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Existence and uniqueness of periodic solutions for
a kind of Duffing equation with two deviating arguments

by BINGWEN LiU (Jiaxing)

Abstract. We use the coincidence degree to establish new results on the existence
and uniqueness of T-periodic solutions for a kind of Duffing equation with two deviating
arguments of the form

' + Ca'(t) + g1 (t, x(t — 71 (1) + g2(t, 2(t — 72(1))) = p(2).

1. Introduction. Consider the Duffing equation with two deviating
arguments of the form

(1.1) 2+ Cx () + g1t x(t —11(1)) + go(t, (t — 72(t))) = p(t),

where 71, 75,p : R — R and ¢1,92 : R X R — R are continuous functions,
C' is a constant, 71, 70 and p are T-periodic, g; and go are T-periodic in
the first argument, and T" > 0. In recent years, the problem of the existence
of periodic solutions of (1.1) has been extensively studied. We refer the
reader to [2, 4-9] and the references cited therein. However, to the best of
our knowledge, there exist no results on uniqueness of periodic solutions
of (1.1).

The main purpose of this paper is to establish sufficient conditions for
the existence and uniqueness of T-periodic solutions of (1.1). The results of
this paper are new and they complement previously known results.

For ease of exposition, throughout this paper we will adopt the following
notations:

T

1/k
_ k —
@i = (§] e dt) ol = max fa(0)
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Let
X ={r e C'(R,R) | 2(t + T) = z(t) for all t € R}

and
Y={ze CR,R)|z(t+T)=uxz(t) for all t € R}

be two Banach spaces with the norms

Jellx = maxflalo [a’loc},  lzly = [2]oc-
Define a linear operator L : D(L) C X — Y by setting

D(L)={ze X |2" e CR,R)}

and for x € D(L),
(1.2) Lz =2".
We also define a nonlinear operator N : X — Y by setting
(1.3)  Na=-Ca'(t) - g1 (t, x(t — 71(1))) — g2(t, 2(t — 72(1))) + p(t).

It is easy to see that
T
KerL =R, ImL= {x e Y‘ S:U(S)dsz()}.
0

Thus L is a Fredholm operator with index zero.
Define the continuous projectors P : X — KerL and Q@ : Y — Y by
setting

Px(t) = 2(0) = 2(T), Qu(t)= = |x(s)ds.

Hence, according to [6, 7], we have Im P = Ker L and Ker Q = Im L. De-
noting by L;l :Im L — D(L) N Ker P the inverse of L|p(r)nker p, We have

T

(1.4) Lipty(t) =~ (¢ = s)y(s) ds +
0

(t —s)y(s)ds.

O ey

We also assume that the following condition (H) holds.
(H) For i = 1,2, there exist a constant y; and an integer K; such that
pi = sup |1(t) — K;T| <T.
t€[0,T]

2. Preliminary results. In view of (1.2) and (1.3), the operator equa-
tion Lz = ANz is equivalent to the equation

2.1 2" + MO (t) + g1 (t, 2(t — 71(1))) + g2(t, 2(t — 72(1)))] = Ap(?),

where A € (0,1).
For convenience, we recall the continuation theorem of [4].
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LEMMA 2.1. Let X andY be two Banach spaces. Suppose that L : D(L)
C X — Y is a Fredholm operator with index zero and N : X — Y is
L-compact on 2, where §2 is an open bounded subset of X. Moreover, assume
that the following conditions are satisfied:

(1) Lz # ANz for all x € 02N D(L), A € (0,1);
(2) Ne ¢ Im L for all x € 02N Ker L;
(3) the Brouwer degree

deg{QN, 2 NKer L,0} #0.
Then the equation Lx = Nz has at least one T-periodic solution on 2.

The following lemmas will be useful to prove our main results in Sec-
tion 3.

LEMMA 2.2. If x € C*(R,R) with z(t + T) = z(t), then
T 2
(2.2 08 < (57 ) 10

Proof. Lemma 2.2 is known as Wirtinger’s inequality; see [3, 8] for its
proof.

LEMMA 2.3. Assume that
(A1) one of the following conditions holds:

(1) (gi(t,ur) — gi(t,uz))(ur —uz) > 0 fori=1,2, u; e R, t € R
and uy # usg,

(2) (gi(t,u1) — gi(t,uz))(ug —u2) <0 fori=1,2, u; e R, t € R
and w1 # ug;

(As) there exists a constant d > 0 such that one of the following condi-
tions holds:

(1) l‘(gl(t,l') +92(t7x) _p(t)) >0 fOT’ all't € R? |ZL” > da
(2) l‘(gl(t,l') +92(t7x) _p(t)) <0 fOT’ all t € R? |ZE’ >d.

If x(t) is a T-periodic solution of (2.1)x, then
(2.3) |Z|oo < d+ VT |25
Proof. Let x(t) be a T-periodic solution of (2.1),. Set
Z(tmax) = max z(t), x(tmin) = E%iﬂg z(t),  tmax,tmin € R.
Then
(2.4)  2'(tmax) =0,  2"(tmax) <0,  2'(tmin) =0, 2" (tmin) > 0.
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In view of (2.1)y, (2.4) implies that

(25) g1 (tmax’ x(tmax - Tl( max))) + 92( max $(tmax — T2 (tmax))) - p(tmax)
= _l‘//(tmax)/)\ > 07

and

(26) g1 (tmin7 x(tmin - Tl( mln))) + 92( min» {I:(tmin - 7_2<tmin))) - p(tmin)
= —2" (tmin) /X < 0.

Since g1 (t, x(t — 71(t))) + g2(t, x(t — 72(t))) — p(t) is a continuous function
on R, it follows from (2.5) and (2.6) that there exists a constant t; € R such
that

(2.7) g1(t1,z(t1 — 11(t1))) + g2(t1, z(ts — 72(t1))) — p(t1) = 0.
Now we prove

Cram. If x(t) is a T-periodic solution of (2.1), then there exists a
constant to € R such that

(2.8) 2(t2)] <
Assume, by way of contradiction, that (2.8) does not hold. Then
(2.9) |z(t)| >d forallt € R,

which, together with (A2) and (2.7), implies that one of the following rela-
tions holds:

(2.10) z(ty —11(t1)) > z(ty — m=(t1)) > d;

(2.11) z(ty — 12(t1)) > z(t; — 71(t1)) > d;

(2.12) z(ty — 11(t1)) < z(t;1 — 12(t1)) < —d;

(2.13) z(ty — m2(t1)) < x(th —(t1)) < —d.

Suppose that (2.10) holds. In view of (A;) and (Asz), we shall consider four

cases as follows.
CASE (i). If (A2)(1) and (A1)(1) hold, then (2.10) implies
0 < g1(tr,z(tr — 72(t1))) + g2(t1, x(t1 — 72(t1))) — p(t1)
< g1ty z(ty — 11(t))) + g2(tr, 2(ts — 72(t1))) — p(ta),
which contradicts (2.7).
Cask (ii). If (A2)(1) and (A1)(2) hold, then (2.10) implies
0 < g1(ty,z(ts —71(t1))) + g2(tr, x(tr — 71 (t1))) — p(t1)
< g1t z(ts — 11(t1))) + g2(tr, z(ts — m2(t1))) — p(th),
which contradicts (2.7).
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CAsE (iii). If (A2)(2) and (A1)(1) hold, then (2.10) implies
0> g1(t1,z(t1 — 11(t1))) + g2(t1, x(t1 — 71(t1))) — p(t1)
> g1(t, x(ty — 11(t1))) + g2, 2(t1 — m2(t1))) — p(ta),
which contradicts (2.7).
CASE (iv). If (A2)(2) and (A1)(2) hold, then (2.10) implies
0> g1(t1, z(tr — 72(t1))) + g2(t1, x(t1 — 72(t1))) — p(t1)
> g1(t, z(ts — 11(t1))) + g2(t1, z(t — 72(1))) — p(ta),
which contradicts (2.7).

If (2.11), (2.12), or (2.13) holds, the reasoning is similar. This completes
the proof of the Claim.

Let to = mT + to, where ¢y € [0,T] and m is an integer. Then, using the
Schwarz inequality and the relation
t

#(0)] = [z(to) + | /() ds

to

T
<d+ | |2'(s)|ds, teloT),
0

we obtain
2|00 = max lz(t)| < d+ VT |2')2.
This completes the proof of Lemma 2.3.

LEMMA 2.4. Let (H) and (Ay) hold. Assume that one of the following
conditions is satisfied:

(A3) there exist constants by and by such that
2
0 < bi(V2pu1 +T/m) + by(V2 s + T/m) < %

l9i(t; 21) — gi(t, x2)| < bilz1 — 22,
forallt,z; e R, i=1,2;
(Ay) there exist constants by and by such that
0 <bi(V2p1 +T/7) + ba(V2 0 + T/7) < |C],
|9i(t, z1) = gi(t, @2)| < bilwy — @2,
forallt,z; e R, i =1,2.
Then (1.1) has at most one T-periodic solution.

Proof. Suppose that x;(t) and x2(t) are two T-periodic solutions of (1.1).
Set Z(t) = x1(t) — z2(t). Then

(214)  Z"(t) +CZ'(t) + (g1 (t, 21(t — 71(1))) — g1 (L, 2(t — T (1))))
+ (g2(t, z1(t — 72())) — g2(t, w2 (t — 72(t)))) = 0.
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Integrating (2.14) from 0 to 7', we get

T

V [(g1(t, 21t = 71(8)) = ga (¢, 22(t — 11 (1))

0
+(g2(t, 21 (t — 72(t))) — g2(t, 22(t — 72(t))))] dt = 0.

Thus, in view of the integral mean value theorem, there exists a constant
v € [0, 7] such that

(2.15)  g1(v,21(y =1 (7)) — 1 (v, 22(y = 11(7))))
+g2(v, w1 (v — 12(7))) — g2(7, 22y — 2(7)))) = 0.
From (A1), (2.15) implies that
Z(y =n(M))Z(y —72(7))
= (z1(y =11 (7)) = z2(y = (V) (@1 (v = 2(7)) — 22(y — 2(7))) < 0.

Since Z(t) = x1(t) — x2(t) is a continuous function on R, there exists a
constant ¢ € R such that

(2.16) Z(€) = 0.

Let £ = nT' 4+ 7, where ¥ € [0,7] and n is an integer. Then (2.16) implies
that there exists a constant 5 € [0, 7] such that

(2.17) Z() = 2(€) = 0.
Let x(t) € X. Suppose that there exists a constant D > 0 such that
|z(m0)] < D, 719 €10,7).
Then, from Lemma 2.5 in [5], we obtain

T
(2.18) o2 < — o2+ VT D.

Let ¢ € [0,T] be a constant, 0 € O(R,R) be periodic with period T, and
supyeo,ry [0(t)| < p. Then, for any h € X, from Lemma 1 in [6], we get

T _ T
(2.19) [ () = h(s —3(s))[>ds < 2u® | [W(s)|* ds.
0 0

Hence, in view of (2.3) and (2.18), we have
T
(2.20) Z]oe VT |22, |Z]2 < - |Z">.

Now we consider two cases as follows.
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Cask (i). If (As) holds, multiplying (2.14) by Z”(t) and then integrating
from 0 to T, from (2.2), (2.19), (2.20) and the Schwarz inequality, we have
T
(221) |Z2'3=\12"(t) at
0
T

= — ot 21(t = (1)) = gut, w2t — 1(1)))) + (g2(t, 21 (t — 72(2)))

— g2(t, 22(t — 72(1))))] 2" (¢) dt

[b1] Z(t = 71 (2))| + b2l Z(t — 72(1))[11 2" (2)] dt

br(1Z(t = (t) + Ko T) = Z()| + |2 (1))

SN O N

+02(|Z(t — o(t) + K2T) — Z(t)| + |Z(t)])]1 2" (t)| dt
b1 (V21| Z' |2 + | Z]2) + b2 (V2 2| Z' |2 + 1212)]1 2" )2

IN

< Iy (VB +T/m) + oV s + T/m)] 5 |2,

Since Z(t), Z'(t) and Z"(t) are T-periodic and continuous functions, in view
of (A3), (2.2), (2.20) and (2.21), we have

Zt)y=Z'(t)y=2"(t)=0 forallteR.

Thus, z1(t) = x2(t) for all t € R. Therefore, (1.1) has at most one T-periodic
solution.

CasE (ii). If (A4) holds, multiplying (2.14) by Z’(t) and then integrating
from 0 to T, and applying (2.20), we have

T
(222) [Cl1Z' = || ClZ/ W) at]
0

= ‘— V(g1 (t 21t = (1) = g1(t, 22(t = (1))
0
+ (g2t 21(t — m2(1))) — g2(t, 22(t — 72(1))))]Z'(¢) dt
< S bl‘.il}l t—Tl(t)) —.Z‘g(t—’]’l(t))‘
0
+

balw1(t — 72(t)) — z2(t — 72(0)[]12°(1)] dt



254 B. W. Liu

< (V21| Z' |2 + | Z]2) + b2 (V2 2| Z' |2 + | Z]2)]| 22
< (V21 + T/7) + ba(V2 p2 + T/m)]| Z'[5.
From (2.18) and (A4), (2.22) implies that
Zt)=Z'(t)=0 forallteR.

Hence, x1(t) = z2(t) for all ¢ € R. Therefore, (1.1) has at most one 7-
periodic solution. The proof of Lemma 2.4 is now complete.

3. Main results

THEOREM 3.1. Let (H), (A1)(1) and (A3)(1) hold. Assume that either
condition (As) or (Ag) is satisfied. Then (1.1) has a unique T-periodic so-
lution.

Proof. By Lemma 2.4, together with (As) and (A4), it is easy to see
that (1.1) has at most one T-periodic solution. Thus, to prove Theorem 3.1,
it suffices to show that (1.1) has at least one T-periodic solution. To do
this, we shall apply Lemma 2.1. Firstly, we claim that the set of all possible
T-periodic solutions of (2.1), is bounded. We consider two cases as follows.

CASE (1): (As) holds. Let x(t) be a T-periodic solution of (2.1)y. Mul-
tiplying (2.1)x by 2’ () and then integrating from 0 to 7', in view of (2.2),
(2.3), (2.18), (2.19), (A3) and the Schwarz inequality, we have

B1) [ = [ |a"() dt
0
= A cd/®)a" () dt — A\ gu(t, 2(t — 7o (1)) (£) dt
0 0
— A galt, (t — ma(t)2” (t) dt + X | p(t)2” (t) dt
0 0
T T
< Vlgr(ta(t = @) 2" ()] dt + | lga(t, w(t — ma(t)))] [ (£)] dt
0 0
+ o) 12" (1) dt
0
T
< Vgt 2t — (1) — ga (£, 2(1)))
0

+ g1 (t, 2(1)) — g2(t, 0)| + (g1 (£, 0) )| (£)] dt
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T

+ { llga(t, 2(t = 2(1))) — ga(t, x(t))]
0

+lg2(t, 2(8)) — ga(t,0)] + [g2(t, 0) ]| ()| dt + | |p(t)| " (t)| dt

< by | ot — () + Ko T) — a(t)| |2 ()] dt

()] |2 ()] dt + | |91 (¢,0)| |=" (1) di
0

T T

()]l ()] dt + § |g2(¢,0)| |2"(8)] dt + | [p(t)] |2" ()| dt

T
|
0
+ by | [2(t — m2(t) + KoT) — o(t)] 2" (t)| dt
0
|

< B (V2 + /) + ba(v 2 s + /)] o [

+ (b1 + ba)d + max{|gs (t,0)| + [g2(t,0) : 0 < t < T} + |ploc] VT |2” 2,

which, together with (As), implies that there exist positive constants D
and D5 such that

(32) |l‘”|2 < Dl,
and
(33) ’.’E,|2 < Dg, ’x‘oo < Ds.

Since x(0) = x(T), there exists a constant ¢ € [0, 7] such that

(3.4) /() =0, [2'()=

z'(¢) + S z" (s) ds‘
¢

<VT|z"ly < VT Dy forallte|0,T].

CASE (2): (A4) holds. Let z(t) be a T-periodic solution of (2.1)y. Mul-
tiplying (2.1)x by «/(t) and then integrating from 0 to T', by (A4), (2.3),
(2.18), (2.19) and the Schwarz inequality, we have

3.5)  |C||/2 = (g O (82 (t) dt(

T T T
- ‘—)\ Vor(t, o(t—ma(8))2' (t) dt=A\ ga(t, w(t—72(t)))a' () dt+ | p(t)2' (2) dt(
0 0 0
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0
< (V2 p1 +T/w) + b (V2 pa + T/7)]|2|3

+[(b1 + bo)d + max{[g1(t,0)] + [g2(t,0)] : 0 < ¢ < T} + plac] VT |22,
This implies that there exists a constant Dy > 0 such that
(3.6) 2|y < Da,  |#]oe < Da.

Therefore, from (3.4), we obtain

(3.7 ') <

' (¢) + §SCN(S) ds‘ < ‘ §$”(s) ds‘
¢ ¢

t

- ‘ S [—AC2'(5) — Ag1(s, 2(s — 71(8))) — Ag2(s, x(s — Ta(s))) + Ap(s)] ds
¢

<ICWTa'ls +T[ max_{|gi(t,x)[} + max 2{\92(t7w)\}+1p\oo]

teR, |z|<D teR, |z|< D

<|OWTDy+T[ max_ {|lgi(t,2)[} + max _ {|g2(t, )|} + |ploc]
teR, |z|<Ds teR, |z|< D2

= l—jl.

Therefore, in view of (3.3), (3.4), (3.6) and (3.7), there exists a positive
constant M; > max{\/TDl + Dy, D1 + D3} such that

lzllx < |2loo + |2'|oc < M.
Ifre 2 ={reKerLNX | Nz € ImL}, then there exists a constant My
such that

T

(3.8) 2(t) = My, | [g1(t, Ma) + ga(t, Ma) — p(t)] dt = 0.
0

Thus,

(3.9) lx(t)| = |Mz| < d for all z(t) € £2;.
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Let M = M; +d+ 1. Set
R ={r€ X ||z|ewc <M, |2|0c < M}.

It is easy to see from (1.3) and (1.4) that N is L-compact on 2. We deduce
from (3.8), (3.9) and the inequality M > max{M;j,d} that conditions (1)
and (2) in Lemma 2.1 hold.

Furthermore, define a continuous function H(x, u) by setting

T

H(%N) = _(1 - :U’)x - % S [gl(ta'r) +92(t7x) _p(t)] dta e [07 1]
0

In view of (A3)(1), we obtain
xH(z,p) #0 forall z € 02 NKer L.

Hence, using the homotopy invariance theorem, we have

deg{QN, 2 NKer L,0}

T

1

= deg{—f S [91(t, z) + g2(t, x) — p(t)] dt, 2 N Ker L, 0}
0

= deg{—=z, 2 NKer L,0} # 0.

In view of all the discussion above, Lemma 2.1 yields the conclusion of
Theorem 3.1.
A similar argument leads to

THEOREM 3.2. Let (H), (A1)(2) and (A2)(2) hold. Assume that either
(A3) or (Ay) is satisfied. Then (1.1) has a unique T-periodic solution.

4. Examples and remarks

EXAMPLE 4.1. Let g;(t,z) = %l’ for all t € R, x > 0, and g;(t,x) =
arctanx for all t € R, x < 0,7 = 1,2. Then the Duffing equation

(4.1)

1 1 1 2
" 210 / t t— : 2t t t— cost _ _ pcosTt
T+ :E+gl<,a:< —IOOSm +g2(t, —3006 46

has a unique 2m-periodic solution.

Proof. By (4.1), we have by = by = 2, C = 210, i (t) = ﬁsin2 t,
To(t) = 155 €°" and p(t) = § € . It is obvious that the assumptions (H),
(A1)(1), (A2)(1) and (A4) hold. Hence, by Theorem 3.1, (4.1) has a unique

2m-periodic solution.

REMARK 4.1. (4.1) is a very simple version of Duffing equation. Since
C #0, 7 # 0 and 72 # 0, no results in [2, 4-9] and the references therein
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are applicable to (4.1) to obtain the existence and uniqueness of 27-periodic
solutions. This implies that the results of this paper are essentially new.

REMARK 4.3. By using the methods similar to those used for (1.1), we
can deal with the Duffing equation with multiple deviating arguments of the
following type:

(4.2) 2+ O (1) + Y it 2(t — 7i(1)) = p(t),
i=1
where 7;,p : R — Rand g; : RxR — R, i = 1,...,n, are continuous

functions, 7; and p are T-periodic, g; are T-periodic in the first argument,
and T > 0. One may also establish results similar to those in Theorems 3.1
and 3.2 under some minor additional assumptions on g;(t, ).
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