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MULTIPLICITY RESULTS ON PERIODIC SOLUTIONS
TO HIGHER-DIMENSIONAL DIFFERENTIAL
EQUATIONS WITH MULTIPLE DELAYS

BO ZHENG AND ZHIMING GUO

ABSTRACT. This paper continues our study on the
existence and multiplicity of periodic solutions to delay
differential equations of the form

2(@t) = —f(z(t—1)) = f(z(t=2)) = = f(zE—n+ 1)),
where z €¢ RN, f ¢ CRM,RY) and n > 1 is an odd
number. By using the Galerkin approximation method and
the S'-index theory in the critical point theory, some known
results for Kaplan-Yorke type differential delay equations are
generalized to the higher-dimensional case. As a result, the
Kaplan-Yorke conjecture is proved to be true in the case of
higher-dimensional systems.

1. Introduction. In 1974, Kaplan and Yorke [20] studied the exis-
tence of periodic solutions to delay differential equations of the forms

(1.1) {t)=—f(z(t-1)), zeR
and
(1.2) o'(t) = —f(z(t—1)) — fz(t-2)), z€R,

when f is an odd function. They reduced equations (1.1) and (1.2)
to coupled ordinary differential equations and derived some precise
conditions under which equations (1.1) and (1.2) have periodic solutions
of periods 4 and 6, respectively. For more general equations of the form

(1.3) 2'(t) = =fla(t=1)) = f(z(t=2)) = = f(a(t—n+1)), z€R,
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Kaplan and Yorke conjectured that when f is a suitable odd function,
the existence of periodic solutions of (1.3) with period 2n can be
obtained by the existence of 2n-periodic solutions of a coupled ordinary
differential system.

In 1978, Nussbaum [28] obtained the existence of 2n-periodic solu-
tions for a class of delay differential equations which include (1.1)—(1.3)
as special cases. He formulated a more general delay equation whose
solutions correspond to fixed points of a differentiable, asymptotically
linear map in Banach space. Under appropriate conditions, made to
accommodate the more general equation, he was able to apply a fixed
point theorem of Krasnosel’skii to prove the existence of periodic so-
lutions with period 2n. Thus, the Kaplan-Yorke conjecture was con-
firmed. But the method used in [28] is quite different from that in
[20].

Afterwards, by developing the technique of Kaplan and Yorke,
numerous results have been established on the existence of periodic
solutions for some delay differential equations; see, for example, [1,
2, 5,6, 8,7, 10, 13, 15, 16, 18, 26, 32, 33]. In particular, in
1998, Li and He [21] firstly studied the periodic solutions of (1.3)
by using critical point theory. They reduced the problem of finding
periodic solutions of (1.3) to that of finding periodic solutions of an
associated Hamiltonian system. Then, by applying the Morse-Ekeland
index theory of critical point theory to the corresponding functional,
they gave some interesting existence results. For related results, see
also [22, 23].

In 2006, by using S'-pseudo index theory, Fei [11, 12] obtained
some important results on the existence and multiplicity of periodic
solutions of (1.3). Due to great efforts by Nussbaum, Li, He, Fei and
many other scholars, the correctness of Kaplan-Yorke’s conjecture has
been completely proved.

It is natural for us to ask whether Kaplan-Yorke’s conjecture is true
or not in the case of higher-dimensional systems? What about the
multiplicity results on periodic solutions of (1.3) when x € R with
N > 17 Even in the case of a single delay (n = 1), one cannot study
the orbits of the equation

(1.4) () = —f(2(t—1)), zeRN
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in the phase plane when N > 1. Thus, the technique used by
Kaplan and Yorke is no longer available when N > 1. On the
other hand, although the methods of Nussbaum can be extended in
a straightforward way to the vector-valued case, it is difficult to obtain
the multiplicity results by using fixed point theorems.

Very recently, the second author and Yu [17] studied the existence
and multiplicity of periodic solutions of the following delay differential
equations with 2n — 1 delays

(1L5) 2(t) = —f(2(t=1)) ~ f(=(t-2) —- -~ [(:(t—2n+1), =€ RY,

where f € C(RY,RY) and N > 1 is an integer. By using the S!
pseudo geometrical index theory in critical point theory, the authors
proved that Kaplan and Yorke’s conjecture is true in the case of
higher-dimensional systems. More precisely, if the 4n-periodic solution
y(t) = (y1(t), y2(t), . .., y2n(t))T of the following system:

(1.6) y(t) = Aann VW (y(t)), where
o -1 -1 --- I
I o -I - -I
Aoy N = I I o --- =TI
I I I T 0 2nN x2nN
satisfies
(1.7)
0 I 0 0
0 0 I -+ 0
0 0 o --- I
-1 0 0 0

2nN x2nN

then z(t) = y1(t) is a 4n-periodic solution of (1.7) with z(t — 2n) =
—z(t). Here VW (y) = (f(y1), f(y2)s-- -, f(y2n))T and I denotes the
N x N identity matrix.

The method used in [17] is variational. They established a new
variational framework for (1.7), in which a delay variable is involved
in the corresponding functional J over a Hilbert space H. For (1.7),
the function J is invariant and J’ is equivariant about a compact
group action related to (1.7). This allows the authors to find critical
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points of J on a subspace of H which is invariant under the previously
mentioned group action. Then, by using an existence theorem due to
Degiovanni and Fannio [9], some sufficient conditions for the existence
and multiplicity results of periodic solutions of (1.7) were obtained.

This paper is devoted to the existence and multiplicity of periodic
solutions for delay differential systems with 2n delays, namely, we shall
study equations of the form:

(1.8) 2(t) = —f(2(t—=1)) = f(2(t=2)) = = f(2(t —2n)), z€RY,

where f € C(RY,R"). We are interested in finding periodic solutions
of (1.8) with period 2(2n + 1) and satisfying z(t — (2n + 1)) = —z(¥)
for all t € R.

For (1.8), the function J is still invariant about a similar compact
group action. But .J’ is not equivariant about this compact group action
anymore. Therefore, we cannot directly apply the same idea as in [17].
To overcome this difficulty, we combine the Galerkin approximation
method with S'-index theory [27] to obtain critical points of J in a
subspace of H.

As in [17], we make the following assumptions on f.
(f1) f € CRYN,RY) and, for any z € RV, f(—2) = —f(2).

(f2) There exists a continuously differentiable function F' satisfying
F(0) =0 and VF(z2) = f(2) for any z € RV.

(f3)
(1.9) f(z)=Axz+0(z]) as |z| = 400,
and
(1.10) f(z)=Apz+0(z]) as |z|—0,

where A, and Ag are symmetric N x N matrices.

Some notations are needed now in order to introduce our main
results.

For an N x N real symmetric matrix A, we set

M(A) = {numbers of negative eigenvalues of A},

M (A) = {numbers of non-positive eigenvalues of A}.
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Let

n+1

r={2n+1)k+n+1:5£=0,1,2,...}, r=

s

For two given real N x N symmetric matrices A, B and any j € N\ T,
define

B . 25— 1
Yi(A,B) = M((Q] — 1) tan yrounr Ul TA>

— 27 — 1
— M| (27 -1 —rB
((] )tan4n+27r r ),

O (4) = 37( (2 — 1) tan 22— — 74
o) =725 - e L

_M<(2j—1)tan 2j_17r—7“A),

an + 2
and
+oo
Jj=1,5¢T
+o0
O = 3 e
j=1,j¢T

It is easy to see that (A, B) and 1(°)(A) are well defined due to the
fact that 9;(A, B) = w;o)(A) =0 for j large enough.

Now, define two 2nN x 2nN matrices M and A, as

1)t £
(1.11) M = (t;;I) witht,»j:{( 12) ’ zi;

(1.12) Ao =diag{Au, Ao, Ao } -

2n

For j > 1, denote

1 ™ —1
D.(A _ 7;AO°M 2n+1“"2nN
]( OO)_ T A—l —lA M

2n+1772nN 3ol 4nN xX4nN
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with AQnN in (16) Now

+oo
Noo = Z dimker D;(Ax)

j=1
is well defined since D;(As) is invertible for sufficiently large j.

Note that, if z(t) is a 2(2n+1)-periodic solution of (1.8), so is z(t+0)
for each § € S' = R/2(2n + 1)Z. We say that two 2(2n + 1)-periodic
solutions z; (t) and z(t) are geometrically different, if there is no § € S*
such that z;(t + 0) = z9(t) for all t € R.

Our main results are the following theorems.

Theorem 1.1. Suppose that f satisfies (f1)—(f3) and

Then (1.8) possesses at least Y(Ap, Ax) geometrically different noncon-
stant 2(2n+1)-periodic solutions with z(t — (2n+1)) = —z(t) whenever
,ll)(A()v Aoo) > 0.

Remark 1. By the definitions of 1) and ¥(?) it is easy to get
(Ao, Aso) + 1 (Ase, Ao) + 9O (Ag) + 910 (As) = 0.

Hence, if ¥(Ag, Aso) > 0, then ¢¥(As, Ap) < 0. But the inverse may
not be true. However, in the case of ¥(Ap, Ax) < 0, one can expect
that (1.8) possesses at least (A, Ag) > 0 geometrically different
nonconstant 2(2n + 1)-periodic solutions with z(t — (2n + 1)) = —z(t),
provided (%) (4y) = (9 (A,) = 0. Generally, we have:

Corollary 1.2. Suppose that f satisfies (f1)—(fs). Then (1.8) pos-
sesses at least (Ao, Ag) geometrically different nonconstant 2(2n+1)-
periodic solutions with z(t—(2n+1)) = —z(t) whenever (A, Ag) > 0.

Remark 2. As we will see in Section 3, n,, = 0 implies that
PO (Ay) = 0. Therefore, the nonlinearity is nonresonant at infin-
ity. In this case, for the corresponding functional, the compactness
condition in critical point theory is easily satisfied. If (fy) does not
hold, the nonlinearity of (1.8) is so-called resonant at infinity. In order
to overcome the difficulty in verifying the compactness condition, some
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growth conditions have to be imposed upon. The following theorem
and corollary are along this line.

Theorem 1.3. Suppose that f satisfies (f1) — (f3) and ne # O.
Assume that:

(fs) |f(2) — Ascz| < My for any z € RN, where My is a positive
constant,

(fo) F(2) — (Axz,2)/2 = —00 as |z] = +0o0.

Then (1.8) possesses at least Y(Ag, Aoo) + V(O (As) geometrically
different nonconstant 2(2n+ 1)-periodic solutions with z(t—(2n+1)) =
—2(t) whenever ¥(Ap, As) + 10 (As) > 0.

Corollary 1.4. Under the conditions of Theorem 1.3, (1.8) possesses
at least ¥(As, Ag) + VO (Ay) geometrically different nonconstant
2(2n + 1)-periodic solutions with z(t — (2n + 1)) = —z(t) whenever
(Aser Ap) + 9O (As0) > 0.

Remark 3. There are still many other types of assumptions imposed
on the nonlinearity so as to overcome the lack of compactness of the
associated functional. These assumptions are often called resonant con-
ditions. Once the original system is resonant at infinity, the associated
functional still satisfies the compactness condition provided some kind
of resonant conditions are imposed. For example, (f5) and (fs) are
suitable conditions to ensure that the corresponding functional satis-
fies the compactness condition. One can find more such conditions and
related results in [3, 11, 12, 31], etc.

Remark 4. Our results extend the related results in [12] to the higher-
dimensional case. In fact, in the case of N = 1, (f3) reads as

(f3) lim f(z)/z =00, lim f(2)/2 =00

where o and «a, are real numbers. And

1 T —1
—za M 5T Ay,
Dj(aoo)=< e a1 Y
4dnx4n.

T
— 51 A —jaooM

By the definitions in [12], for any two real numbers «, 3, it is easy to
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get

U(a, B) =ia) —i(B)

Y(B,a) =i(B) —i(a)
Yla,a) = —v(a); ¢¥O(a)=v(a).

So, by Theorem 1.1, Corollary 1.2 and Remark 2, we have:

v(B) ifa>g;
v(a) if a < f;

Corollary 1.5. In the case of N = 1, suppose that f satisfies (f1),
(f2), (f3) and

(f1) forany j € N, Dj(aso) is invertible.

If ap > o, then (1.8) possesses at least (o, oo) = G0 — oo
nonconstant 2(2n + 1)-periodic solutions with z(t — (2n+ 1)) = —z(t).
If ap < o, then (1.8) possesses at least (oo, ) = too — ig — Vg
geometrically different nonconstant 2(2n + 1)-periodic solutions with
z(t— (2n+1)) = —=z(t).

Hence, the conclusion of Corollary 1.5 is just the same as that of
Theorem 1.2 (i) with no, = 0 in [12]. The other cases can be discussed
similarly, and we do not repeat them here. One can also compare
our results with the main results in [19], where by using a completely
different approach, they obtained a better result than Corollary 1.5
under more restrictive assumptions on f, that is, f is an orientation
preserving homeomorphism from R to R.

2. Reduction of the existence problem. In this section, we will
reduce the existence of periodic solutions of (1.8) with period 2(2n+ 1)
satisfying z(t — (2n + 1)) = —z(t) to the existence of critical points of
an associated functional defined on a Hilbert space.

Suppose that z(t) is a 2(2n + 1)-periodic solution of (1.8) with
2(t—(2n+1)) = —z(t). Let y1(t) = 2(1), y2(1) = 2(t = 1),..., y2n(t) =
z(t —2n+ 1), yont1(t) = 2(t — 2n). Clearly,

(21) 51(t) = —yansr(t = 1), 92() =yt — 1), ys(t) = y2(t = 1),...,
Yan+1(t) = yon(t — 1).
Then (1.8) is reduced to the following generalized Hamiltonian systems

(2.2) yr(t) = ATV (y* (1),
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where y = ( 17y27"'7y2n+1)T7 W*(y17y27"'7y2n+1) = F(yl) +
F(y2) + -+ + F(y2nt1),
o -1 -1 --- —-I —-I
I o -1 --- —I -—-I
a0
I I I - 0 -I
1 1 r .1 0 (2n+1)N x (2n+1)N,

where VF = f. It follows that y* is a 2(2n + 1)-periodic solution of
(2.2) satisfying (2.1).

Conversely, assume that y* = (y1,¥2,...,%2ns1)’ is a 2(2n + 1)-
periodic solution of (2.2) satisfying (2.1). Note that (2.1) implies that

(2.3) yi(t) =yt —i+1), i=2,3,...,2n+ 1
Hence, by the first equation of (2.2), we have

yi(t) = —fly(t = 1)) = flya(t = 2)) = -+ = f(y(t = 2n)),
and by (2.3) and (2.1),
pit—2n+1)=pnlt-2n-1)=p((t-1)-2n+1)+1)
=yan41(t — 1) = =y (1)
It follows that z(t) = y1(t) is a 2(2n + 1)-periodic solution of (1.8) with
zZ(t—(2n+1)) = —z(t).

Thus, we have

Lemma 2.1. There is a one-to-one correspondence between 2(2n +
1)-periodic solutions of (2.2) satisfying (2.1) and 2(2n + 1)-periodic
solutions of (1.8) with z(t — (2n+ 1)) = —2z(t).

For the generalized Hamiltonian systems (2.2), there is an invariant
function

n
Cy") = Clyr, vz, Yont1) = Y1 + D (Yoir1 — Y2i)-
=1

C(y) is called a Casimir function [25, 29] of (2.2). The level set
defined by C(y) = c is called a symplectic leaf. According to the
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theory of generalized Hamiltonian systems, (2.2) can be reduced to
a 2n-dimensional Hamiltonian system on the symplectic leaf y; +
S (Y2i41 — y2i) = ¢ In fact, by choosing ¢ = 0, the symplectic

leaf is given by

Yon+1 = Z(ym - y2i71)7

=1

and on this leaf we have

(24) W(y) =W (y1,v2,---,Y2n)

= Fln) o Pl + o Flm) + (Y= i),

i=1
and
(2.5) y(t) = AVW (y),
where
o -1 -1 --- —I —I
I o -1 --- —-I -I
A= o
I I I 0o -7
I I I I 0 2nN x2nN.
Now, let
I -1 I I -1
I 0 0 0 0
0 I 0 0 0
= 0 0 I 0 0
0 0 0 o I 0 2nN x2nN.

Then we claim that, if y = (y1,¥2,...,¥2n)7 is a solution of (2.5)
satisfying y(t) = Ty(t — 1), then (y1,y2,...,Y2nr1)" With yo,1 =
S (y2i — y2i—1) is a solution of (2.5) satisfying (2.1). In fact, it
is easy to check that any solution of (2.5) must satisfy (2.5) with
Yon+1 = Doey (Y2i—y2i—1). And y(t) = Ty(t—1) implies (2.1) obviously
hold except for the final equality. However, if y(t) = Ty(t — 1) holds,
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then we have
Yonii(t) = z": (yzz‘(t) - y2i—1(t))

i=1

= () =)+ Y (2lt) ~ y2ia (1)

= pnt-1)—-un®)+

v

I|
S

(yZi(t) — Y2i-1 (t))

(2

n—1

= (yQi(t —1) = y2i41(t — 1))

i=1

+yon(t — 1) + z”: (yzi(t) - y2i—1(t))

n—1

— Z (y2i+1(t) — y2i+2(t)>

i=1
e = 1)+ 3 (121(0) — i1 (1)
= an(t - ]-)

Hence, the claim holds. Thus, so far, we only need to focus on
the existence and multiplicity of periodic solutions of (2.5) satisfying

y(t) =Ty(t —1).

Let
2n+1 s
r= , §= t.
T 2n+1
Then (2.5) transforms to
(2.6) &(t) = rAVW (z(t)).

We will seek 27 periodic solutions of (2.6) with z(t) = Tz(t — 3,757),
which of course correspond to 2(2n + 1) periodic solutions of (2.6) with
y(t) =Tyt —1).

The Hilbert space H = H'/2(S* R?"V) for (2.6) is the space of 27-
periodic vector-valued functions with dimensions 2n/V, which possesses
square integrable derivative of order 1/2.
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Similar to the treatment in [3, 4], we can introduce this space as
follows. Let C>°(S!,R2"Y) be the space of 2m-periodic C>° vector-
valued functions with dimension 2nN. For any x € C°°(S1, R?"V) it
has the following Fourier expansion in the sense that it is convergent
in the space L?(S!, R?*"N),

+OO ..
(2.7) a(t)= Y a;et,

j=—c0

where a; € C2nN j € Z and a_; =aj.

H'Y?(S', R*N) is the closure of C°(S*, R*™V) with respect to the
Hilbert norm

400 1/2
Jall = [2w|ao|2+4ﬂ2jlaj|ﬂ |
j=1

where | - | denotes the classical norm in C?™V.

H'/2(S* R*™N) can also be obtained by interpolation from the
Sobolev space H'(S',R*"VN) and L%(S',R*"¥). More specifically,
for any x € L2?(SY,R?"V), if x has a Fourier expansion with the
convergence in the space L%(S', R?"N), then x has a representation
as in (2.7). Thus, x € H'/2(S*, R?"N) if and only if z € L?(S*, R*"Y),

and
+oo

27|aol? + 47r2j|aj|2 < 4o00.
j=1

For any x1,z, € HY?(S',R?>"V), they have Fourier expansions as
follows:

+oo —+oo
n(t)= Y e, apt)= Y bl

j=—o0 j=—o0

where a;,b; € C*"N a_; =a; and b_; = b; for any j € Z. Then ||z1]|
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and (x1,z2) can be explicitly expressed by

+o0o 1/2
@] = [27rao|2 +4W2j|aj|2] ,

Jj=1
+oo

(w1, w2) = 2m(ag, bo) + 27 Y j {(aj, bj) + (a—;, b,j)},
j=1

where (-, -) and (-, -) denote the inner product in Hilbert space H'/2(S?,
R2"N) and C?"VV, respectively.

For our convenience, in the sequel, we denote by H the space
H1/2(51 R2nN).

Let o,y € L2(S',R*N). If

/0 (a(t), /() dt = — / "(yt), 2() dt

holds for every z € C®(S*, R?"V), then y is called a weak derivative
of x.

Now consider a functional J defined on H

2m
1
(2.8)  J(=)= / [2(A_1i(t),x(t)) - rW(x(t))] dt, VzeH,
0
where & denotes the weak derivative of & and the definition of a
nonsingular matrix A can be found in (2.6). It is easy to check that J
is well defined provided that f satisfies (f1)-(/f3)-

We define an operator Lo : H — H* as follows. For any x € H, Lox
is defined by

Lox(h) = /O%(A_lsb(t),h(t))dt, Vh € H,

where H* denotes the dual space of H. Since |Loz(h)| < C|z||||h|l
for some positive constant C, by the Riesz representation theorem, we
can identify H with H*. Then Loz can also be viewed as a function
belonging to H such that (Loz, h) = Loz(h) for any z,h € H and Ly
is a bounded, self-adjoint operator on H.
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Define

Qo(x) =71 7 W(z(t))dt, Yxe€ H.
0

Then J can be rewritten as

1
J(z) = §<LO$,h> — ®y(z), Vze€H.
By a standard argument as in [3, 4, 30], we have

Lemma 2.2. Letx = (21,%9,...,T2,)" withz; € RN, i=1,2,...,2n.
Assume that W € C*(R?>"N R), VW (z) = (f(x1), f(x2), ..., f(z2,))T
satisfies (f3). Then, the functional J is continuously differentiable on
H and J'(x) is defined by

(2.9)

(J’(x),h}z/o ' [(A-ls'g(t),h(t))—T(VW(x(t)),h(t)) dt, Vhe H.

And critical points of J in H are classic solutions of (2.6). Moreover,
O : H — H* is a compact mapping defined as follows:

2
(@) (2),h) = r /0 (VW (z(t)), h(t)) dt, Vh € H.

Here we still view ®((z) as an element of H for any x € H. As
usual, we shall identify the equivalence class z € H and its continuous
representative (see [27]).

X = {x € Hlx(t) :Tx<t— 2n”+ 1)}

Then X is a closed subspace of H.

Next, we set

For any x € X, let

“+o0
z(t) = Z aje’t,

j=—o00
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where a; = (a§.1),a§2),...7a§-2n))T, ag-l) e CVN, 1l =1,2,...,2n. By

z(t) = Tx(t — ﬁ), we have
~+00 “+oo
Z ajeijt — Z Tajeijtefﬂj/(2n+1)i.
j=—o0 j=—o00
Then
(2.10) Taj =™/ tig, v jeZ

It is clear that e™/(7*+1i must be an eigenvalue of T' and aj is a

corresponding eigenvector with respect to e™/(2n+1)i,

Note that T is similar to
diag {T",T",...,T'},
—_——
N

where T" is a 2n X 2n matrix given by

1 -1 - 1 -1
1 o --- 0 0
0 T -0 0
0 0 1 0

And, by [12],
det (T" — Alap) = A" = A2 h s A+ 1,
Hence,
det (T — Mopn) = (A" = A1 4o x4 DY,
So, the eigenvalues of T are
A=t @-D/@nil)i 51 9 n,
and each eigenvalue has multiplicity N.
Note that the eigenvalues of T can also be given by
A== Dm/Cni)i i 9 941, jE<n+ 1

So, in (2.10), j must be an odd number. Let \; = 2=/ CGn+1)i A
direct computation shows that x € X if and only if z has a Fourier
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expansion
+oo

.’E(t) _ Z ajei(2j71)t,
j=—00,j¢I

where I' = {2n+ 1Dk +n+1:keZ}, a; = (agl),a§2)7 . 7afn))T,

o\t = A?”fla

¢ (2n). a§-2) _ )\?n,gags) Q2= _ )\jag-%)

j G 4 5

where a§2n) is an arbitrary vector in CV, and, for any j > 0, a_; =

aj+1- Here we use the notation Aj = A; 104 (2n41)- S0, it is easy to see
that a; € span{u1,us,...,un} withy; = {A?”flcl, A?”ﬂcl, Ao el
1=1,2,...,N where {c,ca,...,cn} forms a canonical basis of CV.

Remark 5. For x € H, define

Sx(t) = T:c(t T )

o1

Then we have 62" tla(t) = —a(t — (2n + 1)), 62+ Dx(t) = x(t), and
G = {6,6%,...,8%"*tD} is a compact group action over H. Let J be
given in (2.8) and J|x be the restriction of J on X. By (2.4) and direct
computation, we have J(dx) = J(x), i.e., J is G-invariant. However,

VW (Tz) # TYW(2), TA™'# AT

which means that J’ is not G-equivariant, and critical points of J|x
over X may not be critical points of J over H. Hence, we cannot
apply the same idea as in the case of odd number delays to get the
critical points of J on X in [17]. However, critical points of J in
X are indeed nonconstant classic 2(2n + 1)-periodic solutions of (2.6)
satisfying (2.1), and hence they give solutions of (1.8) with the property
2(t — (2n+ 1)) = —z(t). Therefore, we will seek critical points of J in
X in the following section.

3. Proofs of main results. In this section, first we discuss the
direct decomposition of the subspace X and study the behavior of J
over this subspace. Then, we use Galerkin approximation method and
the St index theory to obtain critical points of J in X.
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By (f3) and (2.4), one can verify that
(3.1) VW (z) = AscMz +0(|z]) as |z| — oo,
(3.2) VW (z) = AoMz + o(|z]) as |z] — 0,
where Ag is a 2nN x 2nN symmetric matrix defined by
Ao = diag { Ao, Ao, - -+ , Ao},
T
and the definitions of M and A, can be found in (1.11) and (1.12).

Denote
1
Ga(x)=W(z)— §(A00Mx,sc)
and
27
Pa (x)=r [ Ga,(z(t))dt,
0
1
Gay(2) = W(z) - 5(RoMa,2)
and

2m

Pay(x) =71 ; Ga, (z(t)) dt.

Let La_ and La, be two bounded linear operators defined by the
following forms:

27
(La_z,h) = / (A*lfg(t) A Mz (t), h(t)) dt,
0
for all z,h € X,

27
(Layz,h) = / (A7) — roMax(t), h(t)) dr,
0
for all z,h € X.

Then J can be reformulated by

J(z) = %<LAmx,x> — B ()
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J(x) = %<LAO.’L',LL‘> — Dy, ().

Set
L% (5", R>™Y) = {x € L3(S", R*")[a(t)

= Tx<t - 2n7:— 1) a.e. fort € [0,271']}

and
27
Hy (S, R*™V) = {x € Lg((Sl,RQ”N)’/ [2%(t) + &%(t)] dt < oo}.
0

Note that H% (S, R?"") can be viewed as a subspace of L% (S, R?>"V)
e HY(SY, R™N) c X c L% (ST, R*™Y),
Now, we consider two differential operators
La, L4, Hy(SL,R™N) ¢ L4 (ST, R*™Y) — L% (ST, R*™Y)

which are defined by

(La_x)(t) = A7Yi(t) — rA o Ma(t), YV xc Hx(S*, R*N)
and

(La,x)(t) = A7Vi(t) — rAoMa(t), Y o€ Hy(S', R™V),

where & denotes the weak derivative of x.

For each x € H (S, R?"V), it has a Fourier expansion

+oo

z(t) = Z ;eI
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And, hence,
00 N
Sart) = 3 [i(25 - DA ey — rho May e Dt
j=—00,j¢T
+Oo . .
= Z {i(ijl)AflajfTAOOMaj]e’(zjfl)t
j=1,j¢I'
(3:3) [ i@ = DA e = A Ma i e R
Let

Laz(t) =va(t),
where v is a constant. Then, for any j € Z \ T', we have
i(2j — 1)A  aj — rAocMa; = va;.

Since T?"*! = —F (here and below E denotes the 2nN x 2nN identity
matrix) and

AM =T +T%* 4. +T*
=(E+T+T*+---+T" T
=(E-T)Y E-T")T=(E-T)"Y(E+T),
the eigenvalue p of AM and the eigenvalue A of T satisfy the relation
p=01=N" 1+
Thus, letting 5; = (2§ — 1)7/(2n + 1), we have
Bi

i =1cot —.
pj =icot 5
So all of the eigenvalues of AM can be enumerated by
1y :icot%, i=12....2n+1, j#£n+1

each with multiplicity N.
Since Ta; = X\jaj, AM = (E—-T)"Y(E+T) and M~ 'A~! =
(E+T)"Y(E—T), we have M~*A~'a; = p; 'a;, where
L1— 8,

Gl = =—itan7, j=12...2n+1j#n+1
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Thus,
Bi

M_lA_laj = —itan ?aj,

and

(34) i(2j — 1)A~ a; — rAMa;j = ((Qj —1)tan % - rAOO)Maj,

(3.5) —i(2j — DA ra_j11 —rAacMa_jiq
- ((Qj ~1)tan % - TAOO)Ma_j+1.
Hence,
{(2]’ — 1)tan% — rAOO} Maj =vaj, VjeZ\T,
which implies that v is an eigenvalue of operator £4_ if and only if v

is an eigenvalue of ((2j — 1) tan 3;/2 — rAs )M for some j € Z\ T

For the above reason, we consider for any j € Z \ T the following
eigenvalue problem

B;

(3.6) ((2]—1)tan 5 —rA )uz@u, ueRN.

Since A, is a symmetric matrix, all the eigenvalues and the cor-
responding eigenvectors of (2j — 1)tanj3;/2 — rA. are real. Let
0j1,0;2,...,0;n be eigenvalues of (2j — 1)tanf;/2 — rA, and let
Uj1,Uj2,...,u;n be the corresponding eigenvectors, which forms an
orthogonal basis of RV,

Now, we set

eﬁ) (t) = ei(2j—1)t€jk 4_8—1'(2]'—1):%]%7
eﬁ) (t) = ,L-[ei(Qj—l)tgjk _ e—i(2j—1)t§jk]’
where j e N\T, k=1,2,...,N and

I ()\2” 1uj ,)\2” Uy - - - 5 )\jujk,ujk)T.

It is easy to prove that

{ejk,Jk\jEN\Fk_12 N}
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forms a complete orthogonal basis of X.

For
Zjl = aeﬁ) (t) + beﬁ) (t)
= (g + )¢ D+ (agy, — ibE)e IV
with a,b € R, noting that Ao M = M A, by (3.3)-(3.5), we have
(La s 236) = 2| (i(2 = DA™ (a8 + ibe)
— Ao M (ajr + b)), & + ibE;)
+(=i(27 = DA™ (g, — iby,)
— oo M (0, — ibE 1), 0 . — ibE )|
- 27r[(((2j —1)tan % —rAs)
x M(a&jx + b€k ), a&jx + ibE;k)
(@~ D tan T )
X M(aEj5, — ibE 1), 0 s — b€ )|
=270y, ((M(aﬁjk + b€k ), a&jr + ibE;1)

+ (M (a5, — B 1), 0y — b 1) ).

Note that
ajy, + i, = al&ji + Ee) J; b(Ejk — k)
N ia(€;p — &ji) 2+ b(Ek + &) i
S0,

(M (a&jk + b5k ), aljn + ibEjx) + (M (akjy — ibEjy,), alyy, — ibE )
- % [(M(a(fjk +gjk) + Zb(fjk - Ejk))7a'(§jk +Ejk) + Zb(fjk — Ejk))

+ (M (ia(jy, — &k) + b(Eik + i) ialEjp, — Eik) + b(Ew + gjk))} :
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Since M is positive definite, there exists v > 0 such that
(Mu,u) > ~ul?, ¥VueR*™,
and hence,
(M (a&jr + ib&;r), alji + ib&;1) + (M (ajy, — ibEy.), aljy — ibEjy,)
> 2 (Ia(€n + &) + ib(En — Ee) | + lia(Eje — &x) + b(Eie + 1))
= o =g

Note that
o =min{|0;5/2(2j —1)| : j € N\ T,

k=1,2,...,N,0;; #0} > 0.

Let 6 = 0. Then we have

20'k’7

Q-J 1\|ij\\2

i

> ovllznll” = 8llziell?,  if 655 > 0;

(LA zjks Zjk) =

201y 2
57— 71zl
—ollzell® = =dllzikll?,  if Ojx < 0;

IA

(LasZik, Zjk)

IA

<LAoonkH ij> = 07 lf 9]](: = 0

Therefore, if we define

U+—Span{ek, ]k|9]k>OJEN\F k=1,2,...,N},

U_—span{ejk, Jk|9j;€<0j€N\F k=1,2,...,N},
Uo—spaun{ek7 ]k|9]k—0j€N\F k=1,2,...,N},
then
X=UtaU aU"

Similarly, we can study the operator L 4, and the eigenvalue problem

(05— 1 ra)umtu, R
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In this case, we can find another orthogonal basis of X of the form
(@9, eDj eN\T, k=1,2,...,N}

where
éﬁ)(t) _ ei(2j71)té\jk +e i(2j—1) té»

e (1) = i[ei @Iy — eI ]

jk>»

GENNT, k=1,2,...,N, & = (A", X" 2, ., N, Q)T

and U1, Uj2, ..., UjN, Wthh are eigenvectors of (25—1)tan(B;/2)—rAo
corresponding to the eigenvalues 031, 032, e HJ N, respectively, form an
orthogonal basis of RV.
Define
V+—span{ )|Jk>0 JEN\T, k=1,2,...,N},

V- :span{ , €§Z)|§k <0, jeN\T, k=1,2,...,N},
Vo :Span{’ﬁk),é(‘;’ﬂ k=0, 7€N\T, k=1,2,...,N},
then
X=VteV - aV°
In the following, we will use the Galerkin approximation method and

the S'-index theory to get critical points of J in X.
For m > 1, let

m

Hm = {I(t) = Z ajeijtv a; € CQnN’ a—j; = @}7
Jj=-—m,jgr

and P,, : H — H,, be the orthogonal projections from H to H,,. Then
{P,, : m =1,2,...} is a Galerkin approximation scheme with respect
to La,, and La,. By the above discussion, we have:
Lemma 3.1. For m large enough,
ker(PyLa. Pn) =ker(La_); ker(Py,La,Prm) = ker(La,);
dimker(La_ ) = Neo,

U° C ker(La_); VO C ker(La,).
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Lemma 3.2. Under the condition (f1) and either noo = 0 or (f5)—(fs),
we have

(i) J satisfies (PS). condition over H for any ¢ € R, i.e., every
sequence {z;} C H with J(z;) — ¢ and J'(z;) — 0 possesses a
convergent subsequence.

(ii) For m large enough, J,, satisfies (PS). condition over H,, for
any c € R.

(i) J satisfies the (PS)% condition over H for any ¢ € R, i.e.,
every sequence {z;} C H with z; € Hj;, Jj(z;)) — ¢ and
Ji(zj) — 0 possesses a convergent subsequence.

Proof. By (3.1), for sufficiently small ¢, there exists a constant
M, > 0 such that, for any x € R?"V,

VW (x) — AcoMz| < €|z| + M.

Thus, there must exist ¢y, cy > 0 such that

1
|[W () (AsoMz,z)| < §e|x|2 + Mi|z| < er]z]?® + co.

1
2

Hence, we have

(@ _(2)y) =7 / "(VW(2) - AocMa,y) dt,

and it is easy to show that @/, is compact and bounded (cf., [30,
Proposition B.37]). In view of Lemma 3.1, the proof is just the same
as the proof of Lemma 2.1 in [24] and Lemma 7.1 in [31]. O

Proof of Theorem 1.1. As we already mentioned above, critical points
of J|x over X may not be critical points of J over H. However, criti-
cal points of J in X are indeed nonconstant classic 2(2n + 1)-periodic
solutions of (2.6) satisfying (2.1), and hence they give solutions of (1.8)
with the property z(t — (2n + 1)) = —z(t). Therefore, we will seek
critical points of J in X and carry out the proof in several steps.

Step 1. (f5) and (fg) imply that:

(3.7) |[VW(x) — AsoMz| is bounded and

1
W(z) — §(AOOM$,$) — —o0 as |z| = oo.
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By Lemma 3.2, we know that J satisfies (PS). condition and (PS)*
for any c € R.

Recall that

J(z) = %(LAoox,:@ — Dy (2), J(z) = %(LAOx,@ — Dy, ().

Step 2. Suppose ¥(Ag, Ax) > 0 for sufficiently large m. Let
Ubt=U"NH,, Vo =V~ NHp,.

By (3.2) and similar discussion as in [17], for any € > 0, there exists a
constant C; > 0 such that

VW (z) — AgMz| < e|z| + Cy|z|>, V2 € R™Y,

and hence

(3.9) |W(x)—%(AoMx,x)\: /0 (VW (s2) — A Mz, ) ds

c
< Slal” + Sl

Then, for any = € V.., by (3.8), we have

J(z) = %(LAO%CE) —®a,(2)

1 2 1
<~ ol +7 / W(a(t)) — 5 (AoMa(t),x(0)| di
0
1 2 € Cl
< —= 2 — 24 )3
< —3 dllel +r/0 [SleP + e o)) a
1 re rC
< —3 Olell? + el + S Varlel,
1 re rC,C3
<~ el + Sl + "2 o
3
= 2[5 - = T vamal ],

where C5 is a positive constant determined by the Sobolev inequality
|z)lLs < Callz|| for any = € H. Take

S e
2r’ rCC3V2r

€ =
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Then, for any « € V, with |z|| = o,
(3.9) J(z) < ——60? == coo <0,

where o and ¢, are constants independent of m.

On the other hand, by (3.1), for any € > 0, there exists a constant
C3 > 0, such that for any 2z € R?"V,

IVW (z) — A Mz| < €|z| + Cs.
Thus,

1
(3.10) )W(x) - §(A00Mx,x)’ < g\x|2 + Cslal.

And, for any z € U}, by (3.10), we have
1

J(x) = §<LA°O.’I3,JZ> — Py (2)

> 2 bljell* - r/o [ W) - (A M), 2(0)] at

1
> 5(5 — 7“e)||:13||2 — rCs5V 27 ||x]|.

Choose € < §/r, then there exists a sufficiently large constant Cy > 0,
which is also independent of m, such that for any x € U},

(3.11) inf J(x) > —C4:= cp(< coo) > —00.
€U,

Step 3. Let ind denote the S'-index on X (cf., [27]). For j > 0 and
sufficiently large m, denote

¥;(m)={DC XNH,,:D is compact, invariant for S* and ind (D) >j}.

Denote

Cm.i = Inf  sup J,(u).
" DGE:‘(m)ueg m ()

Clearly, one has X,(m) C X;_1(m)(j > 2), and hence
(3.12) —00 < 1 < Cmo < - < oo,

For j > 1/2co dimxnp,, U + 1, by [27, Proposition 5.2], it is easy to
get
DNUY#0, VDeX;(m).
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Hence,
sup J,, > sup J,, > inf J,, >infJ,, > co,
D DU DU Ut

which implies that
1
(3.13) Cm,j > co, 1fj> €0 dimxng,, Ul + 1.

On the other hand, for j < 1/2dimV,,, by [27, Proposition 5.3], we
get

1
inddD = 5 dimV,,,
with D = {u € V,,,||u|| < r}. Since dD is compact, invariant for S*

and ind 0D > j, we have 0D € ¥;(m). Hence,
Cm,; <max Jpy < Coo.
oD
That is,
A _
(3.14) tm,j < o, ifj< idlme.
For simplicity, denote
1 . i 1. _
p=5c0 dimxn#,, U, q= idlme.
According to the results in [17], we have ¢ — p = (Ao, Aco)-
Now, (3.12)—(3.14) implies that

Co < Cm,p+1 < Cm,p+2 <. < Cm,q < Coo-

Since ¢y and ¢y are independent of m, passing to a subsequence if
necessary, we have

(3.15) €0 < Coopt1 L Coopt2 o L oo, S Coo S M — 0O,

Hence, each coo j(p +1 < j < q) is a critical value of J. If all of the
Cso,; are distinct, the proof is complete.

If coo,j = Coop = ¢ for some p +1 < j < k < g, then, just following
the proof of [12], we have

ind(K,NX)>k—j+1>2,
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where K, = {x € H | J'(z) =0, J(z) = ¢}. Combining this with (3.15)
yields that J has at least ¢ — p different S'-orbits in X. This completes
the proof. |

Proof of Corollary 1.2. In the case of ¥(Ax, Ag) > 0, we study the
functional —J instead of J. Let

Uh=Un=U NHp  Vyp=Vi=V'NH,

One can prove Corollary 1.2 by simply repeating the proof of Theo-
rem 1.1 with U, and V,, replaced by U; and V.. g

Proof of Theorem 1.3. If ny # 0, for sufficiently large m, let
Ur=uteu”nH,, V- =V~ NH,,.

According to the results in [17], we have ¢ — p = ¥(Ag, Axo) +
w(O)( Aso).

At the same time, by (3.7), W(z) — 3(AscMw,z) is bounded from
above. Namely, there exists a constant C5 > 0, such that for any
= RQnN’

(3.16) W(x) (Ao Mz, ) < Cs.

1

2
For x = 24 4+ x¢ € U}, by (3.7) and (3.16), there exists a constant Cg
such that

1 1
J(@) 2 ol |® = Pan (@ +w0) 2 Sollag|* = Collwy || - Cs,

which implies that (3.11) still holds in this case. The rest of the proof is
very similar to that of Theorem 1.1, which will be omitted. The proof
is finished. |
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