< —a forany > 0; (2.1)
arccos(—a/b)

|a|+b<0 fOT’ T<m

(2.2)

As we can see, the first condition is valid for any positive delay 7. We call such case as delay
independent asymptotic stability region, which is depicted in Figure 1 as Spy. Condition (2.2) contains
a restriction on delay 7. This condition forms a dependent stability region Spp (see Figure 1). The
greater value of 7, the closer the most right point of Spp to the origin of the plane (a,b) is.
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Figure 1. Asymptotic stability region of (1.1): delay independent (Spy) and delay dependent (Spp)
case.

Next, we recall the necessary and sufficient conditions for asymptotic stability of difference equation
(1.2) introduced in [6]:

Theorem 2. Let a,~y be arbitrary reals such that ary # 0.
(i) Let £ be even and y(—a)*/?t1 < 0. Then (1.2) is asymptotically stable if and only if
la) + |y] < 1. (2.3)
(ii) Let £ be even and y(—a)*/?>T1 > 0. Then (1.2) is asymptotically stable if and only if either
ol + [y <1, (2.4)

or
a2+'yz—1/ a? =72 +1

||04| - |’Y‘| <l<|al+v|, ¢ < 2arccos
2[ary|

holds.
(iii) Let £ be odd and o < 0. Then (1.2) is asymptotically stable if and only if (2.3) holds.
(iv) Let £ be odd and o > 0. Then (1.2) is asymptotically stable if and only if either (2.4), or

1— 2 A2 2 2+1
Y <l—a<lyl, €<2arCSin#/arccosL
2|ary| 2|al

holds.
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Actually, equivalent description of asymptotic stability regions can be found, e.g., in [10] and [13],
where another proving procedures naturally lead to another form of the conditions. In the first
mentioned paper, the boundary of stability region was described by straight lines and parametric
curves, while in the second one the conditions contained an auxiliary nonlinear equation, which should
be solved for certain choice of differential equation parameters «, -, £.

A comparison of conditions for asymptotic stability for (1.1) (see Theorem 1) and conditions for
its discrete counterpart (1.2) in Theorem 2 leads us to a conclusion that such asymptotic stability
analysis is much more complicated in the case of difference equation.

3 Numerical discretization and its properties
We consider an equidistant mesh with stepsize h satisfying the property = = kh with &k € N, k > 2.

We denote the nodal points of the mesh as t,, =nh, n=20,1,2,....
By integration of both sides of (1.1) from ¢, to t,12 we obtain

trnt2 tnt2
Y(tni2) = y(tn) + / ay(s)ds + / by(s — 7)ds. (3.1)
tn tn

Numerical scheme we obtain by applying trapezoidal rule and midpoint rule to the integrals in (3.1),
respectively. Denoting by y,, the approximation of value y(t,,), we have

Yn+2 = Yn + ah(yn + yn+2) + 2bhyn—k+1~ (32)

The obtained formula is a (k + 1)-step numerical method. We emphasize that there is no need of
interpolation dealing with delayed term due to the appropriate stepsize h = 7/k and integration of
(1.1) over two steps. Since we are going to utilize Theorem 2, we rewrite (3.2) in the form of linear
difference equation

1+ah 2bh
yn+2_l_ahyn_l_ahynflv&»l_oa n—O,l,..., (33)

where the stepsize h satisfies ah # 1.

3.1 Asymptotic stability conditions

Now we state the necessary and sufficient conditions for asymptotic stability of (3.3). The analysis of
(3.3) falls naturally into two parts according to the parity of k. For an effective and clear formulation
of the main result we introduce the symbols

1+ a?h? — 2b%h?

b2
71 (h) = h + 2h arcsin ﬁ/ar COS

a?h? —1 ’
. a+b*h 1+ a?h? — 2b°h?
75 (h) = h + 2harccos ——— 1+ ah)l] arccos T ,

which are utilized in these two parts, respectively.

Theorem 3. The asymptotic stability conditions for (3.3) are formulated below in two cases, consid-
ering k even and k odd, respectively.

1. Let k > 2 be even. Then (3.3) is asymptotically stable if and only if one of the following
conditions holds:

|bh| <1, |b|+a <0, (3.4)
2 < 2b°h? <1 —ah, 7 <7/ (h).
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2. Let k > 3 be odd and m = (k —1)/2. Then (3.3) is asymptotically stable if and only if one of
the following conditions holds:

a<b< —a, |bh] <1, (3.6)

|b| +a <0, (—1)"bh =1, (3.7)

b+lal <0, bh > -1, 7<75(h), (3.8)
(-1)™b+a <0, (-1)"bh>1, 7<75(h), (3.9)
(=1)™b4+a >0, (=1)""bh>1, 7<75(h). (3.10)

Proof. The necessary and sufficient conditions stated above follow from the application of Theorem 2
0 (3.3). Considering
1+ah 2bh
= - = - = — 1
“ 1—an’ 1—ah’ f=k-1
the difference equation (3.3) turns into (1.2). The complete proof (with detailed analysis) can be
found in [8]. O

The above asymptotic stability conditions define in the plane (a, b) the asymptotic stability regions.
Analogously to the continuous counterpart, the delay independent ((3.4), (3.6), (3.7)) and delay
dependent ((3.5), (3.8)—(3.10)) stability regions can be distinguished. Figures 2 and 3 illustrate these
stability region in the case of k£ even and odd, respectively. Moreover, in the case of k odd a position of
delay dependent stability regions (in figures hatched ones) depends also on a parity of m = (k—1)/2.
We emphasize that in the case k even the delay dependent part for b < 0, b < a is missing.

The next part illustrates by numerical examples consequences of stability regions location diversity
with respect to the change of k.

N AD

Figure 2. Asymptotic stability region for k even

3.2 Asymptotic stability discussion

Numerical solutions of delay differential equations can have some unexpected properties with respect
to one’s experience with numerical solving of ordinary differential equations. Several numerical phe-
nomena are introduced in [2]. One of them is related to the following discussion:

We consider the initial value problem for (1.1) with 7 =1

y'(t) = ay(t) + by(t —1), t>0, (3.11)
y(t) =1 for ¢t € [—1,0] (3.12)

and we decide to use formula (3.3) to obtain numerical solution.
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Figure 3. Asymptotic stability region for & odd and m even; k odd and m odd

Example 4. First we point the attention to the situation arising by the choice of a = 30, b = —51/10.
As we can see from Theorem 1 (and as well as from Figure 1), the solution cannot be asymptotically
stable. On the contrary, numerical solution with k& = 5, i.e., h = 0.2, evinces asymptotically sta-
ble behaviour (see Figure 4) and the numerical formula really is asymptotically stable according to
Theorem 3. Moreover, numerical solutions for any integer k > 2, k # 5, do not have this property.
This extraordinary case k = 5 of asymptotic stable solution for given (a,b) = (30, —51/10) is the only
occurrence of (a,b) in delay dependent stability region within the fourth quadrant (see Figure 3(1)).
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Figure 4. a =30, b= —51/10, k=5

Example 5. We consider ¢ = —1, b = —3/2. The solution of (3.11), (3.12) is asymptotically stable
in accordance with Theorem 1 (see Figure 1). The numerical solution for k = 50, k = 51 and k = 52,
k = 53 is depicted on Figures 5 and 6, respectively.

As we can see, for this fixed pair of (a,b) there occurs switching of asymptotically stable (k
even) and unstable (k odd) solutions for several values of k in sequence. This can be explained by
Figures 3(1) and 3(2): (a,b) is included in a delay dependent stability region and (a, b) is not included
in a delay dependent stability region, by rotation.

Finally, we discuss a limit form of Theorem 3 considering h — 0. In the case of even k, the
asymptotic stability region of (3.3) becomes |b| +a < 0. It corresponds to (2.1) with the exception of
the boundary. In the case of odd k, the asymptotic stability conditions turn into (2.1), (2.2) letting
h — 0. These conditions are equivalent to the ones defining the asymptotic stability region of (1.1).
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4 Conclusions and remarks

To summarize the previous, Theorem 3 describes the asymptotic stability regions of difference equa-
tion (3.3). This equation actually represents a discretization of delay differential equation (1.1) by
modified midpoint rule. It was shown that the asymptotic stability regions depend not only on the
value of stepsize h, but also on parity of k. We had provided the discussion with two examples, where
specific situations occurred with respect to the position of delay dependent asymptotic stability re-
gions. Deeper analysis for more complicated numerical methods is a great call because of the absence
of effective form of the appropriate necessary and sufficient conditions for asymptotic stability.
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1 Introduction

There are many papers devoted to the control problems for distributed systems, not to mention the
works of V. A. IVin, E. I. Moiseev, L. N. Znamenskaya, A. I. Egorov, A. V. Borovskikh (see [1-4]).
In these works, a control, allowing to govern by the oscillation process was obtained. The d’Alembert
formula is very important for the search of the control. In the present paper, we investigate the initial-
boundary value problems describing oscillation processes with conditions of hysteresis type. This kind
of problems arise in a simulation of string oscillations, where the movement is restricted by a sleeve
concentrated at one point. We consider the cases when the sleeve is located at the end of a segment
and at the node of a graph-star. Analogues of the d’Alembert formula are obtained.

2 Preliminaries

In this section, we recall some notions and definitions which we will need in the sequel (details can be
found in [5]).

Let H be a Hilbert space. The inner product in H is denoted by (-, -).

For a closed convex C' C H and x € C, the set

Ne(z)={(€H: ({,c—x) <0 Vce C}

denotes the outward normal cone to C at x.

Note that we always have 0 € No(x), Nyz3(x) = H, and N¢(z) = {0} for x € int C, the interior
of C, if provided int C' # @. The last relation shows that the outward normal cone is non-trivial only
for x € 0C, the boundary of C.

Recall that the Hausdorff distance d g (Cy, Co) between closed sets Cy and Cy is given by the formula

dp(Cy,Cs) = max{ sup dist(z,Cy), sup dist(ac,Cg)}.

xzeCs zeCy

Consider the so-called “sweeping process”

—u/(t) € Ney(u(t)) for ae. te 0,77,
U(O) = Uug € C(O)

—
N
[N

A function w : [0,7] — H is called a solution of the initial problem (2.1), (2.2) if

(a) u(0) = uo;

(b) u(t) € C(¢t) for all t € [0,T];

(¢) u is differentiable for almost every point ¢ € [0, T7;
) -

(d) —u'(t) € Negy(u(t)) for almost every t € [0,T7.

There are many papers devoted to sweeping processes (see, e.g., [5-13]).
Later we will use the next theorems.

Theorem 2.1 (Existence [5, Theorem 2]). Assume that the map t — C(t) satisfies
du(C(t),C(s)) < L|t — s

and C(t) C H is nonempty, closed and convez for every t € [0,T]. Let ug € C(0). Then there exists a
solution w : [0,T] — H of (2.1), (2.2) which is Lipschitz continuous with the constant L. In particular,
[u'(t)] < L for almost every t € [0,T].

Theorem 2.2 (Uniqueness [5, Theorem 3]). The solution of (2.1),(2.2) is unique in the class of
absolutely continuous functions.
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3 A string with a hysteresis type boundary value condition

Suppose a string is located along the segment [0,1]. Let u(x,t) be a deviation from the equilibrium
position at the time t. Assume that the left end of the string has the elastic support (a spring),
so we have u(0,t) = yu(0,¢). The right end of the string moves along a vertical needle (without
friction) inside a sleeve, represented by [—h, h], where h > 0. While |u(l,t)| < h, the right end of the
string inside of the sleeve remains free, i.e., ul (I,t) = 0. If the string reaches the boundary points
of the sleeve, then the conditions u(l,t) = h or u(l,t) = —h, respectively, are satisfied at a certain
moment. Notice that we consider the case where the sleeve move in perpendicular to the axis Ox and
its movement is given by

C(t) = [=h, h] +£(). (3.1)

Suppose that the string velocity is zero at the initial time ¢ = 0 and the string form is determined by
a function ¢(z) € W3 0,1], where ¢, (0) = v(0), »(1) € C(0).
The mathematical model of such problem can be described as

%u  0%u

@—w7 0<$<l,0<t<T7
’U,(LL‘7O) = (p(l‘),

ou

U;(Oyt) = ’yu((],t),
u(l,t) € C(¢)
—uy(l,t) € Nowy(u(l, ),

where the set N¢(a) is an outward normal cone to C' at a defined by
Ne(a) ={¢€€R": £ (c—a) <0 Vce O}

Notice that if a is an interior point of C, then N¢(a) = {0}; if a = —h + &(¢), then N¢(a) = (—o0, 0];
if a =h+ £(t), then No(a) = [0, +00).

The condition —u(l,t) € Ng)(u(l,t)) means that if u(l,t) is an interior point of C(t), then
ul(I,t) = 0, i.e., the oscillation process is the same as for a string with a free right end (see [14]);
when the right end of the string is tangent to the boundary sleeve point, the right end of the string
is not free anymore: there is a force f(t), which blocks this end, so —u/,(I,t) = —f(t) € N (u(l,t)).

We consider a solution of (3.2) belonging to a special class of functions introduced for the first
time by V. A. II’in in [15,16]. Let Qr be the rectangle Qr = [0 < 2 <[] x [0 <t < T)]. As in [15,16],
we suppose that u belongs to the class WQI(QT) if the function u(x,t) is continuous in the closed
rectangle Q7 and in this rectangle has both generalized partial derivatives u,(z,t) and u}(x,t), which
belong to the class La(Qr) and, moreover, u! (-,t) belongs to the class Ly[0 < a <] for every fixed
t of the segment [0, 7], and u;(z, - ) belongs to the class Ly[0 < ¢t < T, for any fixed z of the segment
[0,]. By a solution of (3.2) we call a function u(z,t) € W;(QT) such that u(l,t) € C(t) for all ¢, the
condition —u/,(I,%) € N (u(l,t)) holds for almost every ¢, and the integral identity

/ (e, t) [ Wy t) — Vo (2,1)] dadt + [ W, 0)p(x) da

S — _
o _

T T
_/q/(z,t)u;(l,t) dt—i—/\I';(l,t)u(l,t) Q=0 (33)
0 0

holds for any function ¥(z,t) € C%(Q), which satisfies the conditions ¥/ (0,¢) = v¥(0,t), ¥(z,T) =
0, ¥(z,T) =0.
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Theorem 3.1. Assume that the function £(t) satisfies the Lipschitz condition and the function ¢ €
W4[0,1]. If 0 <t <1, then the solution of problem (3.2) can be represented as

O(zx—t)+ P(x + 1)

U(I‘, t) = 9 ’ (34)
where
(P($), x € [O,Z],
2g(z — 1) + o2l — x) — 2¢(1), =€ [l,2],
O(x) = -
p(—x) —2ve™* | p(s)e’®ds, x€[-1,0],
/
and g is a solution of the problem
—1(t) € Npr)(v1(t)), v1(0) = ¢(1) € D(0), (3.5)

D(t)=C(t) + /cp/(l —s)ds.

Proof. Consider the problem

(1) € Npg (11 (1)), v1(0) = (1) € D(O).

We will use Theorems 2.1 and 2.2. Since D(t) is a nonempty, closed, convex set, and the mapping
t — D(t) satisfies the Lipschitz condition with a constant L*, i.e.,

du(D(t), D(s)) < L*|t = s|, t,s €[0,T],

there is a unique absolutely continuous function g(t) defined on all [0,!], which is the solution of
problem (3.5), and |¢g'(¢)| < L* for almost all ¢ € [0,!]. Since g(t) € D(t), where D(t) = C(¢t) + ¢(I) —
el —1t) and u(l,t) = g(t) + (I —t) — ¢(1), we have u(l,t) € C( ).

Let us show that —u,(I,t) € No@)(u(l,t)). Notice that u,(I,t) = g'(t). Let us show that —g'(t) €
Ne)(9(t) + ¢ =) = ¢(1)). Since —g'(t) € Npr(9(t)), we get —g'(¢)(c(t) — (I —1) + (1) —g(t )) <0
for all ¢(t) € C(t). So, —¢'(t) € Now)(9(t) + ¢ —1t) — o(I)).

Our aim now is to prove equality (3.3). We have

T T
(/uxtlllttxtdt>dz/</u mxt)dz)dt
0 0 0

4 /l W (2,0)0(x) do — /\11(1 P (1, 1) dt +

0
l l

:/(u(%T)\I/;(x,T)—u(x,0)\11;(33,0))d //ut\I/ dt dz—

0 0

A,.\

o _

v’ ( dt

[}

=W (0,t)u(0,t)) dt

e [
Z

l

T 1 T
+0/0/u N4 da:dt+0/\lfg(x ,0)p(x )de/\If(l L Hul (L, t)dt+0/\11’(l JHu(l, t) dt.

We have to prove that

T 1 T 1 T T
//u;\I/; dxdt—//ugxlf; dxdt:/\lf(l,t)u;(l,t) dt—’y/\Il(O,t)u(O,t) dt.
0 0 0 0 0 0
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According to (3.4), we obtain

N
l\DM—l

T 1 L T
// (x—t)+ @' (x+ 1))V, dodt — // (x+1t)— @' (xz — 1))V, dtdo
0 0 0 0

. T
:5/(\11;(1’,T)@(HT)*P(%T))—\I/;(:E,0)(<I>( )— %//(cp (z4t)—B(x—1)) U,y dt da:
0 00

T I T
- %/(\P;(l,t)((I)(l+t)—<I>(l—t))—\I/;(O,t)(@(t)—(b(—t))) dt—f—%//(@(x—&—t)—d)(x—t))\llm dt dz
0 0

w\»—‘

T
/\p; (L@ + ) — B — 1)) dt +
0

On the other hand,

T T
/\I/(l,t)u;(l,t) dt—v/\I!(O,t)u(O,t) dt
0 0

t

T
B (L0600~ )t~ [ w00 (i) 2 [ (o) as) .
0

0

I
St~

This completes the proof of the theorem. O

Remark 3.1. The presentation of the solution in the form of (3.4) is true for all T. The initial
condition u(x,0) = ®(x) = ¢(z) determines the value of ® on the interval [0,!]. According to the
boundary condition at the point [, we can represent the derivative (I, t) through ) (I,¢). We obtain

—j(1,1) € Nog(ull, 1) + @( - ¢),

where the function ®'(I —¢) for all 0 < ¢ < [ is known, namely, ®'(I — t) = ¢'(I — t). Denote
w(t) =wu(l,t), ®'(I —t) =n(t). So we get the problem
—w'(t) € Nog (w(t) +n(t),  w(0) = (1) € C(0).
¢ t
Put the function v1 (t) = w(t)+ [ n(s) ds, and the set D(t) = C(t)+ [ n(s) ds. Notice that N (w(t))=
0

0
Nps(vi(t)). We get the problem

—vi(t) € Npy(vi(t), v1(0) = @(l) € D(0).

According to Theorems 2.1 and 2.2, this problem has a unique solution v (¢), which is defined on the
whole interval [0,!]. This function v;(t) is absolutely continuous, and its derivative is bounded almost
everywhere. Hence we have that the function ®(z) on the interval [l, 2] should be defined as

O(x) =2vi(x — 1) + (20 — x) — 2(1).
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Using the condition u/,(0,t) = 0, we can extend ®(z) on the interval [—I,0]. So, if ' < [, then the
problem is solved. Otherwise, the function ®(z) is known for all € [—[,2l]. Repeating the above
scheme several times, we obtain the required representation.

Remark 3.2. Notice that problem (3.2) has a unique solution. Assume that ¢(I) € (—=h + £(0),h +
£(0)). Then the oscillation process occurs likewise for the string with a free end for all ¢ € [0,¢1], and
the string form is the solution of the problem

%u  0%u

@:w, O<l’<l,0<t<t1,
u(z,0) = o(x),

Ju

a(xﬂo) *Oa

(0, 8) = yu(0,t),

ul(I,t) = 0.

Notice that the last problem has a unique solution u(z,t). If ¢t; < T, then the relation u(l,t;) =
+h + £(t) holds at the moment ¢, and for all ¢ € [t1,t2] a string form is a solution of the problem

Pv _ v O<x<l, ti<t<t
gvr_“7 x

8$2 8t2 b) b 1 27
v(x,t1) = u(x,ty),

ov

E(xatl) = Ué(l’,tl),

v,,(0,1) = yv(0,1),
v(l,t) = —h + £(¢)

or
Pu _ & O<ax<l, ti<t<t
7 _Z~ z
8£E2 8152 ) ) 1 25
v(z,t1) = u(z, t1),
ov

a(aj, t1) = uj(z, t1),

’l}/m(o,t) = ’YU(O’t)a
v(l,) = h+ £(8).

Each of the above problems have a unique solution for every t € [t1,¢3]. By a similar reasoning, we
find that the original problem has a unique solution.

4 A problem on a geometric graph

Let the points O, Ay, As, ..., A, belong to the horizontal plane 7. Consider a mechanical system
consisting of n strings, which in equilibrium are the segments OA;, OAs, ..., OA,,. The ends of the
strings have elastic supports (springs) at the points Ay, As, ..., A, and interconnected at the point
O. There is a perpendicular needle inside a sleeve passing through the point O. The graph I" consists
of edges (intervals) OA;,OAs,...,0A, and vertices O, Ay, As, ..., A,. We will use the notions and
the terminology from [17]. Under the influence of a distributed force perpendicular to the plane ,
the strings deviate from the equilibrium position. We assume that a deviation of all points is parallel
to the same straight line, which is perpendicular to the plane, and consider small deviations from the
equilibrium position. Take the system of coordinates to describe string deformations. The X-axis Ox;
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for the i-th string (i = 1,2,...,n) contains the segment OA; and is directed from A; to O. Thus the
graph is directed to the node. The Y-axis OY passes perpendicularly to the plane 7. Consider the
oscillation process. Let u;(x,t) be the deviation of i-th string from the equilibrium position at time ¢.
We assume that the length of all strings equals [, i.e. 0 <a <.

Thus, the oscillations of each string of the system can be described by the wave equation

821,61‘ - 82ui
ox2 o2’

The connection between the strings at the node means that uq(l,t) = u;(l,¢) (i = 1,2,...,n). The
conditions of the elastic fixing mean that %7;1' (0,t) = yu;(0,t) (i = 1,2,...,n). At the point z =
there is the sleeve, whose movement in the perpendicular direction to the plane 7 is given by (3.1),
where the function &(¢) satisfies the Lipschitz condition.

Assume that at the initial moment the initial form and the initial velocity of strings are w;(x,0) =
pi(x), % (2,0) = 0, where g; € W3[0,1], 1(1) = @2(1) = -+ = @all) = @(1), F2(0) = 7¢:(0),
o(l) € C(0).

Then a mathematical model of such a problem can be described as

82711‘ 82ui .
2 = o2 O<z<l, 0<t<T (i=1,2,...,n),
ui(z,0) = p;i(z),
Bui o
E(m,O) =0,

n Uz

Z (1—0,t) € Now (u(l, 1)),

i=1
u(lat) = (lvt) = U‘Q(lat) = = un(lat)a
u(l,t) € C(t),
%(o £) = yus(0,1).

Ox

By a solution of this problem we mean the function u(z,t), whose restrictions to the edges coincide
with w;(x,t) (i = 1,2,...,n). The functions u;(z,t) € W3(Qr) satisfy the conditions u;(l,t) =
ug(l,t) = -+ =u,(l,t) = u(l,t), u(l,t) € C(t) for all t. The condition

_Z 3uz —0,t) € Nog)(u(l,t))

holds for almost all ¢ € [0,7T]. The integral equalities

3

o — _

() dx

T l
92, 2OV,
Justen [t w0 - 55 )] dxdt+z/ o
0 =17
T
+Z/ (1,

i=1

0.6 — w1, 2% —O,t)) dt=0, i=1,...,n,
z
=17
hold for all ¥;(x,t) € C*(Qr), such as

An analogue of the d’Alembert formula for the representation of the solution of this problem can
be obtained by bringing the problem on the segment. Suppose that the solution of the last problem
exists. Denote it by v(x, t), where on each edge of the graph T" the function v(x,t) is defined as v;(z,t).
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Let u(z,t) =

above

So,

Suppose w;(x,t) = vi(x,t) —u(z,t) (i =1,2,...,n). Notice that w;(z,t) (i=1,2,..

of the problem

For w;, we have

where

1
n

(2

n

pile) = 3" pi(a),

1

vi(z, t).

82%
Ox?

Bwi

Then u(x,t) is the solution of the problem which has been studied

0%u  0%u
922 R <<, 0<t<T,
u(a:,O) - % ;‘pi(m%
o -
a(fﬂ,o) = 07
ou -
_aix(l’t) € Ne (u(l, 1)),

a(l,t) € C(t),

(0, 1) = (0, 1).

P(x —t)+P(x+1t)
5 .

u(z,t) =

.,n) are solutions

2,
0w, O<z<l, 0<t<T (i=1,2,...,n),

o2
1 n
wi(r,0) = pi(x) — - Z wj(x),
j=1

E(l’, 0) = O,

80.)1' -

%(0, t) = ’yw,(O, t),
wi(l,t) =0.

x € 10,1]

pil-a) = 2 Y os(-a) =216 [(ale) — L S ple)e s, @€ 1,0
Jj=1 0 j=1

1 n
~D @il —w) —@i(2 - 2),
j=1

x e [l,2]].

Notice that v;(z,t) = w;(x,t) + u(z,t). So,

O(x —t) + P(x + 1) +¢>i(x—t)+<1>i(a:+t).

[ 7t:
vi(z,t) 5 5
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