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ON THE AMBARTSUMIAN FUNCTIONAL EQUATION

AHMED M. A. EL-SAYED!, MALAK M. S. BA-ALI?, EM.A.HAMMDALLAH!

ABSTRACT. In this work, we define the pantograph functional equation with
parameter and study the existence of solutions in two classes z € C|[0,T]
and € L1[0,T], we use the technique of the Banach fixed point theorem
and Schauder fixed point Theorem. In both cases we study the continuous
dependence of the unique solution on the pantograph functional equation.
The Hyers—Ulam stability will be studied. Additionally, we give an example
to illustrate our outcomes.
keywords: Pantograph equation; Banach fixed point Theorem; Schauder fixed
point Theorem; existence of solutions; continuous dependence; Hyers—Ulam stabil-

ity.
1. INTRODUCTION

A pantograph (or ”pan” or ”panto”) is an apparatus mounted on the roof of an
electric train, tram or electric bus to collect power through contact with an overhead
line. The pantograph equation is a fundamental mathematical model in the field
of delay differential equations. It is well known that the pantograph differential
equation is given by

CC% = f<t, z(t), z(vt) )

a special case of the pantograph equation is well known as the Ambartsumian delay
equation which has a particular application in Astrophysics.

dx
i ax(t) + Az(y t).

For papers studying such kind of problems (see [4, 11, 12]) and Pantograph differ-
ential equations have been studied in many papers and monographs [10].
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In this study, we define the pantograph functional equation with parameter,

o) = £t 20 Aot ). e 0.7) (1)
and its special case, the Ambartsumian delay equation
x(t) = azx(t) + Ax(y t).

Where A > 0, v € (0, 1) and a is constant. Our aim here is study the existence of
solutions = € C[0,T] and = € L1[0,T] of equation (1.1). Moreover, the continuous
dependence of the unique solution on the functions f, v and on the parameter A > 0
will be proved. The Hyers — Ulam stability of (1.1) will be given.

The paper is organized as follows: Section 2 contains the solvability of unique
solution z € C[0,T] by Banach fixed point and discuss some stability facts of the
of (1.1). Moreover, the Hyers — Ulam stability of (1.1) will be studied. In Section
3, the solvability for the existence of the solutions z € L1[0,T] by Schauder fixed
point Theorem and the continuous dependence of the unique solution x € L]0, T]
on the parameter A > 0 and on the function f. Some general discussion and
examples in Section 4.

2. SOLUTION IN C[0,T]

Let C = C(I), be the class of continuous functions on I = [0,T], T' < oo, with
the standard norm

lz]l = sup [z(t)].
tel

Consider the pantograph functional equation (1.1) under the following assumptions:
(i) f:IxRx R — Ris continuous in ¢t € I and satisfies Lipschitz condition,

‘f(t7x17x2)_f(t7y17y2)‘ Sa’ |£L'1—y1|+ A |$2_y2‘ Vtejv Ty Yi ERai:]-a 2.
(i) (a+ A) <L

Now, we have the following existences theorem.

Theorem 2.1. Assume that (i) and (ii) be satisfied, then the pantograph functional
equation (1.1) has a unique solution x € C(I).

Proof. Define the operator F' by

Fa(t) = f(t, 2(t), X z(yt) )

Now, let x € C(I) and t1,t3 € I, t1 < ta, |t2 — t1] < § and denote

07(6) = sup {[f(t2,2(t),y(t)) — f(tr,x(t),y(t))] : t1,ta € I, t1 <ta, [ta —t1] <
z,yeC(I)
0},
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then we have
tQ, t2 Ax ")/tg

Fe(ts) — Fa(t)| = ‘f f(tl, ) A a(rt) ‘

tg, )\ X ’)/tg
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This means that F : C(I) — C(I).
Now let 1,22 € C(I), then

|Fzo(t) — Fai(t)] ‘f<t, z2(t), A za(vt) ) — f(t, z1(t), A z1(7t) )‘

< ]f(t, vat), N 22() ) —f(t, £1(t), A xmt))
+ f(t, x1(t), A z2(7t) ) — f(t7 x1(t), A z1(yt) )‘
< alze(t) — 2 (t)| + Az2(vt) — 21(t)],
then
|Fay — Fa | allze — 1| + Allze — 24|

IAIA

(@ + ) ||z2 — 24

Since (a + A) < 1, then F is a contraction and by Banach fixed point Theorem [§]
there exists a unique solution « € C(I) of the equation (1.1).

1. Continuous dependence.

Theorem 2.2. Let the assumptions of Theorem 2.1 be satisfied for f, f*, A\, A\*, ~
and v*. Then the unique solution x € C(I) depends continuously on f, A and ~y in
the sense that

Ve >0, 3 d(e) such that

maz{[A = X[, |[f(t, 2, y) = (L 2,9)l, [y =7} <, then [l — 27| <e

where x* is the solution of

x ()= f* <t, x*(t), \* " (y"t) )
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Proof.

w(t) — 2" (1) = ‘f(t, 2(), A (1) ) e (t, (1), X (4°1) )\
< (e ot ot )= 1 (6 st 2t )
+ f (t, z(t), A z(yt) ) - f (t, x*(t), \* x*(v"t) )‘
< d+4ax(t) - x*(t)‘ + ’ A x(yt) — A* x*(’y*t)‘
< Jd+alxt)— x*(t)‘ + ‘ A x(yt) — AN x(yt)
+  Az(yt) — A2t (yt)+ Nt (yt) — A x*(’y*t)’
< dtalz(t) =2t ()] + A= Alz(y)| + Alz(yt) — 2" (1)
+ At (yt) =2t (")
< dtal(t) -2t (@) + A= Alz(y)| + Atle(yt) — 2" (vt)]
+ A€,

then

|z —a*| < d+alz—2"+ ¢fz(y)[+ A" [lo—2"[[+ A" €
Hence

-] < §+ 0 |x(yt)| + A* € _.
- 1—(a + %) '

2.2. Hyers-Ulam stability.

Definition 2.3. [6, 9] Let the solution x € C(I) of (1.1) be exists. then equation
(1.1) is Hyers - Ulam stable if Ve > 0, 3 d(¢) such that for any 6 — approzimate so-
lution x4 satisfies,

0= £ (1 20, A0 )| <6 (21)

implies ||z — 4] < e.

Theorem 2.4. Let the assumptions of Theorem 2.1 be satisfied, then (1.1) is Hyers
- Ulam stable.

Proof. From (2.1), we have

xs(t) — f(t, xs(t), A xs(7t) >‘ < 0,
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Now,

o) =) = |£(1 20, Aar0) ) .00
< ‘f(t, z(t), )\x('yt)) - f(t, zs(t), A xs(vt))
b )= 1 (1 w0 A )|

< a |£L'(t) — Zs(t)| + )\|x(7t) - (E5<’)’t)| +

xs(t)f<t, 2u(t), A 2a(1t) )‘
then
lo -z < fz—aall+ Al — o] +4,

Hence

)
e —asll < Ty =€

- 1—(a+ N
3. SOLUTION IN L;([)

Let Ly = Ly(I), be the class of Lebesgue integrable functions on I = [0, 7],
T < oo, with the standard norm

el = / w(t)]dt.

Take into account the following assumptions:

(iii) f : I x R — R is measurable in ¢t € I for any « € R and continuous in
z € R for all t € I. Moreover, there exist a bounded measurable function
m : I — R and a positive constant by such that

lf(t, 2, y)| < |m(t)| +a x|+ X|y| for eacht €T and forall z, ye R, i =1, 2.
(iv) (a+ 7)‘) <1

Theorem 3.1. Let the assumptions (iii) — (iv) be satisfied, then the pantograph
functional equation (1.1) has at least one solution x € Li(I).

Proof. Let @O, be the closed ball

Qv = {z € LiD) : ||efls < ).
Associate the operator

Fx(t) = f(t, x(t), A x(yt) )

Now, let = € @,., then
Pt = [r(t o0, 2st0) )
< ) + o (Jo(0)] + alre)] ).

then

IN

T T T A T
/O\Fx(t)\dt /O|m(t)\dt+a/o \x(t)|dt+;/o |z(0)|do
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and

A
L R

IN

A
lmli +ar +—1r
Y

IN

AT
lm|i+ar+— = r
Y

Then the class of functions {Fz} is uniformly bounded on Q..
Now, let z € @Q,, then

T
[(Fz)n — (Fo)n = /OI(FJC(S))h—(Fﬂf(S))IdS

-/ ' ;] / " (Fr()d8 - (Fals)
< /OT;L/:M \Fa(0) — Fa(s)| dods

Ty pt+h
< Jwl
o hl/i
Since F' € Ly(I), then
1 t+h
E/ f<0, z(0), A z(~0) > - f<s7 x(s), A x(ys) )‘ dfds — 0, ash — 0.
t

This means that Fx(t), — (Fz) uniformly in L;(I). Thus the class of functions
{Fz} is relatively compact [15]. Hence F' is compact operator.
Now, let {z,} C @y, and x,, — z, then

Fan(t) = f(t, Za(t), A ﬂcn('yt)>

ds

f(e, 2(0), A z(~0) ) - f(s, z(s), A z(vs) )’ dfds.

and

lim Fz,(t) = lim f(t, Zn(t), A 2 (7t) )

n—oo n—oQ

Applying Lebesgue dominated convergence Theorem [15], then from our assump-
tions we get

lim Fx,(t)

n—o0

f(t, nh—>120 zn(t), A nh_)rr;o xn(wt)>

- f<t, a(t), Aa;(*yt)) = Fa(t).

This means that Fx,(t) — Fx(t). Hence the operator F is continuous. Now, by
Schauder fixed point Theorem [15] there exists at least one solution x € Ly (I) of
(1.1).

3.1. Uniqueness of the solution. Now, replace the assumption (ii4) by (iii)* as
follows:
(#i1)* f : I x R — R is measurable in t € I Vx € R and satisfies Lipschitz
condition,

|f(t, 21, 22) — f(t,yn,92) <alzy —y1| + Az —we| VEEL z,y; € Ri=0, 1.
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So, we have the following Lemma.
Lemma 3.2. The assumption (iii)* implies the assumption (ii7).
Proof. From the assumption (iii)* let y; = yo = 0, then we have
[f(tmy, 22)| — [ f(£,0,0)] < |f(t 21, 22) — f(£,0,0)] < a 1] + Alzal,

|f(t,$1,$2)| < |f(t,0,0)| +a |’I1| + A |l’2|
and

|[f(t, 21, 22)] < Im(t)] +a |z1] + A |z2|, where |m(t)] = sul?\f(t,0,0)\.
te

Theorem 3.3. Let the assumptions (ii1)* and (iv) be satisfied, then the solution
of a pantograph functional equation (1.1) is unique.

Proof. Let z, y be two solutions in Q, of (1.1), then

o) -w0) = |7(e o A0t ) = 1( w0 2wt )]
(n a0, natin) ) = 1 w0, 2ot )
+1(6 w0 300 ) = 1 (1 w0, A vt )

IN

< ale(t) - y®)] + Na(rt) -y,
then
T T T
/0 a(t) —y@)ldt < a / ja(t) — y(t)|de + A / l2(yt) — y(yt)|dt
T
le -yl < anac—ynw;A / 12(6) — y(0)\dt
<

A
allz =yl +—llz =yl

e-uli(1-(a+2)) < o

then x = y and the solution of (1.1) is unique.

Hence

3.2. Continuous dependence.

Theorem 3.4. Let the assumptions of Theorem 3.3 be satisfied for f, f*, X and

X*. Then the unique solution x € Li(I) depends continuously on f and \ in the
sense that

Ve >0, 3 0(e) such that

mazx { X=X, |f(tz,y) = 5tz } < 0, then [z — 2™y < e

where ¥ be a solution of
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Proof.

-0 = (e o o) ) = (0 @ 3 w60 )
< f(t, z(t), A x(yt) ) - f (t, x(t), A x(yt) )
+ (a0, aatn ) (w0 0 )
< (e ot ot )= (v st 20t )
+ alz(t) — x*(t)‘ + ’ Az(yt) — A x*(’yt)‘
< d+ax(t) - x*(t)’ + ' A z(yt) — A z(vt)
+  ANz(yt)— A x*(’yt)‘
< d4a|x(t) — @)+ A= A |z (yt)]
+  ANz(yt) — 2t ()]

then
T . T . 5 T
/0 () — 2" ()|t < +a A o(6) =" (O]t + = /O 12(0)|d0
2* T .
v o< /O 12(6) — 2*(0)|d6
* —z* 9 r 4 x—az*
lz =21 < d+alz—a’i+ poik i S | 1.
Hence
S+ 27
o —a*ly < T:LA) =€

3.3. Hyers-Ulam stability.

Definition 3.5. [6, 9] Let the solution x € Li(I) of (1.1) be exists, then equation
(1.1) is Hyers - Ulam stable if Ve > 0, 3 d(¢) such that for any § — approzimate so-
lution x4 satisfies,

<4, (3.1)
1

zs(t) — f(t, zs(t), A xs(yt) )

implies ||z — z4]]1 < e.

Theorem 3.6. Let the assumptions of Theorem 3.3 be satisfied, then (1.1) is Hyers
- Ulam stable.

Proof. From (3.1), we have

a0~ 1 (1 20, A0 )

<4,
1
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Now,

2(t) — 2. (t)
then
T
t/|uwfx4mﬁ
0

[l = s]h

Hence

4.

ON THE AMBARTSUMIAN FUNCTIONAL EQUATION

= ‘f(t, x(t), A z(yt) ) —xs(t)‘
(1 a0, aat0) ) = 1(n w0 A mlon) )
+ )= (1 20, Anton) |

IN

IN

T T
@ [ laalt) = oa(®lde+ A [ [a(ot) - (o0
0 0

T
/
0

A
s el =it =z -zl +6

2= 1 (1 20, A o) )t

0

2 — ]|y — =
1=(a+ 3)

GENERAL DISCUSSION AND EXAMPLES

1- Let A and v = %, then we have

and

o) = £(1 200, 7 al5) ),

q

1 .t
z(t) = az(t) + p x(g)

2- Let A = ~ where v € (0, 1), then we have

and

Or

and

Example 1.

o) = (1. 20 v a0 ),
z(t) = ax(t) + v z(v ).
awfﬁwﬁxxmxw)

z(t) = ax(t) + X z(At).

Taking into account the equation

z(t) =

3 (0.
S5 (leon+ 1 752), e o (1)
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Here

f(t, (), A 2(7t) ) — ;(lx(tﬂ + x(04.:5t)|>7 te0,1]

It is clear that our assumptions of Theorem (3.3) are satisfied,
then [m| =L a =1, A=1and~y=1.
and r satisfies

) ol
- Py
1= (a+2)
4
r=—.
5
and
A 3
—)=-<1.
(CH_W) 4:<

Therefore, by applying to Theorem 3.3, the pantograph functional equation (4.1)
has a unique solution.

Example 2.
Taking into account the equation
(1) = sint + ;(|x(t)| + |x(055t) ) te[0,T]. (4.2)
Here
f(t, x(t), X z(yt) ) = sint + :1,)(|x(t) + |x(()55t) |>, te[0,T]

It is clear that our assumptions of Theorem (3.3) are satisfied,

then ||’]7’L||:]_7Q:%7 A:%andry:%.
and r satisfies
_
Py
_15
r= 1
and
A 11
—)=—=<1
(a + W) 5

By applying to Theorem 3.3, the pantograph functional equation (4.2) has a unique
solution.

5. CONCLUSIONS

In this investigation, we have conducted a thorough examination of the panto-
graph functional equation. Firstly, we define the pantograph functional equation
(1.1) and its special case, the Ambartsumian delay equation (1.2) then, we dis-
cussed two cases for study investigated the solvability of (1.1): In the first case,
we studied the existence of unique solution x on the class C[0,T], we employed
the Banach fixed point theorem [8]. Then, we studied the existence of solutions
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2 on the class L1[0,T], for(1.1) by applying Schauder fixed point Theorem [15].
Moreover, we have discussed the continuous dependence of the unique solution on
parameter A and on the functions f, . Furthermore, we thoroughly investigated
the Hyers—Ulam stability of (1.1). Finally, we provided some illustrative examples
to demonstrate the practical application and validity of our obtained results.
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