SOME PROPERTIES OF SOLUTIONS OF A
FUNCTIONAL-DIFFERENTIAL EQUATION OF
SECOND ORDER WITH DELAY

VERONICA ANA ILEA* AND DIANA OTROCOL**

ABSTRACT. Existence, uniqueness, data dependence (monotony,
continuity, differentiability with respect to parameter) and Ulam-
Hyers stability results for the solutions of a system of functional-
differential equations with delays are proved. The techniques used
are Perov’s fixed point theorem and weakly Picard operator theory.

1. INTRODUCTION

Functional-differential equations with delay arise when modeling bi-
ological, physical, engineering and other processes whose rate of change
of state at any moment of time ¢ is determined not only by the present
state, but also by past state.

The description of certain phenomena in physics has to take into
account that the rate of propagation is finite. For example, oscilla-
tion in a vacuum tube can be described by the following equation in
dimensionless variables [4], [9]

2" (t) + 2ra’ (t) + w?z(t) + 2q2'(t — 1) = ex(t — 1).

In this equation, time delay is due to the fact that the time necessary
for electrons to pass from the cathode to the anode in the tube is finite.
The same equation has been used in the theory of stabilization of ships
[9]. The dynamics of an autogenerator with delay and second-order
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filter was described in [1] by the equation
2" (t) + 202/ (t) + z(t) = f(a(t — h)).

The model of ship course stabilization under conditions of uncertainty
may be described by the following equation [3],

IZ"(t) + Ha'(t) = =KV (t) 4+ bo&y(t), x(to) = xo, 2'(to) =0,

with z(t) being the angle of the deviation from course, ¥(¢) the turning
angle of the rudder and &y(¢) the stochastic disturbance. In the process
of mathematical modeling often small delays are neglected, that is why
false conclusions appear. As an example we can give the following
equation [4],

2"(t) + 2’ (t) + x(t) = a[2"(t — h) + 2/ (t — h) + z(t — h)],

which is asymptotically stable for h = 0, but unstable for arbitrary
h > 0. Here a > 1. If h = 0 the above system is asymptotically stable.
The characteristic equation is A(z) = (22 + 2z + 1)(1 — ae™™) = 0
and has the following zeros with positive real part if h > 0 : 2z, =
%(lna + 2kmi), i? = —1, k = 0,£1,.... So the trivial solution is
unstable for any h > 0.

In this paper we continue the research in this field and develop the
study of the following general functional differential equation with delay

() = f(t,z(t), 2" (t), z(t — h),2'(t — h)), t € [a,]]
(1.1) { #(t) = o(t), t € [a—h,al.

Existence, uniqueness, data dependence (monotony, continuity, differ-
entiability with respect to parameter) and Ulam-Hyers stability results
of solution for the Cauchy problem are obtained. Our results are es-
sentially based on Perov’s fixed point theorem and weakly Picard op-
erator technique, which will be presented in Section 2. More results
about functional and integral differential equations using these tech-
niques can be found in [2], [5]-[7]. The problem (1.1) is equivalent to
the following system

2 (t) = 2(¢), t € [a,b]
12) { () = F(t,2(t), 2(8), 2t — B, =(t— b)), £ € [a, ],
with the initial conditions

x(t) =p(t), t€la—ha
o et

By a solution of the system (1.2) we understand a function (%) €
C([a — h,b],R?) N C*([a, b], R?) that verifies the system.
We suppose that
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(C1) a<b, h>0;

(Ca) f € C(la,b] x RE R), 9 € C'([a — h,a], R);

(C3) there exists Ly, Ly > 0 such that V¢t € [a,b], u;, vy, u;,v; € R,
1=1,2, we have

| f(t,ur, v1,u9,v0) — f(t, Uy, U1, U, 02)| <

S L1 max(\ul — ﬂl\ y ‘/U/Q - ﬂQD + LQ max(]vl — 51‘ s ‘/UQ — ;D/QD .

If (%) € C([a — h,b],R*) N C*([a,b],R?) is a solution of the problem
(1.2)-(1.3) then (%) is a solution of the following integral system

T ;", (t), for t € [a — h, al
(14) ( >(t> - { E ) <p(a)+f;z(s)ds )’ for t € [CL, b]

< Lp’(a)Jrfat f(s,2(s),2(s),z(s—h),2(s—h))ds

If (%) € C([a— h,b],IR?) is a solution of (1.4) then (%) € C([a— h,b],
R?) N C'([a, b],R?) and (?) is a solution of (1.2)-(1.3).

Moreover, the system (1.2) is equivalent to the functional integral
system

" 2)(t), fort €a—h,a
(15) ( )(t) = { E )< x(a)-i—}fz(s)ds ] )’ for t € [a,b].

Z(a)-i—fat f(s,2(s),2(s),z(s—h),z(s—h))ds

We consider the operators B, E : C([a—h, b],R?) — C(Ja—h,b],R?), B =
B1(7) _ () N (1) —the 1i :

(s, @)), E=(, (z)) defined by B(?)(t) :=the right hand side of
(1.4), for t € [a — h,b] and E(?)(t) :=the right hand side of (1.5),

for t € [a — h, ]

2. PRELIMINARIES

In this section, we introduce notations, definitions, and preliminary
results which are used throughout this paper, see [10]-[18]. Let (X, d)
be a metric space and A : X — X an operator. We shall use the
following notations:

Fy:={x € X | A(z) = z} - the fixed points set of A;

I(A) ={Y Cc X | AY) CY,Y # 0} - the family of the nonempty
invariant subset of A;

A= Ao A", A =1y, A= A, neN.

Definition 2.1. Let (X,d) be a metric space. An operator A : X — X
is a Picard operator (PO) if there exists x* € X such that:

(i) Fa={z"};

(i) the sequence (A™(xg))nen converges to x* for all xy € X.
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Definition 2.2. Let (X, d) be a metric space. An operator A : X — X
is a weakly Picard operator (WPO) if the sequence (A™(x))nen con-
verges for all x € X, and its limit (which may depend on x) is a fived
point of A.

Definition 2.3. If A is weakly Picard operator then we consider the
operator A defined by

A*® X = X, A%(z) := lim A"(x).

n—o0

Remark 2.4. [t is clear that A®(X) = Fa.

Definition 2.5. Let A be a weakly Picard operator and ¢ > 0. The
operator A is c-weakly Picard operator if

d(x, A*(z)) < cd(z, A(x)), Yz € X.
The following concept is important for our further considerations.

Definition 2.6. Let (X,d) be a metric space and f : X — X be an
operator. The fized point equation

(2.1) z = f(z)
is Ulam-Hyers stable if there exists a real number ¢y > 0 such that: for
each € > 0 and each solution y* of the inequation

d(y, f(y)) <e

there exists a solution x* of the equation (2.1) such that
d(y*,z*) < cye.

Now we have

Theorem 2.7. [18] If f : X — X is c-WPO, then the equation

x = f(x)
1s Ulam-Hyers stable.

Another result from the WPO theory is the following (see, e.g., [12]).

Theorem 2.8. (Fibre contraction principle). Let (X,d) and (Y, p) be
two metric spaces and A X XY - X xY, A= (B,C), (B: X —
X, C: X xY =Y ) atriangular operator. We suppose that

(i) (Y, p) is a complete metric space;
(ii) the operator B is Picard operator;
(iii) there ezistsl € [0,1) such that C(z,-) : Y — Y is al-contraction,
forallz € X;
(iv) if (x*,y*) € Fa, then C(-,y*) is continuous in x*.
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Then the operator A is Picard operator.

Throughout this paper we denote by M,,,,(R,) the set of all m x m
matrices with positive elements and by I the identity m x m matrix.
A square matrix () with nonnegative elements is said to be convergent
to zero if Q¥ — 0 as k — oo. It is known that the property of being
convergent to zero is equivalent to each of the following three conditions
(see [10], [11]):

(a) I —@Q is nonsingular and (I — Q)™ =T+ Q + Q*+--- (where
I stands for the unit matrix of the same order as Q);

(b) the eigenvalues of @) are located inside the open unit disc of the
complex plane;

(c) I — Q is nonsingular and (I — @Q)~! has nonnegative elements.

We finish this section by recalling the following fundamental result
(see [8], [10]).

Theorem 2.9. (Perov’s fixed point theorem). Let (X, d) with d(x,y) €
R™ be a complete generalized metric space and A : X — X an opera-
tor. We suppose that there ezists a matriz QQ € M, (R,), such that
(i) d(A(z), A(y)) < Qd(z,y), for all z,y € X;
(ii) Q™ — 0 as n — oc.

Then
(a) Fa={a"};
(b) A™(x) = 2* as n — oo, Vx € X

(
() d(A"(x),2%) < (I - Q) Q"d(wo, Alwo)).

3. MAIN RESULTS

In this section we present existence, uniqueness and data dependence
(monotony, continuity, differentiability with respect to parameter) re-
sults of solution for the Cauchy problem (1.2)-(1.3).

3.1. Existence and uniqueness. Using Perov’s fixed point theorem
we obtain existence and uniqueness theorem for the solution of the
problem (1.2)-(1.3).

Theorem 3.1. We suppose that:
(i) the conditions (Cy)-(Cs) are satisfied;

(ii)) Q" — 0 as n — oo, where Q = (b — a) 01 .
Ly Ly

Then:
(a) the problem (1.2)-(1.3) has a unique solution (*.) € C*([a,b], R?);
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In+1

(b) for all (;”S) € C*([a,b],R?), the sequence (%) _ defined by (..
B(%,

"), converges uniformly to (g), for all t € [a,b], and

— < _ —-1n i

<Z> (z) H <(U-Q)Q (zo) (Z1>
(c) the operator B is Picard operator in (C([a — h,b], R?), M);
(d) the operator E is weakly Picard operator in (C([a—h, b], Rﬂ)ﬂ),

I

Proof. Consider on the space X := C([a — h, b], R?) the norm

1) = G = ()
— = max ,
U1 U2 [v1 — vy
which endows X with the uniform convergence.

Lot X( ) = () € X1 ()] = (3, for () € Cla—h,al, R}

Then X = U X(X) is a partition of X and from [13] we

(X)eC(la—h.alR2) X'

have
() BUX) € Xo) BXG)) Xy
(2) Blx,,, = Elx

() ()

On the other hand, for ¢ € [a — h,a] U [a, b]
G- (N <e-o (5 )| - ()

whence B is a contraction in (X, ||-||) with @ = (b—a) LO 2 :
1 Lo

plying Perov’s theorem we obtain (a), (b) and (c¢). Moreover the opera-

-1
tor B is ¢-PO and E is -WPO with ¢ = [1 —(b—a) < [? g )] .
1 Lo

I

Ap-

3.2. Inequalities of Caplygin type. Now we establish the Caplygin
type inequalities.

Theorem 3.2. We suppose that

(i) the conditions (a), (b) and (c) in Theorem 3.1 are satisfied;
(il) w;, v, u5,0; € R, (Z’) < (%“),z = 1,2 imply that

f(t,ur,vr,u,v9) < f(t, uy, 01, Uz, V), Vt € [a,b].
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Let (i:) be a solution of (1.2) and (3;) be a solution of the system

{ y'(t) Sw(t), t € la,b]
w'(t) < [t y(1), w(t),y(t = h),wt = h)), t € [a,b].

(y*> < (x*) implies that <y*) < (x*)
w [a—h,a] < [a—h,a] w <

Proof. We have that

()-#() () =o(2).

From Theorem 3.1, (c), F is weakly Picard operator. From condition
(ii), we obtain that E* is increasing ([12]). So

() == () =) == () = ()

where @) € X(,> O

I[afh,a] )

Then

3.3. Data dependence: monotony. In this subsection we study the
monotony of the solution of the problem (1.2)-(1.3) with respect to ¢
and f.

Theorem 3.3. (Comparison theorem) Let f; € C([a,b] x RY R), i =
1,2,3, be as in Theorem 3.1. We suppose that

(i) f1 < f2 < fis
(i) folt,+, - - ) : R* — R is increasing, Vt € [a, b].

*

Let (zi) be a solution of the system

7

a3
2
imply that (wl)

21

= (%)
la—h,a] B Z;

— (22)

< (%)
[a—h,a] B Z§
Sw)

Proof. We consider the operators E; corresponding to each system
(3.1). The operators E;,i = 1,2, 3 are weakly Picard operators. Taking
into consideration the condition (ii), Fs is increasing. From (i) we have
E, < By < E3. On the other hand we have that

(x) — E;O(fi),z' —1,2,3.
2 2

la—h,a]

[a—h.b] la—hb]
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where (?”; ) e X ) . The proof follows from the abstract compari-

z ‘[afh,a]
son Lemma (see [12]). O

3.4. Data dependence: continuity. Consider the problem (1.2)-
(1.3) with the dates f; € C([a,b] x R*R),i = 1,2 and suppose that f;
satisfy the conditions from Theorem 3.1 with the same Lipshitz con-
stants. We obtain the data dependence result.
Theorem 3.4. Let f; € C([a,b] xR R), ¢; € C(la—h,a],R),i=1,2,
be as in Theorem 3.1. We suppose that

(i) there exists my,m2 > 0 such that

()0 (5)o]< () el

(ii) there exists n3 > 0 such that

|fl(t7u17u27u37u4) - f2(t7u17u27u37u4>| S T]37Vt S [Cl,bLUi S Rulzm

Then
<(I-Q)! (,72 i (Zl— a)n:a)

H (i:)(-,wl,w’pj&) - (Z)(-7902,<p’27f2)

where (j)(,gp, ¢, f) denote the unique solution of (1.2)-(1.3).
Proof. Consider the operators By, f,,7 = 1,2. From Theorem 3.1 it

follows that
,V(xi) € X.
<5

Ty T3 4a| T2
Beun <Zl> ~ Beun (2’2> H =@ H (21) - (22)
xr T 771
B — B < .
(1) = Boes () < (6= o)
Thus

Additionally,
x* ,
H( ) ()0173017.]['1) (Z*>('7()027§027f2)

\
H o1y ((;)(w%w’pfﬁ) ~ Bews ((j:)("@’@/?’f?))u
< HBw,f1 (@*)( S%S%fl)) B ((Z:>("9@2’90/2’f2)) H
B, g, ((ﬁ)( soz,%,fz)) By, . <(£)('7902790/2’f2))H

N , AT , m
<o (S)rerstn= (e ()

i
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and since Q™ — 0o, as n — oo implies that (I — Q)™! € Myn(R,), we

finally obtain
z” / z” / -1 m

. - . < (I- .

H <Z*>< 790179017.](‘1) <Z*)( 79027()027.]02) — ( Q) <772 + (b o 0)773)

U

3.5. Data dependence: differentiability. Consider the following
differential system with parameter

(3.2) { m/’(t) = z(t), t € [a,]]
2(t) = f(t,x(t), 2(t), x(t — h),z(t — h); \), t € [a,b],\ € J,
with the initial conditions
(3.3) { x(t) = p(t), t € [a— h,al
2(t) = ¢'(t), t € la— h,al,
where J C R is a compact interval.
Suppose that the following conditions are satisfied:
(C1) a<b,h>0, JCR acompact interval;
(Cy) f e C(la,b] x R* x J,R);
(CS) pE Cl([a - h>a]>R>§
(C4) there exists Ly > 0, such that
Of (t,u1, ug, us, ug; \)
‘ ou;
af@,UhUz, U3, Uq; >\)
‘ ou,;

< Li,uj,us R, 1 =1,3, X € J;

'SLQ,ug,mER, 1=2,4, )€ J;

(Cg,)forQ:(b—a)(l? l%)WehaveQ”%Oasn%oo.
1 Lo

(1.3) has a
YT R?), Vte

Then, from Theorem 3.1, we have that the problem (1.2)-
unique solution, (z:) € C'([a, b], R?). We prove that (f*) eC
l[a —h, b].

For this we consider the system
(3.4)
Z(t;N) = z(t; N), t € [a,b], A € J
2t N) = f(t,x(t; N), z(BA), 2(t — b A), 2(t— by A A), t€a,b,AeJ
with (“.) € C(la — h,b] x J,R?) N C([a,b] x J,R?).
Theorem 3.5. Consider the problem (5.4)-(3.3) and suppose the con-
ditions (C;)—(Cj) hold. Then,
(1) (3.4)-(3-3) has a unique solution (:) ¢, N, in C([a—h, b]x J, R?);
(i) ()6, N € CHJ,R?),Vt € [a —h,b].
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Proof. The problem (3.4)-(3.3) is equivalent with the following functional-
integral system
(3.5)

C) A= (w’(a) + f, fs,2(530), 2 (: Af), (88 i fjA), (s = h; A); A)d8>’

for ¢ € [a,b] and

(3.6) C) (t; ) = (;0,) (1), for t € [a — h, al.

Now let us take the operator A : C'([a — h,b] x J,R?) — C([a — h,b] x
J,R?), defined by

A(fj) (t:N) = ( 28) .= the right hand side of (3.5), for ¢ € [a,b] and
1(2)
)

A( )(t A) = ( (fﬁ ) = the right hand side of (3.6), for ¢ € [a—h, a].
z

Let X = C([a — h,b] x J,R?).

It is clear, from the proof of the Theorem 3.1, that in the condition
(C1)—(Cs), the operatorA : (X, ||-]|) — (X,]|-]|) is Picard operator.

Let (;E) be the unique fixed point of A.

ox*
Supposing that there exists <§Z’\* >, from (3.5)-(3.6), we obtain that
o
t :
o _ /a 8z(as),\)\)ds
and
02 _ /t Of(s,z(s;N), z(s;N), (s — hy A), z(s — hy A); A) Ox(s; /\)ds
oA “ Ouy O\
N /t Of (s,x(s;0), 2(8;A), (s — hy N), z(s — hy A); A) 0z(s; )\)ds
“ Ous O\
N /t Of(s,x(s;A), 2(8;A), (s — hy A), z(s — hy A); A) Oz (s — h; )\)ds
“ Ous o\
N /t Of(s,z(s;A), z(s; ), x(s — hy A), z(s — hy A); A) 0z(s — Iy )\)ds
“ Ouy o\
N /t Of(s,z(s;N), 2(s;A),x(s — h; A), 2(s — by A); )\)ds
a 1)) ’

for all ¢ € [a,b], A € J.
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This relation suggest us to consider the following operator

C:XxX - X,
() C)) e () ()
212 U924 212 U24

where C ((“2), (“13)) (t; \)=0for t € [a— h,a],\ € J and

S(ERNER
()G E(iiz% (Z;Z)g)

() () = [ 2552

where

::/tﬁf(s,x(s s A), 2(83 ), (s — hy A), z(s — hy A); A)

o, u(s; N)ds

POf(s,(s50), 2(5;0), 2(s = M5 M), 2(s = B A); A
[N, A N A= N
a 2
t . . - - .
+/ Of (s,x(s; N), z(s; /\),xa(s h; A), z(s — h; \); /\)U3(8 b \)ds
a us
t . . _ - _ - .
+/ Of (s,x(s; N), z(s; /\),cca(z h;N), 2(s — h; )\),)\)u4(8 B A)ds
a 4
/t Of(s,x(s;A), 2(s;N), (s — hy A), z2(s — hy A); A)
+ ds,
a O\
fort € [a,b], A € J. Here we use the notations u;(s; ) := ‘%é‘i\’\), us(s;A) ==
{hés)\)\)7 ( h)\) ax%)\h)\ andu(s—h /\) sta)\h)\)‘

In this way we have the triangular operator D : X x X — X X
X (22, (1)) = (A@2),¢ ((22),(22)) ), where A is Picard op-
erator and C’((‘“;), ()) : X - X is Q¢ -contraction with Q¢ =

(b—a)(LO1 le )
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From Theorem 2.8 the operator D is Picard operator, i.e. the se-

quences
n+1 n ?
<12 <12
(i) '=C<(%) )

uyt? 2y) \usy) )’
n € N, converge uniformly, with respect to t € [a — h,b], A € J, to
(). () & Fo for sl (). () € X

Z 12 u

212 Uy i 517(1)2 ) 1 BI%Q
It we take () = (3) and () = (i) = () then () = (1)

By induction we prove that

u oz,
13 ) _ oA

() - () ven
24 B\

oz
n unif *

So, (I}E) — (”2}3), as . — oo and (a%
12

4
12 N

ori,
From a Weierstrass argument we get that there exists ( ;;32) ,1=1,2
Ox3y «
o U
and(a‘zi‘ ) = ( 13).
12 ux
BN 24

3.6. Ulam-Hyers stability. We start this section by presenting the
Ulam-Hyers stability concept (see [16], [17]). For f € C([a,b] x R, R),
e>0and ¢ € C(la—h,b,R;), h >0, we consider the system

2'(t) = z(1), t € [a,b]
(3.) {z@zf@ﬂﬂJ@JQ—M¢@—m%teMM

and the following inequations

#(8) — 2()] < &, ¢ € [0,
38) {iz'<t> Pt 2(8), (0),(t — b, 2(t — B))| <&, t € [a,b],

2/ (t) — 2(t)| < Y(t), t € [a,b]
(39) {VWP#U@@%@J@—M%@—MNSM&temﬂ.

Definition 3.6. The system (3.7) is Ulam-Hyers stable if there exists a
real number ¢ > 0 such that for each € > 0 and for each solution (i) €
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C?(la—h,b],R?) of (3.8) there exists a solution (%) € C*([a— h,b],R?)
of (3.7) with

‘(Z) (t) — (ﬁ) (t)‘ <ce, Vte[a—h,b.

Theorem 3.7. We suppose that:
(i) the conditions (Cy)-(Cs) are satisfied;

(ii)) Q™ — 0 as n — oo, where Q = (b — a) 01 .
Ly L,

Then the system (1.2) is Ulam-Hyers stable.

Proof. The system (1.2) is equivalent with the functional integral sys-
tem (1.5). We consider the operator E : C([a — h,b],R?*) — C([a —
h,b],R?), defined by E(%)(t) :=the right hand side of (1.5), for ¢ €

la — h,b]. So
C) - E(j) (t),t € [a — h,b].

-1
From Theorem 3.1, E'is - WPO with ¢ = [1 —(b—a) < LO 2 )} .
1 Lo

Applying Theorem 2.7 we obtain that (1.2) is Ulam-Hyers stable. [

Remark 3.8. Another proof for the above theorem can be done using
Gronwall lemma ([7], [15]-[18]).
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