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MULTIPLE PERIODIC SOLUTIONS FOR A
FOURTH-ORDER DISCRETE HAMILTONIAN
SYSTEM

Jianwen Zhou and Yongkun Li

Abstract. By means of a three critical points theorem proposed by Brezis and Nirenberg
and a general version of Mountain Pass Theorem, we obtain some multiplicity results for periodic
solutions of a fourth-order discrete Hamiltonian system

A'u(t —2) + VF(t,u(t)) = 0, for all t € Z.

1 Introduction

Consider the nonlinear fourth-order discrete Hamiltonian system
A*u(t —2) + VF(t,u(t)) =0, VteZ, (1.1)

where Au(t) = u(t + 1) — u(t), A%u(t) = A(Au(t)),F : Z x RN — R, F(t,z) is
continuously differentiable in x for every t € Z and T-periodic in ¢ for all z € RV,
T is a positive integer and VF' (¢, x) denotes the gradient of F (¢, x) in x.

The theory of nonlinear difference equations (including discrete Hamiltonian
systems) has been widely used to study discrete models in many fields such as
computer science, economics, neural networks, ecology and so on. Many scholars
studied the qualitative properties of difference equations such as stability, oscillation
and boundary value problems (see e.g. [1, 2, 3] and references cited therein). But
results on periodic solutions of difference equations are relatively rare and the results
usually obtained by analytic techniques or various fixed point theorems (see e.g. [4]).

We may think of (1.1) as being a discrete analogue of the following fourth-order
Hamiltonian system

d*z(t)
dt*
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+VF(tz(t) =0, VteR,
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where F: RxRY — R, F(t, ) is continuously differentiable in z for every ¢ € R and
VFE(t,x) denotes the gradient of F(t,z) in x. As is known to us, the development
of the study of periodic solutions of differential equations is relatively rapid. There
have been many approaches to study periodic solutions of differential equations,
such as fixed-point theory, coincidence degree theory, critical point theory and so
on. However, there are few known techniques for studying the existence of periodic
solutions of discrete systems. The authors in [1] studied the existence of periodic
solutions of a second order nonlinear difference equation by using the critical point
theory for the first time. The paper [5] shows that critical point theory is an effective
approach to the study of periodic solutions of second order difference equations. In
[6], Xue and Tang studied the existence of periodic solutions of superquadratic
second-order discrete Hamiltonian systems. Compared to second-order discrete
Hamiltonian systems, the study of higher-order discrete Hamiltonian systems, and
in particular, fourth-order discrete Hamiltonian systems, has received considerably
less attention (see e.g. [7, 8] and the references cited therein).

In [9], Thandapam and Arockiasamy studied the following fourth-order difference
equation of the form

A2(7‘nA2yn) + f(n, yn) =0, neN,

where n € N(ng) = {ng,no+1,n0+2,--- }, ng is a nonnegative integer, and the real
sequence {r,} and the function f satisfy the following conditions:

(a) rp > 0for all n € N(ng) and 3 ;* < oo;
n=ng
(b) f :N(ng) x R — R is a continuous function with uf(n,u) > 0 for all u # 0
and all n € N(ng), and f(n,-) # 0 eventually.

In [10], Cai, Yu and Guo studied the existence of the periodic solutions of the
equation

Az(rn72A2$n72) + f(nv xn) =0, neN, (12)

where f : ZxR — R is a continuous function in the second variable and f(n+1T,z) =
f(n,z) for all (n,z) € Z x R,ry, > 0,747 = 7y, for a given positive integer 7' and
for all n € Z. They obtained the following result.

Theorem 1. ([10], Theorem 1.1)Assume that the following conditions are satisfied.
(A1) Forall z € R and all t € Z, one has [; f(t,s)ds <0 and liH(l) @ =0.

(Ag) There exist Ry > 0 and 3 > 2 such that, for every t € Z and every z € R with
|z| = Ry, one has zf(t,z) < B [ f(t,s)ds <O.
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Then, equation (1.2) has at least two nontrivial T-periodic solutions.

But when N > 1, the existence and multiplicity of periodic solutions for problem
(1.1) have not been studied by critical point theory.

In this paper, we study the existence and multiplicity of periodic solutions for
problem (1.1) when N > 1. Our results are superior to those obtained in references
[9] and [10].

2 Preliminaries and statements

In this section, we recall some basic facts which will be used in the proofs of our main
results. In order to apply the critical point theory, we make a variational structure.
From this framework structure, we can reduce the problem of finding T-periodic
solutions of problem (1.1) to the one of seeking the critical points of a corresponding
functional.

For a,b € Z, we define Z(a) = {a,a + 1,a+ 2,---},Z(a,b) = {a,a + 1,--- b}
when a < b.

For a given positive integer T, we define Hr as follows:

Hy ={u:2Z — RNu(t+T) =u(t),t € Z}.

Hrp can be equipped with the inner product (-,-) and norm || - || as follows:

T
(u,v) = Z (u(t),v(t)), Y u,ve Hp,

where (-,-) and |- | denote the usual inner product and the usual norm in R,
respectively. It is easy to see that (Hrp, (-,-)) is a finite dimensional Hilbert space
and linearly homeomorphic to RVT. For any u € Hp, set

=

T
lullo = (D lu®))?, Vo> 1.
t=1
Then || - || and || - || are equivalent. That is, there exist positive constants C7, Co
such that
Cillullo < flull < Caflullo, Yu € Hr.

In order to make a variational structure of problem (1.1), we need the following
lemma.
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Lemma 2. For any u,v € Hr,

T T T

D (Atu(t—2),0(1) = (A%u(t), A%(t) = > (Aot — 2), u(t)).

t=1 t=1 t=1

Proof. In fact, for any u,v € Hrp, since u(t + 1) = u(t),v(t +T') = v(t), thus

til (Atu(t —2),0(t) = tszl (A%(A%u(t - 2)),v(t))
- tz:jl (A%(u(t) — 2u(t — 1) +u(t — 2)),v(t))
— Y (A2(ult) — ult — 1)), (1))

@.‘
Il
—

-3 (AQ(u(t —1)—u(t— 2)),v(t))

t—

—_

A2(Aut — 1)), o(t)) — T_Ol (A2(Au(t — 1)), (¢ + 1))

Il
M=

~~
Il
i

— 3 (A(Au(t—1)), Av(t)

t=1
T
= 3 (A%u(t), A%(1)).
=1
T T
Similarly, one can show that Y. (A (t—2),u(t)) = > (A?u(t), A?v(t)). The proof
t=1 t=1
is complete. ]

Consider the functional

T

1) = 3 3 |A%u()? +ZF (¢, ult (2.1)

t 1

where F(t,z) is the same as that in (1.1). Clearly, I € C*(Hp,R). For any v € Hr,
one has

T T
= (A%u(t), A%(t) + Y (VF(tult), v(t)).
t=1 t=1
Hence u € Hr is a critical point of I if and only if
T T
D (A%u(t), A%u(t)) = =) (VE(tu(t),v(t)).
t=1 t=1
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It follows from Lemma 2 that

T

D (Atu(t—2),0(t) == (VF(t,u(t)),v(t)).

t=1

By the arbitrariness of v, we conclude that
Atu(t —2) + VF(t,u(t)) =0, VteZ.

Since u € Hp is T-periodic, and F(t,z) is T-periodic in ¢, hence u € Hr is a critical
point of I if and only if for any t € Z, Atu(t — 2) + VF(t,u(t)) = 0. That is the
functional I is the variational framework of problem (1.1). So, we can reduce the
existence of periodic solutions of problem (1.1) to the existence of critical points of
I on Hp.

In this paper, we need the following definition and theorems.

Definition 3. Let X be a real Banach space and I € CY(X,R). I is said to be
satisfying P.S. condition on X if any sequence {x,} € X for which I(xy,) is bounded
and I'(x,) — 0 as n — 0o, possesses a convergent subsequence in X .

Theorem 4. ([11], Theorem4) Let X be a Banach space with a direct sum decomposition
X1 X2 with dimXa < co. Let I be a C' function on X with I(0) = 0, satisfying
P.S. condition and assume that, for some R > 0,

I(u) >0, Y uwelX;, |u|<R (2.2)
and
I(u) <0, VY uwe Xq, |ul|<R. (2.3)

Assume also that I is bounded blow and infx I < 0. Then I has at least two nonzero
critical points.

Theorem 5. ([12], Theorem9.12) Let E be a Banach space. Let I € C1(E,R) be
an even functional which satisfies the P.S. condition and I(0) =0. If E=V W,
where V' is finite dimensional, and I satisfies

(I1) there are constants p,a > 0 such that I|pp,nw > o, where B, = {zr € E :
]l < p},

(I2) for each finite dimensional subspace E C E, there is an R = R(E) such that
I<0on E\BR(E)

then I possesses an unbounded sequence of critical values.
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3 Main results

Theorem 6. Assume that F(t,x) satisfies

(Fy) There exists a positive integer T > 2 such that F(t + T,x) = F(t,x) for all
(t,x) € Z x RN,

(F) There exist constants Ry > 0, v > 0 and > 0 such that for any |z| > Ry,
(F3) There exist some constants § > 0, k € Z[0, (5] — 1] such that
1 1
—5/\k+1’l’\2 < F(t,x) < —5)%\95’2

for all |x| <6 and t € Z[1,T), where A, = 2 cos 2kw — 8coskw + 6,w = 2, []
denotes the Gauss Function.

Then the problem (1.1) has at least three T-periodic solutions.

Remark 7. Take F(t,x) = —i\i|z[>+3|z[3. Then F(t, ) satisfies all the conditions
of Theorem 6.

Denote
N = {u € Hp| A'u(t —2) = \u(t)},
where A\ = 2 cos 2kw —8coskw+6, k € ZJ[0, [%]], w= 2%, then Ny, is the subspace
of Hy and A > 0 for all k € Z[0, [L]].
In order to prove Theorem 6, we need to prove the following lemmas.

Lemma 8. It follows from the definition of Ni that
(1) NeLNj, k#j, k,j € Z[0,[5]],

[Z

2

2) Hr = @ Ny.
k=0

Proof. (1) By the definition of N}, and Lemma 2, for any u € Ny, v € N;, k #
ja ka.] € Z[O, [%H, we obtain

M) = M3 (ult).of0)
_ té (Abu(t - 2), 0(t))
= til (A%u(t), A%v(t))
_ é (Adu(t — 2), u(t))
— ).
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Sine A\, # Aj, thus (u,v) =0, then (1) is verified.
(2) For k € Z[0, []], we define

T
Wi, = {acoskwt—l—bsink:wt la,be RN, tcZ, ke Z|0, [2]]}

Then Wy C N. In fact, for any w = a cos kwt + bsin kwt € Wy, we get

Atu(t —2) = u(t+2)—du(t+ 1)+ 6u(t) —du(t — 1) +u(t —2)

= a(coskw(t+2)+ coskw(t — 2)) + b(sin kw(t + 2) + sin kw(t — 2))
—4[a(coskw(t + 1) + coskw(t — 1)) + b(sinkw(t + 1) + sinkw(t — 1))]
+6(a cos kwt + bsin kwt)

= 2cos2kw (a cos kwt + bsin k:wt) — 8cos kw (a cos kwt + bsin k:wt)
+6(a cos kwt + bsin kwt)

= (2cos2kw — 8cos kw + 6)u(t)

= Agu(t),

(3] (3]

which implies that u € Ny, thus Wy, C Ny, furthermore, we have @ Wy C @@ Ny C
k=0 k=0
Hryp. It is easy to get that

dimWy = N

dim Wy, = 2N, when k € Z,0 < k < L;
dim W[z] = N, when T is even.
2

5]

Thus, we have dim @ Wy, = NT = dim Hy. Then the result (2) holds. O
k=0

k (%]
Lemma 9. Let H, = @ N;, H: = @ Nj, k€ Z[0,[L] — 1], then
j=0 j=k+1

T
Z A%u(t)? < Mpllul® Vu € H, (3.1)

Z IA2u(t)]? > Mg |[ul®> Yu e H (3.2)
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Proof. For any u, € Ny, it follows from Lemma 2 that

T T T

Z (AQUk(t), uk = Z uk t — 2 uk = Z
t=1 t=1 =1

Since A\ = 2cos2kw — 8coskw + 6,w = 2%,]{: € 7|0, [5]], we have 0 = N < N <

Ao < -0 < )\[%] < 16 and )\[%] = 16 when T is even; )\[%] = 2cos(Z)+8cos(#m)+6

when T is odd. For any u € Hj, there exist some constants a;, j € Z|[0, k], such that
k

u= ) ajuj, where u; € N;. It follows from Lemma 2 and Lemma 8 that
7=0

k
a; A%u;(t), > a;A%u;(t))
]:

ajz (A2u;(t), A%u(t))

M=
Nk

T
Py [Au(t)]? =

W
Il
—_

=)

H
Il

—
<
|

<

Il I
1= L]
= LM~
=

AN (uj (1), u (1))

i
I
.
I
o

IA
>
a
(]
)=
—
S
<.
S
<
—~
~
:—/
S
<
£
=
~—

&
Il
—_
.
Il
=)

Il
>
S
£ 1M~
—
NgES
8
£
=
g
£
£
=
N~—
S~—

Then (3.1) is verified. By using the same method, we can get (3.2). The proof is
complete. ]

Now we prove Theorem 6.

Proof. We shall apply Theorem 4 to the functional I. Clearly I € C'(Hr,R). By
(F3), we can get F'(¢,0) = 0, so we can say that I(0) = 0. Now, we will verify that
1 satisfies the rest conditions of Theorem 5.

Firstly, we show that I satisfies the P.S. condition.

Let {ur}reza) C Hr, I'(ug) — 0 as k — oo and {I(uy)} is bounded.

Set

= {t|t € Z[1,T), |ux(t)] > R}, Ta={t|t € Z[1,T], lur(t)| < R1}.
Then, by (F»), we obtain

M) = 3% 80P + X Fltu0)
> 3 (uOF -) + % Flu)
> Blul? = Ty 5 (Fltu(o) - (o)),

tel's
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The continuity of F(t,z) — 3|z|?> with  implies that there exists a positive constant
M such that for any t € Z[1,T), |z| < R1, F(t,x) — B|z|> > —M. Then we have

I(ug) = Bllugl® = T(y + M).

Since {I(ux)} is bounded, then {uy}ez(1) is bounded. As a consequence in finite
dimensional space Hr, {ug} kez(1) has a convergent subsequence, thus the P.S. condition
holds.

Secondly, we claim that I has a local linking at 0, that is, I satisfies (2.2) and
(2.3). Also we have inf,cp,, I(u) < 0.

It follows from (F3) and Lemma 9 that

T T
I(u) = %;IA%(t)IZJr;F(W(t))

IN

T
3 Mkllull? = 32 X Ju(t)[?
= 0

for all u € Hy, with |Ju|l <é.
Similar to the above, we conclude that

T T
I(w) = %;\Azu(t)\QJr;F(t,u(t))

v

T
sk llull? = 3 A ;1 Ju(t)]?
0

for all w € Hj- with [|ul| < 6.
Then I has a local linking at 0, which implies that 0 is a critical point of 1. At
the same time, we get that irg I(u) <0.
ucHr

In the case that irg I(u) < 0, our result follows from Theorem 4.
ueHr

In the case that inf I(u) =0, from the above, we have I(u) = inf I(u)= 0 for
u€EHp u€EHT

all uw € Hy, with ||ul| < J, which implies that all v € Hj, with [|u]| < § are minimum

points of I. Hence all u € Hj with ||ul]| < ¢ are solutions of problem (1.1), and

(1.1) has infinite solutions in Hp. Therefore, Theorem 6 is verified. The proof of

Theorem 6 is complete. O

Theorem 10. Assume that the following conditions are satisfied

(Fy) F(t,x) is even in x and there exists a positive integer T > 2 such that F(t +
T,z) = F(t,x) for all (t,z) € Z x RY;
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(F5) there exist constants a1 > 0,as > 0 and 3 > 2 such that for all x € RV,

F(t,x) < —a1|z|” + ay;

(Fs) F(t,x) = o(|z|?) as |x| — 0 uniformly in t.

Then the problem (1.1) has an infinite number of T-periodic solutions.

Proof. I € C*(Hr,R), by (2.1), (Fy) and (Fg), I is an even functional and I(0)

We divide our proof into three parts in order to show Theorem 10.
Firstly, we show that I satisfies the P.S. condition.
C Hrp and {I(uy)} is bounded. Then, there exists M; > 0 such

Let {u}rez(1)
that for all k£ € Z(1),

[T (ug)| < M.

On the other hand, by (F5), for every u € Hr, we have

I(u)

<

IN

N | =
Mﬂ

IN

IN

T

> (Au(t) — Au(t — 1)) —a12|u )|° + aoT

t t=1

N
Il
_

2(|Au(t)]? + Alu(t — D*) — a1 [[ull§ + a2T

W
I
_

Mﬂ

(Au(t)? — aJull} + a2T

-
S

1

Z (Jult + D + [u(®)]?) = allull§ + aoT

T
82 u(t)? = ayl|ull} + axT

8||u|r2 - aluung +asT

Sul® - () ull + T,

Hence, by (3.3) and (3.4), we have for all k£ € Z(1),

B
1
-3y < 1) < 8l ~ a1 () Tul? +

That is,

1
oi( ) Iosl? —sanlanl? < My v T, k€21

=0.

(3.3)
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By 8 > 2, {ux} is bounded on Hp. Since Hrp is finite dimensional, {u;} has a
convergent subsequence, and the P.S. condition holds.

Secondly, we verify the condition (/2) of Theorem 5.

For arbitrary finite dimensional subspace E C Hr, any given ¢ € E, lloll =1
and A > 0, by the proof of (3.4), we have

IAg) < 8Nyl —al)\ﬁ( Cllell® + axT
= SN —a (& )5+a2T
- -0 (A— —I—oo)
So there exists R(E) > 0 such that I < 0 on E\BR(E)
Finally, we verify the condition (I;) of Theorem 5.
Take ko € [0, [%] — 1], by Lemma 8 and Lemma 9, we have Hy = Hy, @Hé)
By the condition (Fg), we obtain
F(t,x)

11m
2| —0  |z|?

= 0.

Hence, Ve > 0, there exists § > 0 such that for every = with |z| <,
|F(t,z)| < e|z|
For any u € H,ia with ||u|| <6, then |u(t)| <6, t € Z(1,T). Then, we have
T

M) = 3R (A%u0P + X Fa()

= t=1

Akg+1 2 I 2
= lull® =€ X u(?)]

v

A
5= lull® = ellull®.

Take € = i)\k0+1 and o = %/\kDH(SQ, then
I(u) > o, Yuce HkLO ﬂ@Bg.

By Theorem 5, I possesses infinite critical points, that is, problem (1.1) has infinite
nontrivial T-periodic solutions. O

Remark 11. Take F(t,z) = —|z|*. Then F(t,x) satisfy all conditions of Theorem
10.
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