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Abstract

The stability of the ordinary differential equations has been investigated and the investigation
is ongoing. In this paper we are concerned with note on Hyers-Ulam stability (HUs) criteria
for third order nonlinear differential equations with forcing term. The third order nonlinear
differential equations invesgated were transformed to integral equation, then, applied Bihari
inequality and Gronwall-Bellman-Bihari(GBB) type inequality to arrive at our results. New
criteria were established to prove HUs of nonlinear third order differential equations. Finally,
examples are given to illustrate correctness our results.
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1 Introduction

The equations of interest in this paper,are the following third order nonlinear differential equations:

() + Ra (t, ult), u ()" (t) + Ra(t, u(t), u'(t))u' (t)

(1 (u(t) + Qe u(t) = Plt,u(t) /(1) -y
and
" (8) + B0 () () + alt)g(u(t)u’ (1) "
+p(t)v(u(t)) = P(t, u(t),u'(t))
on setting initial conditions as
u(to) = u'(to) = u”(to) =0, (1.3)

where Rl(t(),070) = 0, Rz(tm0,0) = 0, Q(t(h()) = 0, P(t(],0,0) = 0, Rl, RQ,P S C(I X
R2R), Q € COAxR,R), g,f,v € C(R;,Ry), I = (0,00),R; = [0,00),R = (—00,00). Sev-
eral assumptions are given as follow:
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i Pt u(t),u'(t) = o(t)r(u(t) b (t)*),
it Ry(t,u(t),u'(t)) = a(t)v(u(t))u'(t)”, where n € N,
)

P (1)),
iv Q(t,u(t)) = v(t)r(t)w(u(t)), where ¢, o, a,b,v,r € C(Ry), k,7v,%,h,wo € C(Ry).

)
iii Ro(t,u(t), v (t)) = a(t)u'(t)? + b(t)
(

Ulam [32] in 1940, gave a wide range of talk before the Mathematics Club of the University of
Winsconsin in which he discussed a number of important unsolved problems. A year later, the
solution to this question was given by Hyers [14] for additive functions defined on Banach space in
1941. Later, the result of Hyers [14] generalised by Rassias [20] in 1978.
Alsina and Ger [4] in 1988 were the first authors who investigated the HUs of the first order
linear differential equation
' (t) = u(t). (1.4)

This result of Alsina and Ger has been generalised by Takahasiet al [29]. Takahasiet al [29] inves-
tigated that the HUs holds for the first order differential equation

u(t) = u(t). (1.5)
Miura et al [23] proved the HUs of linear differential equation of the form
o' (t) + g(t)u(t) = 0. (1.6)
Jung [17] obtained the HUs of linear differential equations of the form
(D (1) = u(t). (1.7)
Jung [15] investigated the HUs of the nonhomogenous linear differential equation of fist order
u'(t) + p(t)u(t) + q(t) = 0. (1.8)

From this work, the author improved the result of Jung [17] and Miura [23]. Jung [16] proved the
HUs of the differential equations of the form

tu'(t) + au(t) + Bt zo = 0. (1.9)

and
2" (t) + atu' (t) + au(t) + Bu(t) = 0. (1.10)
Wanget at [33] investigated the HUs of the first order nonhomogenous linear differential equation
p(t)u'(t) + q(t)u(t) +r(t) = 0. (1.11)

Li [19] proved the HUs to the differential equation of the form

u” (t) + Nu(t). (1.12)
Li and Shen [18] proved the stability of the homogenenous linear differential equation of second
order
u”(t) + au(t) + Bu(t) =0 (1.13)
and
() + au(t) + Bu(t) = f(t) (1.14)

in the sense of Hyers-Ulam.

Furthermore, the following authors investigated the HUs of the third order linear differential
equations. These include: Abdollahpouet al [1], Murali and PonmanaSelva [21], [22], Tunc and
Bicer [30] and Tripathy and Satapathy [31]
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The following authors went further in their discussion on HUs of nonlinear differential equations
these authors include Rus [27], [28], Qarawani [24], [25], Algfiary and Jung [3], Fakunle [8], [9],
[10], [L1], [12], [L3]. However,author such as Adeyanju et.al, [2] approached the proof of stability of
differential equations of third order by constructing a complete Lyapunov function, while Bishop
and Nnubia [6] investigated the stability of nonlocal stochastic Volterra equations through the sense
of Hyers-Ulam-Rassias. Bishop and Nnubia employed Gronwall lemma to established their result.

Being motivated by the works of Fakunle and Arawomo [8],Bishop and Nnubia [6] and other
papers listed in the literature, we now study the HUs of equation (1.1) and (1.2) using Gronwall-
Bellman-Bihari type inequality.

2 preliminaries

The following definitions, lemmas and theorems are necessary for our results

Definition 2.1. Equation (1.1) has the HUs with the initial condition (1.3)if there exists a positive
constant K > 0 with the following properties: For every € > 0, u(t) € C?(R..) where t is sufficiently
large in 1

[ (t) + Ry (t,u(t),u' (t)u” + Ra(t,u(t), v (t))u'(t) + q(t)y(u(t))
+Q(t, u(t)) — P(t,u(t), v/ (t)] <,

then, there exists some solutions ug(t) € C*(R ) of equation (1.1) such that

(2.1)

[u(t) —up(t)] < Ke
and satisfies the initial conditions (1.3).

Definition 2.2. The differential equation (1.2) has the HUs with initial condition (1.3), if there
exists a positive constant K > 0 with the following property: for every u(t) € C?(R.), which
satisfies

[ (t) + B f (u(®))u” () + a(t)g(u(t))u'(t)
+p()y(u(t)) — Pt u(t),u'(t)] <€,

then there exists a function ug(t) € C?(R.) satisfies (1.2) with initial conditions (1.3) such that

(2.2)

u(t) = uo(t)] < Ke,
we call such K a Hyers-Ulam constant(HUc) for the differential equation.
Definition 2.3. A function w : [0, 00) — [0, 00) is said to belong to a class U if
i w(u) is nondecreasing and continuous for v > 0
i (Hw(u) <w(®)forallu and v>1.
iii there exists a function ¢, continuous on [0, 00) with w(au) < ¢(a)w(u) for a > 0

Lemma 2.4. [5] Let u(t), f(¢t) be positive continuous functions defined on ¢ty <t < b, (< 00) and
K > 0, M > 0, further let w(u) be a nonnegative, nondecreasing continuous function for u > 0,
then the inequality

t
Mﬂ§K+M/f@MMm@,m§mw, (2.3)
to
implies the inequality
t
u(t) < Q! <Q(k) + M f(s)ds> , to <t < <, (2.4)
to
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where

“odt
Qu) = /u Ok 0 < up < u. (2.5)

0

In the case w(0) > 0 or Q(0+) is finite, one may take ug = 0 and Q! is the inverse function of
and ¢ must be in the subinterval [tg, ] of [tg, b] such that

(k) + M/tt f(s)ds € Dom(271).

Theorem 2.5. [20] If f(¢t) and ¢g(t) are continuous in [tp,t] C I and f(¢) does not change sign
in the interval, then there is a point £ € [to, t] such that ftto g(s)f(s)ds = g(&) fti) f(s)ds

Theorem 2.6. |3, 10] Suppose u(t),r(t),h(t) € C(I,Ry) and w(u), f(u) € ¥ are nonnegative,
monotonic, nondecreasing, continuous and w(u) be submultiplicative for u > 0. Let
t ¢
u(t) < K +T/ r(s)B(u(s))ds + L/ h(s)w(u(s))ds (2.6)
to tO

for K, T and L positive constants, then

u(t) < ! <Q(K) + L/tt h(s)w <F1 (F(l) + T/t r(a)da)) ds)

. (2.7)
F! (F(1)+T/ r(s)ds)
to
where B(u) # w(u), Q is defined in equation (2.5) and F'(u) is defined as
Y ods
F(u) = —, 0<ug < u, 2.8
W=, 5 05 29
F~1, Q7! are the inverses of F, § respectively and ¢ is in the subinterval (0,b) € I so that
t
F(1)+ T/ r(s)ds € Dom(F~1)
to
and . .
QK) + L/ h(s)w <F_1 (F(l) + T/ r(a)da)) ds € Dom(Q™ 1)
to to
Corollary 2.7. [8,10] Suppose p(t) is a nonnegative, monotonic, nondecreasing continuous function
on R,. Let
t t
u(®) < p(0)+ 7 [ r(s)5(u(s)ds + L [ h(s)(u(s))ds, (2.9)
t() tD
for T" and L be positive constants, then
t t
u(t) < p(t)2! (Q(l) + L/ h(s)w (F—l (F(l) + T/ r(a)da))) ds)
fo fo (2.10)

F! <F(1) —|—T/t7‘(s)ds) , tel,

to

where Q(u) and F(u) are defined as in (2.5) and (2.8) respectively.
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Theorem 2.8. [38,10] If u(t),r(t), h(t), p(t), g(t) € C(R4) and w, f,v € ¥ be nonnegative, mono-
tonic, nondecreasing continuous functions. Let v be submultiplicative. If

t

u(t) < p(t) + A/ r(s)B(u(s))ds + B/ h(s)w(u(s))ds+

to to

) (2.11)
L / g(s)y(u(s))ds
for K, A, B,L > 0, then
u(t) < p(t)Y=*
{m) ‘L /tt o(s)y {Q‘l (Q(l) +B /t ha)w (T(a) da) T(s)} ds} 21
Q! (9(1) + B/t: h(s)w (T(s)) ds) T(t)
where T'(t) is given as
T(t) = ! (F(l) +A /tt r(s)ds) (2.13)
" Y(r)= /T: VL?Z), 0<ro<m, (2.14)

and F~1, Q=1 and T~1! are the inverses of F, 2, Y respectively ¢ € (0,b) C (I). So that
t s

T(1)+ L/ g(s)y {Ql (Q(l) + B/ h(a)w (T(a)) da) T(s)} ds € Dom(Y™!
to tO

Remark 2.9. Lemma 2.4 is known as Bihari inequality while Theorem 2.6, Corollary 2.7 and
Theorem 2.8 are called GBB type inequalities. Theorem 2.6, Corollary 2.7 and Theorem 2.8 are
extensions of Lemma 2.4.They are used based on nonlinear terms that exist in the integral equations
which our nonlinear third order ordinary differential equations are transformed.

3 Main results

In addition to the assumptions imposed on functions Rj, Re,Q and P appearing in (1.1) and
(1.2),the following hypothesis are required:

i Let f:}o |w/(p)|dp < L, where L is a positive constant.

i limy, o0 ftf) ¢(s)ds < ny < oo, where ny > 0,

—-

iy
-

iii limg, 00 j;tg b(s)ds < my < 0o, where ny > 0,

iv limg, o0 ftto v(s)r(s)ds < ng < oo, where nz > 0,

<

limg, o0 ftf) a(s)ds < ny < oo, where ny > 0,

- ¢
vi limg, 00 j;o a(s)ds < ns < oo, where ns > 0,

—-
—-

vii limyg, o0 ftto B(s)ds < mg < oo where ng > 0,

viil [ ®(u(t))] > |u(t)],
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ix [u'(t)] <X where A >0

where ¢,p,v,m,a,q,b,8 € C(R4). We also investigate (1.1) and (1.2) when the forcing term
P(t,u(t),u'(t)) = 0.

Theorem 3.1. If the assumptions (i)-(iv) are satisfied together with hypothesis (i)-(vi),(viii) then
the equation (1.1) is Hyers-Ulam stable with HUc given as

L A 24
Ky = < + ﬂgfw + ﬂ4>
o o o

1! [T(l) +nik {Ql (9(1) + nQ%QQ/J (Tf)) Tf” (3.1)
0t (20 + mv @) ) 7,

where

Ty =F! <F(1) +ns (MZ_H) .
Proof. Inequality (2.1) and assumptions (i),(ii), (iii) and (vi) are used to obtain
u”'(t) + a(t)v(u(t) ()" u" (t) + (a()u’ () + b)) (u'())) u'(¢)
+a(t)y(u(t)) + v()r(Ow(u(t) — ¢t)s(u®)) b)) < e

Let u”(t) be differentiable function on Ry, if «//(t) > 0V ¢ € R4, then u’(¢) is nondecreasing on
R, and «”(t) > § where 6 > 0. (3.2) when multiplying by «’(¢) becomes

a(t)v(u(t)w' ()16 + (alt)u' () + b(e)w (' (1)) u' () + q(t)y(u(t)u' (t)
+o(t)r(t)w(ult))u'(t) — d(O)s(u(t) h(u' () (t) < o' (t)e.

With the application of Theorem 2.6 implies that there exists &, 7,7, x, 7 € [to, t] such that

(3.2)

5u’(§)”+1/75 a(s)y(u(s))d8+u'(7)4-/t a(s)ds+u'(7r)2/t b(s)w(u(s))ds

+/t Q(S)V(U(S))U’(S)ds+U’(T)W(U(T))/tlv(S)r(S)ds

_ / b(s ))ds < e/t: u'(s)ds.

u(t)
B(u(t)) = / Y (u(s))ds. (3.3)

Applying equation (3.3), if ¢’(t) > 0, let ¢(¢) be nondcreasing function on R, then ¢(t) > o where
o > 0. We arrive at

Setting

o (|u(t)]) < e / ol (5)|ds + OJu (€)]"+ / a(s)(Ju(s)))ds

() / a(s)ds + ! (m)|? / (s (u(s) ) s
ol () [ () / v(s)r(s)ds

+|h(U’(x)4)HU’(X)|/t ¢(s)r(|u(s)|)ds
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Let the function @ be bounded function on R4, then there exists positive constant 1) such that
w(|u(7)|) < ¢ and using hypotheses (i), (vii) (viii) and (ix) to obtain

4 t n+1
ol < e(E+ 22 [ arioyas + 2 a(s)ds)+‘”

o Ji, o

[ atemtute ds+f/b
PO ot

4 t
i < (£ 22 [ sirionts + 2 [ atos)

g to

-1 [m) +/tt 6(s)k {Q_l (9(1> + f/t ba)y (Tl(a))da) Tl(s)} ds} (3.4)
o7 (a0 + 2 [ s mues) as) 10,

Ti(t)=F~! (F(l) + ‘M;LH /tta(s)ds) .

Employing the hypotheses (ii)- (vi), we arrive at

By applying Theorem 2.8, we obtain

where

where
n+1
Ty =F 1<F(1)+n5 )
Hence,
lu(t) = u(to)| < |u(t)] < Kie.
Therefore, we arrive at the result. U

Remark 3.2. The result of Theorem 3.1 is an extension of the result of Theorem 6 in Fakunle and
Arawomo [8]. GBB type inequality of Theorem 2.8 is used to arrive at our result.

Theorem 3.3. Suppose that the assumptions (i),(ix) is satisfied. Let u”(¢) be differentiable func-
tion on Ry, if w”'(t) > 0V ¢t € Ry, then u”(t) is nondecreasing on Ry, furthermore, u” > § where
0 a positive constant. Equation (1.2) is Hyers-Ulam stable with HUc determined as Kj.

Proof. From inequality (2.2), we use the assumption (i) and hypotheses of Theorem 3.3 to obtain

B f(u(t))u" (t) + a(t)g(u(t))u' (t) + p(t)y(u(t)) — ¢(t)r(u(t)h(u'(t)*) < e,

It is clear from Theorem 2.6, there exists £, o, p € [to, t] such that

/(e / B(s) f(u(s))ds + o/ (0)? /ta<s> (u(s))ds + / bl ()l (s)ds

—u'( / o(s ))ds < e/t: u'(s)ds
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and apply equation (3.3) to obtain

t

o®(lu(t)]) < e [ |u'(s)|ds + o]’ (&) ﬂ(S)f(IU(S)I)dS

to

et (o |/ ) + (o) [(u |/¢

From hypotheses (i), (vii) and (ix) we have

o] < 2+ 22 [ s (utoas
2 t 4
2 [ as)gu(sas + A / Hls)wu(s)

to

Applying Theorem 2.8, we obtain

[ ston [0 (0042 [ atma @i ar) 1) s (55

2

! (Q(l) +t— /t a(s)g (Ta(s)) dS) T»(t),

to

To(t)=F! <F(1) + %5 /t: 5(s)ds> .

We used hypotheses (v)- (x)to arrive at

where Ty (t) is given as

it < 20 o+ 0% o1 () + Sy (1)) 31|

2

ot (901) + Lnsg (1)) 7,

where T3 is given as

Hence,

Therefore,

O

Remark 3.4. The result of Theorem 3.3 extended the result of Theorem 6 in Fakunle and Arawomo
[8]. GBB type inequality of Theorem2.8 is applied to obtain our result.
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Theorem 3.5. Supposed the assumptions (ii)-(vi) are satisfied . If P(¢,u(t), v’ (t)) = 0 in equation
(1.1) is assumed. Then

u™(8) + Ra(t,u(t), w' (0))u" (t) + Ra(t, u(t), u'(t))u' (1)

3.6
Fatyr(u(t) + Q(t.u(t) =0, 0
equation (3.4) has HUs with HUc which is determined as
K3 = (L + TL4)\4)
g g
_ A _ A2
! {T(l) +ng—w [Q ! <Q(1) +n20¢(T3*)) T;H (3.7)

)\2
07t (000 + o (1)) 75,

where

n+1
Ty =F~! (F(l) +n56)\0 ) .

Proof. Inequality (2.1) with assumption on function P i.e P(t,u(t),u’(t)) = 0 and multiplication
by ' (t) to have

u” (R’ () + Ra (¢, u(t), u' ()" ()u' (1)
+Ro(t,u(t), o (1)) () + q(t)y(u()u' () + Q(t, u(®))' (1) < e/ (1).

By the hypothesis of Theorem 3.3 to get

(3.8)

SRy (t,u(t), v (t)u' (t) +
+q(t)y(ut)u'(t) + Q

Due to the assumptions (ii)-(iv) we obtain

Sa(tv(u(t))u ()" + (a(t)u’(t) + b(t)w(u(t))) ' (t)*
+q()y(u(t)u' (t) + o()r)w(u())u'(t) < e

The application of Theorem 2.6 implies that there exists &, p, 7, 7, x € [to,t] such that

t

ou/ (&) / "o u(s))l (5" s + ot ()’ / a(s)ds
/ (s (u(s))ds + / a(s)(u(s)u (5)ds
e )/to (s)r(s)ew (uls))ds < 6/: o (5)ds.

Applying (3.3) and let ¢(t) be nondcreasing function on R, then ¢'(t) > 0, ¢(t) > o for ¢ > 0

o ([u(t) / ol (5)|ds + OJu (€)" / a(s)(Ju(s)))ds

() / a(s)ds + ! (m)|? / (s (u(s) ) ds
ol () / o()r(s)@([u(s)])ds,
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Using the hypotheses (i),(vii) and (ix) to obtain

5)\n+1

g

L )\4 t
m@n36(+

o o Ji

a(s)ds) +
| atwtutsbds+ 2 [ spptutds+ 2 [ o= (uts)as

to
We use Theorem 2.8 to obtain
L X[t
+
o o

1! [T(l) + )\/tv(s)r(s)w {Ql (Q(l) + f/t b(a)i (Tg(a))da) Tg(s)} ds}

0 Jto
2

fﬂ(mn+A/%@mm@mQRw,

g to

where T3(t) is given as

g

T3(t) = F~! (F(l) + oA /t: a(s)ds) .

By using the hypotheses (iii),(iv),(v) and (vi) we obtain

where T3 is given as

n+1
Ty =F! (F(l) +n55Aa > .

Hence,
|u(t) —ulto)| < |u(t)| < Kse,

where,

L A
K3 - ( —|—n4)

T [ e [0t (00 + o) 73]
Q! (Q(l) + ng%zw (T3) ds) T;

O

Remark 3.6. Again GBB stated in Theorem 2.8is used to arrive at the result of Theorem 3.5.This
result is compared with the result of Theorem 3.1 it seems as if there is no difference in HUc.

Theorem 3.7. Let P(t,u(t),u (t)) = 0 then (1.2) becomes

' () + B(t) f(u(t)u” (1) + a(t)g(u(t))u' (t) + p(t)
Y(u(t)) =0
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is Hyers-Ulam stable with HUc given as

L CORE G GORES)) (3.10)
3.10

Proof. Using inequality (2.2) in the form
u"(t) + B f(u®)u” (t) + alt)g(u®)u' () + pt)y(u(t)) <e.
By hypothesis of Theorem 3.3 we obtain
B f(u(®)u” () + a(t)g(u(t))u'(t) + p(t)y(u(t) < e (3.11)

Multiplying inequality (3.11) by u/(t) and by the application of Theorem 2.6 implies there exists
&, 0,p € [to, t] such that

ou' (€ B(s ))ds + u'(0)? t a(s)g(u(s))ds
/ /“’ . (3.12)
" / o () (s)ds < e [ (5)ds
Using equation (3.3) to obtain
o®(fu(t)]) <€ t [/ (s)|ds + o]u’ ()] t B(s)f (lu(s)[)ds
(0] [ aloa(u(s) s
From hypotheses (i),(vii),(ix),we have
o)< 2422 [ s uas+ % [ aialutsas
By Theorem 2.7 we arrive at
ol = 2o (o + 2 [ae (£ (70 +2 [ s0aw)) ) as)
F! (F(l) + %5 t,B(s)ds) , tel,
Using hypotheses (vi)- (vii) to get
¢ 2
lu(t)| < %Q*l <Q(1) + ns— (Fl <F(1) +nﬁm>)>
F1 (F(l) + n6M>
Hence,
|u(t) —ulto)| < |u(t)] < Kae
Therefore,
K, = 59*1 (9(1) + n5—2g <F ! (F(l) + n6)\5)>)
F! (F(l) + nﬁA‘S)
O
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Remark 3.8. GBB type inequality in Corollary 2.7 is used to arrive at the result.

Example 3.9. Consider the following equation

" (8) it (0) ()% (1) () (9)° + 47 (0) + (1) =

by using the appropriate hypotheses (ii)-(vii) and allowing the following: ¢(t) = 7r,b(t) = 75, a(t) =
in the

I a(t) = % and v(t)r(t) = 7,. Substituting the above parameters into the inequality (3.4) i

u(t) < e ( sy tlds)

proof of Theorem 3.1 to have
to S to 82

T-1 {r(1)+/t:t14~ [9—1 <Q(1)+/\02/t0 ;w(Tl(a))da) (s )} ds}

ot (o) + 2 / 0 (T ds ) o),

n+1 t 1
Ty(t) = F~! (F(l) + (MU / S4ds) .
to

By making use of these following estimations:

where

PR t 1

i limg, o0 j;g “rds < ng
e 1s t 1

i limy, 00 ftu Lds < ny
N t
i limyg, 00 fto +ds <my
. . 1
iv limg, 00 fto 5ds < ny

. t o1
v limy, o0 j;o “rds < ng

The result is given as

L A S
lu(t)] < e < +ns¥ 4 n4>
g g g

T-1 [T(l) +nik {Ql (9(1) + nz/\;uf (Tf)> Tf‘”
Q! (Q(l) + ng%zw (Tf‘)) 17,

where

n+1
Ty = F~! (F(l) +n56)\0 ) :

then, the HSc is given as

L A A
K = ( —&—ng—w +n4>
ag ag ag
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Example 3.10. Consider the following equation

1

(1) (O (1) (O (1)) + e (r) =

t—4u2(t)(u’(t))47 t>0.
Let 8(t) = &, a(t) = %, 6(t) = &, by using the appropriate hypotheses (ii)-(vii), we substitute to

(3.5) to arrive at

where T3 is given as

where
im0 ftto s%ds <m
i limg, oo ftf) Lds < njs
ifi limy, o0 [; Jrds < ng
then, HSc is calculated as

AR(A)

K = gr—l (1) + niK [Q‘l (9(1) + §n5g (T;)) T;H

Q! (Q(l) + %27159 (Tg)) T;.

4 Conclusion

In this study, GBB has been used to investigate the HUs of non-autonomous nonlinear third order
ordinary differential equations. The results obtained extended some of the results in the literature,
we also considered third order differential equations without the forcing term, the equations are
also Hyers-Ulam stable and Hyers-Ulam constants are obtained. However, the results obtained are
slightly different in terms of HUc from those that are with forcing term.
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