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1 Introduction

In this paper, we study the second order Josephson-type differential systems

i(t) + Au(t) — VE(t, u(t)) = h(t), ae.tel0,T),
u(0) — u(T) = ir(0) — iT) = 0,

(1.1)

where A is an (N x N)-symmetric matrix, 4(t) € L}([0, T; RN), T > 0, VF(¢,x) denotes its
gradient with respect to the second variable, that is,

VF(t,x) = V,F(t,x) = (0F/0x1,...,0F/0xxn), x(t) = (%1(2),..., 28 (0),

and F: [0, T] x RN — R satisfies the following assumptions:

(H1) F(t,x) is measurable in ¢ for each x € RN and continuously differentiable in x for a.e.
t € [0, T], and there exist a € CR*,R*), b € L1([0, T];R*) such that

’F(t,x)’ < a(|x|)b(t), ‘VF(t,x)’ < u(|x|)b(t)

for all x € RN and a.e. ¢t € [0, T].

(H2) dimN(A) = m > 1and matrix A has no eigenvalue of the form k>v? (k € N/{0}), where
v=2r/T.

(H3) There exist linearly independent vectors e; € RN (1 <j < m) such that

N(A) = span{ey, ey, ..., e}
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and

T
f (h(2),e)) dt = 0.
0

This problem (1.1) occurs in various branches of mathematical physics, for example,
when A = N2D? and -V F(¢t, u(t)) = f(u(t)) = (a1 sinuy, ..., ay sin uy), problem (1.1) reduces
to the nonlinear systems of the form

i(t) + N°D*u(t) + f(u(t)) = h(t), a.e.te[0,T],
u(0) — u(T) = (0) — i(T) = 0,

(1.2)

where D is an (N x N)-symmetric matrix. This type of problem can be applied to describe
the motion of forced linearly coupled pendulums.

During the past two decades, the existence of periodic solutions for second order differ-
ential systems have been studied extensively, and many solvability conditions have been
obtained via variational methods and critical point theory. In this direction we mention
the papers [1-15], and we refer the reader to [16—19] for a broad introduction to varia-
tional methods and critical point theory. It might be also interesting to study the above
mentioned abstract equations with more general potentials, see the paper [20].

In the classical monograph [6], Mawhin and Willem proved that problem (1.1) has at
least one solution by using the saddle point theorem under the following bounded condi-
tion: there exists g € L([0, T];R*) such that

()] + |VE@, )] < g (13)
for all x € RN and a.e. £ € [0, T]. They obtained the following result.

Theorem A ([6]) Suppose that F satisfies (H1)-(H3), (1.3) and

(H4) there exists T; > 0 such that
Ft,x+ Tjej) =F(t,x), 1<j<m,

forallx e RN and a.e. t € [0, T]. Then Eq. (1.1) has at least one solution in Hy., where
the Sobolev space HY. is defined by

Hy = {u:[0,T] — RN | u is absolutely continuous,

u(0) = u(T) and ir € L*([0, T; RN) }

and HY. is a Hilbert space with the norm

T ) T ) 3
||u||:<f Ji(2)| dt+f lu(2)| dt) . uweH.
0 0

When the nonlinearity VF(t,x) is sublinear, that is, there exist f,g € L}([0, T];R*) and
o € [0,1) such that

|VE(tx)| <f(@®)lx]* +g(0) (1.4)
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forallx € RN anda.e. t € [0, T], Tang [12, 13] researched the existence of periodic solutions
for system (1.1) in the case A = 0.

Subsequently, Feng and Han [3] generalized Theorem A to the sublinear case, and they
assume that the following assumptions hold:

(H5) There exist T; > 0,1 < r < m such that
F(t,x+T/ej):F(t,x), lf]frr

forallx e RN and a.e. t € [0, T].

T
(H6) limj—o0 o Fewdr —00,as x € N(A) & span{ey, ey,...,e}.

ll] 2

Theorem B ([3]) Suppose that F satisfies (H1)-(H3), (H5)-(H6) and (1.4). Then Eq. (1.1)
has at least r + 1 distinct solutions in H..

In [15], the author obtained the following result.

Theorem C ([15]) Suppose that F satisfies (H1)-(H3), (H5), (1.4) and the following gener-
alized Ahmad-Lazer-Paul type coercive conditions:

. T F(tx)dt
(H7) limjy— o o T2

stant. Then Eq. (1.1) has at least r + 1 distinct solutions in Hr..

<—L,asx € N(A) © span{ey, e, ..., e}, where L is a positive con-

In this paper, we use a more general control function instead of |x|* in (1.4). By using the
generalized saddle point theorem due to Liu [5], we can prove the existence of multiple
periodic solutions for the second order Josephson-type differential systems for a new and
large range of the nonlinear term.

2 Preliminaries
In [6], Mawhin and Willem established a variational structure which enables us to reduce
the existence of solutions for problem (1.1) to the existence of critical points of the fol-

lowing energy functional. Define the energy functional associated with problem (1.1) on
Hy

1T, 1 (7 T
o(u) = 5/0 |in(t)| dt_i/o (Au(?), u(t)) dt+/0 F(t,u(t))dt

T
+ /0 (h(2), u(2)) dt.

It follows from assumption (H1) that the functional ¢ is continuously differentiable. More-

over, one has
T T r
()= [ e de- [ (auo e des [ (9F(@ ) o) a
0 0 0
T
o [ ruen e, vivers.
0

Then the solutions of problem (1.1) correspond to the critical points of ¢ (see [6]).
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Let

T 2
q(u) = /0 [|it(t)| - (Au(t),u(t))] dt.

Therefore, we can see that

T
q(w) = |lul* - / ((A +Du(?), M(t)) dt
0
= (([—I()u, u>,

where I denotes the identity operator on H} and K : H}. — H% is the linear self-adjoint
operator defined, using Riesz representation theorem, by

T
/0 ((A + Du(t), V(t)) dt = (Ku,v), Vu,ve H%w.

It is easy to see that K is compact. By classical spectral theory, we can decompose H}. into
the orthogonal sum of invariant subspaces for I — K

H.=H ©@H'®H",
where H° = Ker(I — K) = N(A) and dim H~ < +oo, for some § > 0, we have

q(u) < -8llul®>, YueH, 2.1)

q(u) > 8|lull>, YueH"'. (2.2)

Lemma 2.1 ([6]) There is a continuous embedding H:. — C([0, T],RN), and the embed-
ding is compact. Then there exists Cy > 0 such that

letlloo = O?ng|u(t)| < Collull, YueH;. (2.3)
Define
Yo = span{ey, es,...,¢e}, Y1 = N(A) © Yy = span{e,1,€r42,..-5€m}s
then
u(t) =u () + u ) + Pu’ + Qu°,

where u™ € H™,u* € H*, Pu® € Yy and Qu® = 377, ¢je;. Let

G= {Xr:kiTiei

i=1

k,«eZ,lgigr}

be a discrete subgroup of H., where Z is the set of all integers, and let 7 : Hy. — H%/G be
the canonical surjection. Let

HLIG=XxV=(W®Z)xV,
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where W =H*,Z=H @ Y;, V = Yy/G, then dimZ < +00, dim V < +00, and V is isomor-

phic to the torus 7”. The element in V' can be represented as
r
Qilo = Z ?:jej,
j=1
where ¢; = ¢; — kT, 0 < ¢ < T. Let

a(t) =u (t) + u* () + Pu® + Qil°.

By (H3) and (H5), we have

F(tu(t) = F<t, )+ kﬂ’,e,») = F(t,0(t)),

i=1
r

VE(tu(t)) = VF(t, () + ZkiTie,) = VE(t, 1)),

i=1

and

T T r T
fo (h(t), u(t)) dt = /0 (h(t),it(t)+2kiT,»e,') dt = fo (h(t), iu(2)) dt.

i=1

Thus, ¢(u) = o(&), ¢'(u) = ¢'(&t). Define ¥ : X x V = R: (7 (1)) = ¢(u), then ¢ is well

defined. Moreover, ¥ is continuously differentiable and
V(@) =y (@), ¥ (rw) =y (@)

Definition 2.1 ([6]) Suppose that ¥ satisfies the (PS) condition, that is, every sequence
{x,} of X x V such that ¥ {x,} is bounded and v¥'{x,} — 0 as n — 0o possesses a conver-

gent subsequence.

Lemma 2.2 (The generalized saddle point theorem [5]) Let X be a Banach space with a
decomposition X = Z + W, where Z and W are two subspaces of X with dimZ < +00. Let
V be a finite-dimensional, compact C*-manifold without boundary. Let 1 : X x V — R
be a C'-function satisfying the (PS) condition. Suppose that there exist constants p > 0 and
y < B such that

@ g, vz

(b)  sup ¥(x) <y,

xeSxV

where S = 0D, D = {z € Z | |z| < p}. Then the functional \ has at least cuplength(V) + 1

critical points.
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3 Main results

Here are our main results.

Theorem 3.1 Suppose that assumptions (H1)-(H3), (H5) hold and there exist constants
M;>0,i=0,1,2, and a nonnegative function w € C([0,00), [0, 00)) with the properties:

wl) w(s) <w(t),Vs<t,stel0,00);

w2) w(s+t) < My(w(s) + w(t)), Vs, t € [0,00);
w3) 0 <w(s) <Ms+M,,Vs,t€[0,00);

w4) w(s) = +00 as s — +00.

(
(
(
(

Moreover, there exist constant a >3 and f,g € L'([0, T];R*) with

T 8
such that
|VE(t,x)| <f(Ow(|x]) +g(®) (3.2)

forallx e RN and a.e. t € [0, T), and

T
limsupw< (15 ) /f(t)dt (3.3)

|x|— 00 w2(|x|) 2 2a- 1

as x € N(A) © span{ey, ey, ...,¢e,}. Then Eq. (1.1) has at least r + 1 distinct solutions in Hy..

Theorem 3.2 Suppose that assumptions (H1)-(H3), (H5), (3.1), (3.2) hold and

T
liminfw > (15 > / f(t)de

k=00 w?(|x|) 2 2a-— 1
as x € N(A) © span{ey, ey, ...,¢e,}. Then Eq. (1.1) has at least r + 1 distinct solutions in Hy..
By Theorems 3.1 and 3.2, it is easy to obtain the following corollary.
Corollary 3.1 Suppose that assumptions (H1)-(H3), (H5), (3.1), (3.2) hold and

T

F(t,x)dt
im M:+oo (or —00)
oo w?(|x])

as x € N(A) & span{ey, ey,...,e}. Then Eq. (1.1) has at least r + 1 distinct solutions in HlT.

Remark 3.1 (i) When A = 0, assumptions (wl)-(w4) and condition (3.2) were introduced
in [10]. Comparing with the results in [10], the periodicity and coercivity conditions in our
Theorem 3.1 are only in a part of variables of potentials, and we obtained multiplicity of

periodic solutions for problem (1.1).
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(ii) To show that our Theorem 3.1 is new, we give an example to illustrate our result. For
example, let 1 <7 < m1, x = (x1,%2,...,4x5)7 € RV, and

r N
2 1
F(t,x):(ET—t>1n2|:1+(r+1+ E sin2xj+§ E xf>:|

j=1 j=r+l
r 1 N
+ (T3 - t) ln|:1 + <r+ 1+ Zsinzxj b lez):|,
j=1 j=r+l

let w(|x|) = In[1 + (r + 1 + |x|>)]. Then F satisfies all the conditions of Theorem 3.1, but not
covered by the results of [1-15].

For example, let x = (x1,%,,...,4x)T € RN, w(]x|) = |»| and

F(t,x):(Z ><r+1+Zsm x,+—Zx>

j=r+1

r 1 N %
+(T3—t)<r+1+Zsin2x,+§ fo) ,

j=1 j=r+l

where 1 < r < m. Then F satisfies all the conditions of Theorem 3.2, but not covered by
the results of [1-15].

For the sake of convenience, we denote by C; (i =1,2,3,...,33) various positive con-
stants.

Proof of Theorem 3.1 First, we prove that y satisfies the (PS) condition. Let 7 : W;’p ®
;’p(t)/G be the canonical surjection. Define ¥ : X x V > R by ¥ (7 («)) = ¢(u). Assume

that (7 (u,)) is a (PS) sequence for ¥, that is, ¥ (7 (u,)) is bounded and ¥’'( (u,)) — O.
Then ¢(u,) is bounded and ¢'(u,) — 0.
We can get from (wl), (02), and (w3) that

o(|#®)|) = o(|u’ (©) + u () + Qi° + Pu’|)

o(|u! |+|u | +]Qa| + |Pul)

= Mo[o(|u'| + [u| +[Qi°]) + o(|Pu])]

= Mo[Mi(Ju'| + [u”| + [QA°[) + Mo] + Mooo(|Pus”])

= Mo ([u [ + 7] o) + MM | QE| + Moy

| /\

+ Moo (|Pu’]). (3.4)

By (2.3) and the boundedness of |Q#°|, we have

T
/ (VE(, ia(t)), u* (1)) dt’
0

T T
5/0 f(t)w(|£:(t)|)|u*(t)|dt+/0 g®)|u*(0)| dt
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T

< Moty [ odr(fu |, + || o]
0
T

ey [ fodioPe ||+ Gl
0
r 2
= M3 [ fae(fu |+ o )

T
+ MoCo fo £ deo(|Pu))|u* | + G| u”|

T -2 2
<o | f(t)dt(\}u+||2+7”” i)
0

(|Pu D + M. C ||M+||2
M1CO 1%0
+ My C, t)d
oCo / 1o -

+ Goflu’|
:M()Mlcg/ f(t) dt(z”u"‘ ||2 + 1“1/{_ ”2)

by / FO)de?(|Pu]) + Ca |- (3.5)

From (H3) and (2.3), we obtain that

T
| /0 (h(2),u* (t)) dt

T
<[l [ o ae
0
T
< Cofu’| / (o) dt. (3.6)
0
It follows from (2.2), (3.5), and (3.6) that

2] = (¢ @), 263)
= (w/(ﬁn%bf;)

T T
- f izt ()| dt - / (Auy(8), 3 (2)) dt
0 0
T T
+/ (VF(t,itn(t)),u;(t))dHf (h(2), u;(t)) dt
0 0
T
> (3 ~2mo 3 [t dt> Pk
0
T
MM / F@deu;|

_l"ﬁ/ F(0) da?(|Pul)]) + G| (3.7)

for large n. So we have

1 (T L2, X))
sty [ s "+ el

T
= (=20 [ o) - il
0
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T
_ [5 ~@ Mo [ 5 dt} Pk
0
T 2
+ aMoM; C2 f F@de|uz ] - Calu|
0

T
= a3 [0 del |+ s
0

where Cs = minye(o, o) {[8 — (2 + @)MoM, C2 [ £(2) dt]s® - Cas).
From (3.1), one has that (2 + a)MoM; C? fOTf(t) dt < 8, then Cs5 < 0. Hence

1 _ @?*(|Pul])
i < 5z (1ol + S ) + o

In a similar way, we have

2 1 ( 2 wz(IPu2|)>
U < —| lu + + C.
el = 5, (1l + e ) + €

Combining the above two inequalities, one has that

1 B @*(|Pu®))
i < 5zl + Sl )+ o

1 /1 2(lPul))  C
P+ =(=+1 a)(|2 §|)+—7+C6.
2a \ 2a M;Cy 2a

1
54—az||142

Consequently,

1 2(|Pu®
> < (P o (3.8)

+ —_—
11 = 521 e

Using similar arguments, we can prove that

1 &*(Pud))

A Rvire:

+ Co. (3.9)
By (3.5), (3.6), (3.7), (3.8), and (3.9), we have

T T
f izt ()| dt - f (Au(8), s (2)) dt
0 0
T
< |l - / (VE(t, ita(6)), 1 (0)) dit
0

T
- /0 (h(2), u; (t)) dt

2
+—|u,
2

+
un n

)

1M, [T )
+3a | FOd (P + ol

T
SMoMlC%/ f(t)dt(Z
0
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5 1 N\M, (T o e 0

+ Cua)(|PM2|) + C12. (310)

In a similar way, we can obtain

T T
/ it ()| e - / (Aw, (0), 1 (£)) dt
0 0

5 1 N\M, (T o 1m0

+ Cizo(|Pul)|) + Cua. (3.11)

By (3.2) and (w1), one has

T T
[ Feaeya- [ F(t,Pug)dt‘
0 0

T 1
/ f (VE(t, Puy, + s(Qily + u)y + u,)), Qilyy + uyy + u;,) dsdt
o Jo

T pl
< [ [ roo(pa)+1Qi|« ] + i ) (1] ;| + o) st
0 0
T pl
e [ [ Q] + )+ e
0o Jo
From (3.4), (2.3), and the boundedness of |Q#°|, we have
T T
‘/ F(t, a(2)) dt—/ F(t,Pug)dt‘
0 0
T 2
< [ roantm Qi+ |u]. .+ 1)
0
T
[ @ demoan Qi + ], + i)
0
T
[ rodnto(Pel) Qi)+ i+ ]
0
T
o sodr((Qis] + ]+ 1.
T 2
<Mt [ f0d(fu; ] + |y )
0

T
+MoCo [ @)deo(|Pu) (1 + |y )

+ Co([luy ] + a6 ]]) + Cseo(|Pey]) + Cos-

Hence, we have

T T
[ Feieya- [ F(t,Pug)dt‘
0 0

T
=G [ fodex(u; "+ i )
0
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T L— w2 (|Pud|) + M1 Col|uj ||
+MOC0/ f(t)dtMlCO
0 2
r *(|Puf)]) + My Co ||u;, |I>
+M0Co/ f@)dt Mlco 3
0

+ Co([us] + [ ]) + Cseo(|P]) + Cao

5 T
< oMol [ o + o, )
0

Mo r 2 (1.0
+M1/0 ft)dtw (|Pun|)

+ Co([luy ] + o)) + Cseo(|Pry]) + Cos-

By (3.8), (3.9), and (3.12), we have
T T
/ E(t, 1,(2)) dt—/ F(t,Pug)dt‘
0 0

5 My [T
< (24_1 +1>ﬁ‘1’/0 £(#) dtw?*(|Pul))

+ C20&)(|PM2|) + C21.

From (H3), (2.3), (3.8), and (3.9), one has

T T
| o) < [ o] a0

0

T
<G /0 (o) de(5| + ])

< C15(,()(|P1/l2 |) + Cie.
It follows from (3.10), (3.11), (3.13), and (3.14) that

(p(un) = (p(iin)

T T
:%[ /0 i (0)* de - /0 (Au,,(t),u;(t))dt]
T T
+%[ /o |ic; (o) d - /0 (Au,,(t),u;(t))dt]
T T
~ _ 0
+[ [ Eiwa- | F(t,Pun)dt]

T T
0 .
+ /o F(t,Pu,)dt + /0 (h(2), iu,(2)) dt

15 1 tPu)dt
5[(724_1 _) /f 2(1Pud))

+ C22a)(|Pu2|) + ng,

Page 11 of 14

(3.12)

(3.13)

(3.14)

b i Jor (Pt
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which implies |Pu0| is bounded. Otherwise, we assume |Pul| — 0o as n — 00. From (w4),
we obtain that

o(|Pul]) = +o0 asn— oo.
By (3.3), we conclude that
o(u,) —> —00 asun— 00,

this contradicts the boundedness of {¢(u,)}, so |Pu| is bounded. Combining (3.8) and
(3.9), we obtain that ||z} || and ||« | are bounded. Furthermore, |Q#°| is bounded, so {t,}
is bounded in H}.. Arguing then as in Proposition 4.1 in [6], {iL,} has a convergent subse-
quence. By m (i) = 7 (1), we conclude that y satisfies the (PS) condition.

Next, we only need to verify the linking conditions of the generalized saddle point the-
orem:

(a) For w(u) € W x V, u(t) = u*(t) + Qu®. By the proof of (3.12), we have

T T
/ F(t,u*(t)+Qu°)dt—f F(t,O)dt‘
0 0

]

T
< 2 MM G / F@Ode|u |+ Coau | + Cas.

Hence
V(@) =y (w(u* +Qu))
= (p(u+ + Quo)
Aot [ s
2 J, 2Jo ,

T T
+ 0 _
+ [/O F(t,u* () + Qu°) dt /0 F(t, 0)dt:|

T T
+ 0
+/0 (h(t),u (t) + Qu )dt+/0 F(t,0)dt

§ 5 T
> (5 ~Smomnci [ s dt) | = Coo || = Cor-
0
Note the boundedness of |Qu°| and (3.1), we obtain that v (7 (1)) — +o00 as ||u|| — —oo for
all 7 () € W x V, which implies that there exists § € R such that ¥ (7(x#)) > Bon W x V.
(b) In a way similar to the proof of (3.12), we have

T T
/ F(t,u"+Pu°+Qu°)dt—/ F(t,PuO)dt’
0 0

< MM f feydelu |+ 50 / £(0) dta?(|Pu])

+ ng ”l/l_ || + ngw(|Pu |) + C30.
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Consequently,

Y (mw(w) =y ((u + Pl + Quo))
=¢(u +Pu’ + Qu°)

1 T 9 1 T T
:—/ |ir™ | dt+—/ (Au,u‘)dt+/ F(t,Pu’) dt
2 0 2 0 0
T T
+[/ F(t,u—+Pu°+Qu°)dt—/ F(t,PuO)dt]
0 0
T
+/ (h(®),u” + Pu’ + Qu°) dt
0

1[ 8+5M0M1C0/ f(t)dt] | |* + Can]) |

F(tPu)
[ /ft)d e ]a)z(!Puo‘)

+ nga)(’PI/lOD + C33.

\}

From a > 3 and (3.1), one has that -8 + 5MoM; C? fOTf(t) dt <0.
By (3.3), we deduce that

F(t,Pu’)d
lim sup f wz((t|PuLZ’|; i <- / f(t)dt,

|Pu0|— o0
so we obtain that ¥ (7 (x)) — +00 as |u|| - —oo for all 7 (1) € Z x V, which implies that
there exists y < 8 such that ¥ (7 (#)) <y onZ x V.

The functional ¢ satisfies all the assumptions of Lemma 2.2, so it has at least
cuplength(V) +1 critical points, and since V is the torus 7", then cuplength(V) = r. Hence ¢
has at least r + 1 critical points. Therefore, problem (1.1) has at least r + 1 distinct solutions
in H}.. The proof of Theorem 3.1 is completed. O

Proof of Theorem 3.2 The proof of Theorem 3.2 is similar to the proof of Theorem 3.1, so
we omit the discussions here. O

Remark 3.2 Using the parallel arguments with little change as in the proofs of Theorems
3.1 and 3.2, the conclusions of Theorems 3.1 and 3.2 hold if we replace (w3) with

(@3) 0 <w(s) < Mys® + M,, Vs, t € [0,00), where 0 < a < 1.
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