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By the critical point theory, infinitely many 40-periodic solutions are obtained for the system of delay differential equations x(¢) =
—f(x(t — 0)), where 0 € (0,+00) and f € C(R", R"). It is shown that all the periodic solutions derived here are brought about by

the time delay.

1. Introduction

This paper is concerned with the existence of periodic
solutions to the system of delay differential equations

x()=-f(x(t-0), @

where o € (0,+00) and f € C(R",R").

Delay differential equations have widely been applied
to describe the dynamics phenomena in both natural and
manmade processes such as chemistry, physics, engineering,
and economics. The existence of the periodic solutions for
delay differential equations has been extensively investigated
by using various methods, including fixed point theorems
[1-5], Hopf bifurcation theorems [6-8], variational methods
[9-14], the methods of differential inequalities [15-21], and
other effective approaches (e.g., see [22-24]). In [25-31], the
minimal periods of the periodic solutions to Lipschitzian
differential equations are estimated through the Lipschitz
constants (see Remark 4).

The use of variational methods in the study of 40-periodic
solutions of system (1) having a variational structure was
introduced in 2005 by Guo and Yu [9]. Assume that

(F,) fisoddin x; thatis, f(-x) = —f(x), for all x € R";

(F,) there exists F € C'(R",R) such that F (x) = f(x),
for all x € R", where F, denotes the gradient of F.

In [9], the authors obtained the multiplicity results for
periodic solutions to (1) in the case that f is asymptotically
linear. Later, the existence of the periodic solution of (1) was
investigated by using Morse theory and Galerkin methods
[10]. For the other relative investigations, we refer the reader
to [11-14].

Many practical problems, such as nonlinear population
growth models and control systems working with potentially
explosive chemical reactions, can be transformed into the
form of (1). For example, by the change of variables y =
atanh(ax), the following generalized food-limited popula-
tion model

y() =-Osign(yt-1)[yt-D]"(@-y'®) @

is transformed equivalently into (1) with n = 1, f(x) =
0a” sign(x)| tanh(ax)|", and o = 1, where 0 and a are positive
numbers. When y = 1, f/(0) = 6a’. It is known from [24]
that, with the slope f'(0) increasing and tending to infinity,
the number of the periodic solutions of (2) increases and
tends to infinity. Naturally, one would conjecture that when
0 < y < 1, (2) possesses infinitely many periodic solutions,
since in this case lim, _, , f'(x) = +co.

Motivated by the above observation, in this paper, we
study the existence of infinitely many periodic solutions to
the system (1) under the assumptions (F,), (F,), and



(F;) thereare 1 < «, f < 2 and d,, 7, > 0 such that

(1) 0 < (f(x),x) < aF(x), forall x € B, \ {0}
(ii) d1|f(x)|‘6, < F(x), forall x € B,O,

where 1/ + 1/,8' =1,B, ={xe R" : |x| < 7o}

Here and subsequently, (-, ), | - | denote the inner product
and the standard norm in R", respectively, and the bold face
0 represents the coordinate origin of R”. The main result of
this paper is stated as follows.

Theorem 1. Assume that (F,)-(F;) hold. Then (1) possesses a
sequence of nonconstant 4o-periodic solutions {x,,} satisfying
lx,l,, — O0Oasm — co.

Example 2. When 0 < y < 1, it is easy to check that f(x) =
Ba sign(x)| tanh(ax)|" satisfies (F,)-(F;) witha = B =1+ y;
then (2) has a sequence of nonconstant 4-periodic solutions
{x,,} satisfying ||x,,I,, — Oasm — co.

Remark 3. Let us compare the result here with that in the case
of ordinary differential equations (ODE). Without the time
delay, (1) reduces to the following system of ODE

X' (1) = f(x(2). (3)

Let x(t) = x(t; x,) be the solution of (3) satisfying the initial
condition x(0) = x, # 0. Then the derivative of the Lyapunov
function V(x) = |x| along x(t) reads

av

o= (-f (x@®),x(®). (4)
tle)

From (F;)-(i), we see that dV/dt|; < 0for 0 < |x| < 7,
which implies that there is no any periodic orbit of (3) across
B, \ {0}; that is, the trivial solution is an isolated periodic
solution. However, by the above theorem, with the time delay,
the system (1) possesses infinitely many periodic solutions in
any neighborhood of the origin.

Remark 4. Consider the following system of mth order
functional differential equations:

XM= fx@@), teR, (5)
where f : R" — R" satisfies the Lipschitz condition and
7 : R'  R!is a measurable function. The lower bounds
for the periods of the periodic solutions to (5) and their
special forms are estimated in [25-31]. From this perspective,
Theorem 1 complements the information in the case of non-
Lipschitzian differential equations. For the unique solvability
of the periodic problems on functional differential equations,
we refer the reader to [1, 15-21].

The remainder of this paper is divided into two parts. In
the next section, we state the preliminaries on the variational
structure for (1). In the final section, the proof of Theorem 1
will be given via the Z,-genus theory, together with an
approximating argument.
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2. Preliminaries

Let L*(S',R") denote the set of n-tuples of 27-periodic
functions which are square integrable. If x € L*(S',R"), it
has a Fourier expansion

x(t)=ay+ Z (aj cos jt + b; sin jt) ) (6)
jeN

where a;,b; € R" and the series converges in the space LS,
R™). For x € L*(S', R™) with its expansion (6), set H := {x €
L3S, R™) | x|l < oo}, where

el = lao + Y 1+ ) (o +5). )
jeN

Then H, equipped with the norm | - ||, is a Sobolev space.
On the other hand, for x € H with its expansion (6), set

Il o= Jag|* + ) j (i + ). (8)
jeN

Then H possesses another norm || - || which is equivalent to
| - l;- In the following, we always employ || - || as the norm of
H. The associated inner product with | - || is denoted by ¢, -).

Now set
E={xeH|x(+m=-x()}. 9)

Then E is a closed subspace of H and the Fourier expansion
of x € E reduces to

x(t) = Z [aZj—l cos (2j 1)t +by;_ysin(2j - 1) t] . (10)

=1
Thus with x,, x, € E being expanded as
x; (t) = Z [aﬁ'} L cos (2j - 1)t+b§?_1 sin (2 — l)t],
D
i=1,2,

we have

0
(x1,%,) = Z (2j-1) {(a;;) 1,(12] 1) (bg) 1’b§§) 1)}
(12)
For x, y € E, we call y a weak derivative of x and denote

itby x = yif

2 , 2
L (x(t).z (t))dtz—JO (y(),z(0) dt

(13)
Vz e C® (S, R").

Further, for x € C*°(S', R")NE with its expansion (10), define

Ax) = % LZﬂ (x <t+ g),x(t)>dt

= %Zl(—l)j (2j-1) ('aZj—1|2 + |b2j—1'2)'
=

(14)
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Then it is easy to check that |A(x)| < lx||? for x € C*®(S,
R™) N E. Therefore A extends to all of E as a continuous
quadratic form. This extension will still be denoted by A.

Let F € C'(R", R) and satisfy
F(-x)=F(x), |[F@)|<C+GClxl, xeR" (15)

for some s € [1,00). Define
2
D (x) = J F(x(t)dt, xe€E (16)
0

and I(x) = A(x) + ®(x), x € E. The following lemma is
derived from [9, Lemma 2.2].

Lemma 5 (see [9]). Let F € CY(R",R) and satisfy (15). Then
I €CY(E,R)and

2

1’(x)y=A’(x)y+J (F,(x(®),y(®), yeE,

0
(17)
where

2m

A'(x)y=J <x<t+%>,y(t)>dt, yeE  (18)

0

Moreover, the existence of 2r-periodic solutions x(t) for

X (t) = -F, <x <t— g)) 19)

satisfying x € E is equivalent to the existence of critical points
of functional I.

Let{e;,...
set

,e,} be the orthonormal basis of R". For k € N,

E, (k) := span{cos [(4k — 1) t] e;, sin [(4k — 1) t] e; :

i=12,...,n},
(20)
E_ (k) := span{cos [(4k — 3) t] e;, sin [(4k — 3) t] ¢; :
i=12,...,n}.
For I, m € N U {+00}, define
Vi=@,_E,(k), V"=V eV,, (21)

where the closure is of E sense. Set V* := VX_;thenE=V'e®

+00
V™. In the rest of this paper, this decomposition will always
be referred to when a point x € E is written as x = x* + x7,
where x* € V*.

Remark 6. In view of (12), (14), and (18), we see that
1 112 2
A= (1 T - I ) @
and that

A y=("y")-(x,y), xyeE (23)

The following lemma is derived from [32, Lemma 2.1].

Lemma 7 (see [32]). For each s € [1,00) there is y, > 0 such
that

lIxllg <y x| (24)

forall x € (V""" withm > 2, the orthogonal complement in
E, where (and below) || - ||, denotes the usual L*-norm.

3. Proof of Theorem 1

Without loss of generality we assume that ¢ = /2 since,
under the change of variables y(t) = x(20t/m), (1) can be
transformed into the system

)

where f(y) = (20/m) f () still satisfies (F,-F;) with f being
replaced by f.

Let y € C*(R, [0,1]) be such that y(s) = 0 for s < ry/2,
x(s) = 1fors > ry, and X'(s) > 0 fors € (ry/2,1,). Define
F: R"+— Rby

F(x):= (1= x (Ix])) F (x) + x (Ix]) M|x|*, (25
where M = inf{F(x)/ry : r,/2 < x| < 1}

Let o’ > 0 be such that 1/a + 1/a’ = 1. By (F;) we get

0< (Fx (x) ,x) <aF(x), VxeR" (26)
_ G |E (x)|ﬂ’, x| <1,
Fxyz 4 1= (27)

GIE, |, Ixl>1,

where (and below) C j’s stand for positive constants.

Lemma 8. Let F : R” R be defined by (25); then 1 < 8 <
a <2, FeCHR"R), and

Cylxlf, x| <1,

o (28)
Cslx|®,  |x] > 1.

C,lx|* < F(x) < {

Proof. From (25), it is easy to see that F € C'(R",R). Now we
start to prove (28). Let M be such a constant that | In F(x) —
aln|x|| € M forx € §; = 0B,. For x € R", x| < 1, set
Xy = x/|x|; then x, € S;. Define g(t) = In F(txo) —aln tx,l,
t € (0,1]. Then, by (26),

F, (t
g'(t)z(ﬂ,xo)—a<0, (29)
F(tx,)
which implies that g(|x|) > g(1); that is,
InF (x) —aln|x| > InF (x,) — aln x| > -M. (30)

It follows that F(x) > e ™|x|* for |x| < 1, which, combining
with (25), leads to the inequality on the left hand of (28) with
C, being chosen adequately.



Again, for x € R", [x| < 1, set x, = x/|x| and define
h(t) = (F(txy)) P —t1x,|/(BC)F ), t € [0, 1]. Then by the first

inequality in (27),
1 <(ﬁx(txo),x0) 1 |x|>
— /4 - 1/p 1]
(F (txo)) F C1 F
EN |ﬁx (tx0)| 1
<=2 U7 g | <O
AN ) e
Thus h(|x|]) < h(0) = 0, which leads to F(x) < Cglxlﬁ,
where Cg = 1/(ﬁCi/‘6 )#. In the same way, from the second
inequality in (27), we can arrive at F(x) < Cg’lxl“ for |x| >
1, where the constant C;’ only depends on « and C,. With

C, = max{C;, C;'}, the inequalities on the right hand of (28)

hold. Thus we get (28), which implies that C, |x|* < C3|x|ﬁ for
|x| < 1andthat 1 < 8 < & < 2. The proof is complete. O

W)=

31

Now we consider the functional

2

I(x):A(x)+J F(x)dt, xeE. (32)

0

Lemma 9. I satisfies (PS) condition; that is, every sequence
{x,} ¢ E such that {I(x;)} is bounded and I'(xk) — 0as
k — 00 has a convergent subsequence.

Proof. By Lemma 5, for x € E, I'(x) is defined by

2

I'x)y=A(x)y+ J (F.(x),y)dt, VyeE. (33)

0

To verify that I satisfies (PS) condition, we suppose |I(x;)| <
C,and I'(x;) — 0ask — co. Note that, for large k,
II'(xk)xI < |Ix|l. Thus for large k and x = x;, from (32) and
(33),

Cot Il > 1) = 51 () x
()
2 _ 1, ~
= Jo [F (x) - 5 (Fx (x) ,x)] dt.

Noticing that 1 < < a < 2, we see from (25) that, for all
x € R",

(ﬁx (x),x) > C; max {lxl“, |x|‘8} - Cs (35)

which, combining with (26) and (34), implies

Cy+lxll = (a7t =27) J:ﬂ (F, (x),x)dt
(36)

> C; max {Ixl%, IxlIG} - Cy,

max { ¢l x5} < Gy (ldl + 1) (37)
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Next for large k, taking x = x; and ¢ = x] in

2
| (Feg)drea gl =|F o <l 69)

and using (23), (27), and (28) and the Holder inequality (1/a+
1/a' =1, 1/8+ 1//3' = 1), we get
2 _
J (Fx (x),x+) dt
0

2
<"l < 7]

([ P 1)
[x(®)|>1 [x(t)I<1

+ ]
!
< Cuo (Il "+ 115 7] ) + 7]

< Cyy (Il + 1l +1) ")

o

(39)

where the last inequality holds since E is compactly embed-
ded in LS(S*, R") for s > 1. It follows from (36) that

< Coa (B + 1l 1), (a0)

Similarly, (40) works with x* being replaced by x~. Combin-
ing these inequalities shows

el < Cug (Il + el + 1), (41)

which implies that {x;} is bounded in E.
Let @ be defined by (16). By [33, Proposition B.37],
{d)'(xk)} is precompact in E. Moreover, from (23) and (33),

I'(x) = x5 — %, + @ (x). (42)

It follows that {x;} has a convergent subsequence. The proof
is complete. O

Lemma 10. For each | € N, there are p; > 0, a; > 0, and
0 <b — 0such that

(a) I(x) 2 0, forallx € B, NV;"* andinf I(0S, NV;"*) >
a;, where sz ={x e E:|xll<pk

(b) sup I((V;®)") < by

Proof. Noticing that V,"* = V;” @ V/_ and that dim(V,") <
00, we have, for x € B, N Ve,

c=sp{[ GOy @ary e (8187 =1
>sup { [ (r0,y @)t 1y €7 ol =1}
K

~swp{[ (@ @)arly vyl =1}

= le = m =71
(43)
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where #; is a positive constant depending on /. It follows by
(28) that, for x € B, N V",

1 T ST
I(x)> §||x+||2 + G| = Sl I
1 1 “
+112 —2—« 1
= 2P+ (Com= S Il

which implies (a) by setting p; := min{l, (C,7,)"/*"®} and
a = pr(1+Cyn)/2.
Let x € (V°)*. By (28) and Lemma 7,

1
1) < G (Il + 1) = Sl
_ 1
< Cgl ™ (Il + Ixll”) = I (45)

<hi=supg(s),

>0

where g(s) := C;l 7 (s* + s”) — s?/2. Noticing 1 < < & <2,
one can see thatyy — 0asl — oo and (b) follows. The proof
is complete. O

In the following, let ¥ denote the family of closed (in E)
subsets of E \ {0} symmetric with respect to the origin, and

y: Z+— NU {0, 00}, (46)

the Z,-genus map (see [33]). For ,m € N, set

Y ={AeZ:AcV ,y(A) znl+m)}, (47)
and define
im = S0P 1 100. (49)

Lemmall. Foralll,m €N, g, is a critical value of I and
a < Con < bl (49)

Proof. We first prove that (49) holds. For each m € N, let p, be
chosen as that in Lemma 10; then it follows by Lemma 10(a)
that inf 1(3S, N V;"®) > @. Denote A = 3S, N V/"; then
y(A)=n(m+1)and A € X" Since Ac S, N V", we have

Gy = ingj (x) zinf I (aspl N Vl+°°) > a. (50)
Xe

On the other hand, for every A € 2", by the property of
genus, A N (V;'°)* # @, which, from Lemma 10(b), leads to
inf,,I(x) < b for every A € X" Thus g, < b and (49)
holds.

By (F,) and (25), F(x) is even with respect to x, which
implies that I is even. We claim that ¢ = g, is a critical point
of I. Otherwise, there exists € > 0, such that there is no any
critical point in the interval (c — €, ¢ + €). By the definition of
G,m» there exists A € X", such that

irelgl (x)>c—e (51)

Fora € R, denote I = {x € E : I(x) > a}. Use a positive
rather than a negative gradient flow [33, Remark A.17], we
gety € C([0, 1] x E, E) such that #(1, ) is odd and

n(1,17°) c I (52)
Since A C I°°%, we have (1, A) € I°"%; that is,

inf T > .
T zcte (53)

On the other hand, by the property of genus, we know
that p(r(1, A)) € 2", which, by the definition of ¢, leads to

> inf I(x)>c+e.
€ il () Zere (54)

This contradiction implies that ¢, is a critical value of I. The
proof is complete. O

Now we are in a position to give the following proof.

Proof of Theorem 1. In view of Lemma 11, let x;,,, € V[ be
such that
(@) = G 1 (%) = 0. (55)

Then by (PS) condition, along a subsequence as m — 00,

Xim — X; € E such that

a<I(x)<y, I'(x) =0, (56)

which implies that x; is nonzero. Moreover, by Lemma 5,

X (t) = -F, <xl (t - g)) (57)

We claim that, for sufficiently large I, x; solves (1). In fact,
from (26) and (56)

b>1(x) = 1(x) - 31 (%)%

. (58)
>(1—5)J F(x) dt.
27 Jo
By (27), (58), and Holder inequality
+112 oo +
1= ], (B e, )
mo o 1/a
A NASRD
N 2 _ ﬁl l/ﬁ,
il [ 1 ol
’ (59)

2 1/a
<yl (], F o) ar)

. 2 Uﬁ’
el ([Pl ar)

< (Cl7bzl/{x’ + Clsbzl/ﬁ ) =" -



Similarly, the above inequality works with x;” replaced by x; .
These inequalities yield

] < C19b11/a, + Czobll/ﬁ" (60)

Since b, — 0asl — oo, it follows that
||xl|| — 0 asl— oo. (61)

Furthermore, from (27) and (57), we have
2 3 2 2
|, b= | | Gof'ar
0 0
2 _ 2/[3’ 2 _ Z/al

<Cy, L (B ()] at +L [F ()" at).
(62)

It follows from (58) that ||%;|, — 0asl — oo0. Recalling
(61), we get

"xl"wm — 0 asl— oo, (63)

which implies that [|x;[|,, — 0asl — 0. Thus for m
sufficiently large, || x|, < ro/2 and therefor Fx(x,) = F.(x)).
It follow from (57) that, for I sufficiently large, x; solves (1). In
addition, by (1) and (F;)(i), the only constant solution of (1)
is the trivial solution. Then (56) yields that x; is nonconstant
and the proof of Theorem 1 is complete. O
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