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Existence of Periodic Solution for a Class of
Linear Third Order ODE

R. Doroudi
Islamic Azad University-South Tehran Branch

Abstract. In this paper, we will consider third order linear dif-
ferential equation

y" +ay” + By +y + f(ty) = e(t),

where «, 3, are constant coefficients, f(¢,y) is continuous, e(t)
is discontinuous, and f and e are periodic functions with respect
to t of period w. We will introduce sufficient conditions under
which the above equation have at least one non-trivial periodic
solution of period w. We will see that under the so called condi-
tions, all the solutions of the equation will be bounded. It must be
mentioned that e in this equation is called “controller” in the en-
gineering problems and it was always considered to be continuous
to ensure us that periodic solution exists. In this paper, we will
show the existence of periodic solution without supposing that e
to be continuous.
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1. Introduction
The third order differential equation:

y"' +ay" 4+ 8y + vy + fty) = e(t), (1)

where «, 3,7 are constants f is continuous, e is discontinuous, and f
and e are w-periodic functions with respect to ¢ will be discussed.
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First of all, we suppose that all the roots of characteristic equation
p*+ap’+8p+v=0 (2)

have negative real parts. This will guarantee that all the solutions of
the following homogeneous equation are bounded:

y" + oy’ + By +yy =0, (3)
If so, for each solution ¢ of equation (3), there exists a positive number
M that |¢(t)] < Me " which means that solution of (3) will tend to
zero when t tends to infinity ([3]).
For this purpose, the third order polynomial

L(p) =p* + ap* + Bp + (4)

must satisfy the Hurwitz conditions ([3]). Hurwitz theorem for a general
third order polynomial M (p) = agp® + a1p® + asp + as says that: All the
roots of M (p) = 0 have negative real parts if and only if ag, a1, as, ag are
positive and in addition ajag > agas. (see [3])

By now, we will assume that the characteristic equation L(p) = 0
satisfies the Hurwitz condition, i. e. «, 3,~ are positive and af > ~.

Now for the characteristic equation L(p) = 0 two situations may
occur:
1) Having 3 real roots (may be indistinct),
2) Having 2 conjugate complex roots and one real root.

For ease, we will consider the second situation and we will find the
integral equation for it. All of our next section is based on this integral
equation.

2. Integral Equation

Let 1 + 48,71 — i3 and ro be the roots of characteristic equation. So a
fundamental set of solutions for (3) is

{e"? cos fx, " sin fx, e }.
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Calculating the general solution for the equation (1) by the “variation
of parameters method” results in

Yg(x) = a1€™% cos B + ae”” sin Sz + age™+

T ori(x—t 1 (5)
key [y €@ D[kysin B(t — x) — cosB(t — z) + Blle(t) — f(t,y)ldt,

where k1 = and ko = (ro —71).

Let

1
Br3—ri+62)
do(x) = are™* cos fx + age™ ¥ sin fx + aze™”

and e(t)dt = dg(t) and also
K(x,t) = k1" ) ko sin B(t — x) — cosB(t — z) + G].

So each solution for equation (1) is in the following form

/thdg /Ka:t (t,y)dt,

where [ K (x,t)dg(t) is Riemann-Stieltjes integral.

Now, we will try to prove that all the solutions of equation (1), under
Hurwitz conditions and under the conditions which we will introduce
later, are bounded.

Theorem 2.1. If fis continuous on R such that vy(t,t + 1) < h for
some constant positive number h and all t, then foa fdg is bounded for
a € R.

Proof. For some N € Nwith N -1 < a<N.
We claim that ¢ is bounded variation on [0, a/.

0,1) + V5(0,2) + ... + V(N — 1,a)

0,1) +V4(0,2) + ...+ Vu(N — 1,a) + Vy(o, N)
Vy(0,1) + ...+ Vy(N —1,N)
<h+...+h=Nh

Ntimes

Vy(0,a) —V(
Va(
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So we can write g as the difference of two ascending functions ¢g; and
g2: g = g1 — g2 and we have

/Oafdgz/oafd(gl—m):/Oafdgl—/oafdgz .

|f0afd9’

Then

< | Jy fdgil + 1 [g fdga]

< Jo' |f1dgr + [5 |f|dg2

< max|f|( [ dgr + [5 dga)

= max [ f[(g1(a) — g1(0) + g2() — g2(0))
< max [f|(Vg1(0,a) + Vg2(0,a)) < oo .

It completes the proof. [J

Theorem 2.2. If there exists h, such that Vy(t,t + 1) < h for all t,
(where dg(t) = e(t)dt) and f(t,y) = 0, then every solution of equation
(1) is bounded.

Proof. When f(t,y) = 0, every solution of equation (1) is in the form

y(@) = dolz) + /0 " K (e, t)dg(t),

where ¢o(x) is a solution of homogeneous equation (3) (that has already
assumed to be bounded) and

K(x,t) = ky[(ry — r1) sin B(t — x) — cos B(t — z) + Ble™ ).
We can see that
’K(l’,t” < k1[|7ﬂ2 - 7"1| + 1+ ﬁ]eﬁ(az—t) < Bem(:c—t)’

where B = (|rg — ri| + 1+ B)ki.
In addition there exists A; such that for all x, |¢g(z)| < A. So we have

y(@) < A+ B / 1= dg ().
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For each x > 0, there is a k € N such that k <z < k + 1.

So we have:
ly(z)| <A+ B| [y en@Dd(g — go)
<A+ B(| Jy @ 0dg| + | [ e dgyl
<A+ B f |e’“1 (1) ]dg1 +f0 e m_t)\dgg

<A+ B(fy et Ddgy + [ en@Ddgy + [ e Ddgy

+ [ @ ggy)

— A+ B(fok+1 6r1(a:—t)dgl + f[)k—H em(ac—t)dgz)'

We can choose g1 and gs such that

91(2) = 5V,(0
0(2) = V(0

Then for all t,i=1,2,V,(t,t+1)
we have

fo’€+1 e "itdg; =Y M "

<hYymie

So we conclude that

Bek fOkH e "tdg; < Bekpe—ril=c
Bherl(k _e

= Bh

= Bh¢

< Bh-&

)+ 59(2),
)~ 59()

< Vy(t,t+1) < h. Now for i = 1,2,

m e—Tltdgi

< Zk+1 e—Tim

dg;

m—1

_ _ —r1(k+2)
TIM — he r1l 1e —,

—r1(k+2)
1—e™"1
r1(k—1-k—2)

l1—e™"1

e—T1(1—k) _—3ry
1—e "1

=371 _e—T1(1—k)
e "1 -1

—3r1

11
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3rq

and therefore |y(x)| < A+ B(2h)T)1
The latter bound is independent from k, and then is independent from
x. So the proof is complete. [

Theorem 2.3. Let L < —5* be such that |f(t,y)| < Lly| for all t,
ly| < H and B, are as in the Theorem 2.2. If there exists h such
that Vy(t,t +1) < h for all t whenever dg = edt then every solution of
equation (1) is bounded.

Proof. We have seen that every solution of equation (1) is of the form
(5). Also we have seen that there exists A such that |¢g(x)| < A for all
. Now we suppose that

y(z) = —kl/ @K (1) fdt + k‘l/ " DK (2, t)dg.
0 0

We will prove that y is bounded.
From the assumption we have

\mm<LB/eﬂWﬂMﬁ+B/eM*m@u
0 0

where |dg| = dg1 + dga. Let h(z) = B [ e "'dg and ¢(x) = |y(z)|e "
then

¢@><LB/‘wwﬁ+hm» (6)
Now let R(x fo t)dt. Then
R'(z) — LBR(z) < h(x)
e—LBa:R/( ) —LBxLBR x) <

(z)
%(R(x) LBy L emLBrp(x)
—LBm fl" —LBth )dt

6LBm f() e LBth( )dt .

e—LBxh($)
R(x)e
R(z) <
By (6) and above relations we have

#(z) < h(x)+ LB / ’ ePBEt (1) dt.
0
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By using the integration by parts we have;

¢(£L’) < [_ B(z— t)h +fx LB(z—t) dh+h($)
¢(x) < ~h(z) +f”” L@ dh + h(z)
¢( )§ fO eLB(a: t)dh

Then
y(l’) e~ 1% < fo LBx LBtefrlt‘dm

|
’y( )’ < BerlxeLBt fo e(frlfLB)t‘dm
)| < Be ™ [ eMdg],

where —\ = r1 + LB, and by assumption —A < 0. For each x > 0 there
exists a k € N such that k < x < k + 1. So we can write

_ k
< Be [ edg]
Be—/\k ZIH-I m e/\t’dg|
k+1
Be Myt em [ |dg
_ k+1
< Be /\k(Zh) Zm+1e/\m

1—er(E+2)
1—eX )

ly(z)]

NN

N

_ 2Bh6—/\k )\(

Ak—1)_ ~A(k—1—k—2)
— opp(e ey )
~A(k—1) _ 32
1—eX
A_A(1—k)
P

= 2Bh*

= 2Bh< <2Bh$2

Therefore
3\

e
lyg(z)| < A+ B(Qh)e/\j

and this completes the proof. [J

3. Existence and Stability of Periodic Solution

We use Banach fixed point theorem to prove that at least one periodic
solution exists.
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First, we introduce an operator which maps an initial condition for
equation (1) to the value of the solution at time T. We know that each
initial condition for a differential equation of order 3 is a triple like
(y(to),y (to),y" (to)). Here we consider equation (1) as a system of dif-
ferential equations. Let y = x1,y’ = 2 and y” = 3. Then equation (1)
becomes:

x) = xo
Th = x3 (7)
xh = —yxy — ey — axs — f(t,z1) + e(t)

) 0 1 0

X' = |, , At)=10 0 1
h | v =B -«
_551_ 0

X = T2 y F(t,l‘) = 0
| 73] —f(t,x1)

0
and E(t) = 0 |. We consider the space of matrices equipped

e(t)
with the norm |[A[| = 3, ;|a;;| for A = [a;;]. Note that the condition
|f(t,y)| < L|y| becomes ||F(t,z)|| < L||X|| because we have
[E @)l = [f (8 20)] = [t y)] < Llyl = Llza| < L[+ |z2| +]as]) = LI X]].

Each solution of system (7) is of the following form
¢
X(t) =Y (t)X(0) +/ Y(t—a)(F(o, X (o)) — E(a))da
0

where Y'(¢) is a fundamental matrix of solutions with Y (0) = I as initial
condition. Hence

IX(0)I < [YOILIX )]+ / Y (t— )| F (e X () |dat / Y (t—a))|dG,
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0 0
where dG = Edt or d |0| = |0| dt (we suppose dg = dg; + dga where
g e

g1 and g9 are ascending).

From the theory of systems of differential equations, if “a” is a real
number such that a > Re()\,) where A;s are roots of characteristic
polynomial of the coefficient matrix, then there is a “C” such that for
every z(t),a solution of the system 2’ = Az, we have

lz()]] < Cllz(0)l|exp(at).

So in our argument, we can conclude that there exists B > 0 and a > 0
such that
||Y (z)]| < Bexp(—at).

Since ||F'(t,z)|| < L||X||, then

Xl < Bexp(—at)|| X (0)[| + [y LB exp(—a(t — a)[|X (a)||da
+ fot Bexp(—a(t — a))dG.

In the proof of Theorem 2.2. we saw that

e3A

=K.
er — 1

t t
/ LBe || X (o)||da + / Be~=9qG < 2Bh
0 0

We will search for § and K such that || X(T)|] < Bée ™ + K < §
whenever || X (0)|| < §. We solve this inequality for 7"

or

It is sufficient to choose § > k and then choose 7" > %log(éB—‘f7€ . This

guarantees that if we consider an operator U, which maps X (0) to X (T),
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this operator maps the ball centered at origin in R3 with radius J into
itself.

Now we will show that U is a contraction, i.e., there exists 0 < B < 1
such that

1X(T) = Y (T)]| < BI[X(0) = Y (0)]])-

If it is so and if X (0) = Y (0) then X(T') = Y(T') and this means that
the solution of (1) with an initial condition is unique. Hence U is well
defined.

For U to be contraction, we need another assumption on f, the Lipschitz
conditions; i.e.,

[f(t,2(@) = f(y(0)] < Bale(t) —y(@)] yl, [« < H,

for some k; > o and all t. By this condition we have,

1E(E, X (@) = F(&,Y @) = [f(E21(8) — f{& 31 (2))]

< ka1 (t) — 1 (t)]
<k Y3 fai(t) — yilt)
= k1| X]|.
Then
1U(X(0)) = UY(0)]| = |IX(T) - Y(D)|
< BJ|X(0) — Y/(0)|| exp(—at)
+ T NY (8= Q)| f(a,2) — fla,y)l|da.
Therefore

T
1X(T)=Y(T)]| < BI\X(O)*Y(O)IIGXP(*MH/O k1Be™""Y||X ()Y (o)l da.

By assuming || X (T") — Y/(T)|| = R(T), we have

T
R(T) < BR(0)e ™ + / k1Be T~ R(a)da
0
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or

R(T)e™ < BR(0) + kB /OT ke R(a)do .
From Gronwall-inequality we have
R(T) < Bet"B=9TR(0) < BR(0)
provided that k1 B < a. So
[U(X(0)) =UX(0)]] = [[X(T) = Y(T)[| < B||IX(0) = Y (0)]].

Then U is a contraction if and only if B < 1. B is such that B = n’c = gc
where m < ¢ . By choosing a suitable T" we can have ¢ such that
c< %. So U is a contraction. Since closed ball in R? is a complete metric
space, then from the Banach fixed point theorem, U has a unique fixed
point in Bs(0). It means that there exists a X such that the solution
with initial condition X (0) = Xy satisfies X(T") = X(0), with T" = w.
This solution is the periodic solution.

Now, suppose that X is this periodic solution and Y is another arbitrary

solution of (1). As we saw before, for all £ > 0,
1X(8) =Y (@)l < BJ[X(0) = Y(0)[l.

So for given € > 0, it is sufficient to choose § = § with || X (0)-Y (0)|| < &
then for all t > 0
1X (&) =Y (1)l <e
and so X is stable.
The proof is completed. [
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