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1. Introduction

In the last years many authors starting with Mawhin and Willem (see [3])
proved the existence of solutions for problem

iW(t) = VF(t,u(t)) a.e. t €[0,T],
—u(T) = u(0) —u(T) =0,

under suitable conditions on the potential F' (see [12]-[24]). Also in a series of
papers (see [4]-[6]) we have generalized some of these results for the case when
the potential F' is just locally Lipschitz in the second variable  not continuously
differentiable. Very recent (see [7] and [9]) we have considered the second order
Hamiltonian inclusions systems with p—Laplacian.

The aim of this paper is to show how the results obtained in [25] can be
generalized. More exactly our results represent the extensions to second-order
differential systems with (¢, p)-Laplacian. As far as we know this kind of systems
have been considered recently just in a few papers [2], [8] and [10].
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Consider the second order system

GRS (0) = TuEl )0
= 2 in (O 2in(t) =V Pt w1 (0, us(t)) ae. ¢ € 0,71,
i (0) — ur(T) = i 0) — in (T) =0,
uz(0) — 1a(T) = i2(0) — ix(T) = 0,
] x RN

where 1 < p,qg < oo, T >0, and F :[0,T] X
assumption (A):

(1)

x RN — R satisfy the following

e F is measurable in ¢ for each (z1,73) € RN x RY;
e F'is continuously differentiable in (x1,z2) for a.e. t € [0,T;
e there exist aj,as € C(R4,R;) and b € L'(0,T;R,) such that

|F(t7x17x2)|a |v11F(taxlax2)‘> |Vm2F(t,£L’1,£L'2)| < [a1(|1’1|) +a2(|m2|)]b(t)
for all (z1,72) € RN x RN and a.e. ¢t € [0,7].

Following Tang and Wu [23], we generalize subquadratic condition in Rabi-
nowitz’s sense, that is, there exist 0 < g < 7 = min(q, p), M > 0 such that

(V(mth)F(t,l’l,.’Ez), (xlaxQ)) S /,LF(t,.’I]h.’EQ) (2)

for all |(z1,22)] > M and a.e. t € [0,T]. We prove that under condition (2)
and some other suitable conditions, the corresponding energy functional also
satisfies (C') condition. Then we get some existence results for problem (1) by
the Saddle Point Theorem in critical point theory. The main results are the
following theorems.

Theorem 1. Suppose that F satisfies assumptions (A) and (2). Assume that
there exists g € L*(0,T) such that

F(ta$17$2) > g(t) (3>

for all (x1,72) € RY x RN, and that there exists a subset E of [0,T] with
meas(E) > 0, such that

F(t,x1,22) = 400 as |z| = v/]x1|? + |22]? = 0 (4)
for a.e. t € E. Then problem (1) has at least one solution in W = W%’q X W%’p.

Corollary 2. Suppose that F satisfies assumptions (A) and (2). Assume that

F(t,x1,22) = 400 as |z| = /|z1|? + |22|? = o0

uniformly for a.e. t € [0,T]. Then problem (1) has at least one solution in
W =Wyt x WP

Theorem 3. Suppose that F' satisfies assumptions (A), (2) and

T
/ F(t,x1,22) — 400 as |z| = v/|z1|? + |22]2 — oco. (5)
0
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Assume that F(t,-,-) is (8,v)-subconvex for a.e. t € [0,T] with 8 > 0,7 > 0,
that is,

F(taﬁ((l‘laxQ) + (yby?))) < ’Y(F(thl?xQ) + F(t7y17y2>) (6)
for all (x1,72), (y1,y2) € RY x RN, Then problem (1) has at least one solution
in W =Wyt x Wpr.

Remark 1. Theorems 1 and 8 generalizes Theorem 1 and 2 of Xu and Tang
[25]. In fact, it follows from our theorems by letting F (¢, x1,x2) = Fi(t, z1).

2. The proofs of the theorems

We introduce some functional spaces. Let T' > 0 be a positive number and
1 < ¢q,p < oo. We use |- | to denote the Euclidean norm in RY. We denote by
W%’p the Sobolev space of functions u € LP(0,T;RY) having a weak derivative
@ € LP(0, T;RY). The norm in W,” is defined by

lullyrr = (/OT (Ju(®)” + |u(t)\17)dt)%.

It follows from [3] that W%’p is a reflexive and uniformly convex Banach space.
From [1], we know that a locally uniformly convex Banach space X has the
Kadec-Klee property, that is, for any sequence {u,,} such that u,, — u weakly in
X and ||un|| — ||ull, we have u,, — u strongly in X. We will use this property
later.

Moreover, we use the space W defined by

_ 1,q 1,p
W =Wy x Wy

with the norm |[(u1,uz)|lw = [Juillyyre + [Juellyre. It is clear that W is a
T T

reflexive Banach space.
We recall that

4 :
ludly = ([ fu(olPat)” and ull = ma )]

t€[0,T]

For our aims it is necessary to recall some very well know results (for proof
and details see [3]).

Proposition 4. Each u € WP can be written as u(t) = @ + u(t) with

i = % /OT w(t)dt, /OT a(t)dt = 0.

We have the Sobolev’s inequality
a]loe < Clltllp, [[0]lec < Cllollq for each u e Wy, ve Wr,
and Wirtinger’s inequality

[allp < Clially, NIollq < Cliollg Jor each w € Wy, ve Wy,
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In [16] the authors have proved the following result (see Lemma 3.1) which
generalize a very well known result proved by Jean Mawhin and Michel Willem
(see Theorem 1.4 in [3]):

Lemma 5. Let L : [0,7T] x RN x RN x RN x RN — R, (t,21,22,y1,y2) —
L(t,z1,22,y1,y2) be measurable in t for each (x1,z2,y1,y2), and continuously
differentiable in (x1,22,y1,y2) for a.e. t € [0,T]. If there exist a; € C(Ry,Ry),
be LY 0, T;R,), and c; € LP(0,T;R,), co € LY(0,T;R ), 1 < p,q < oo, such
that for a.e. t € [0,T] and every (w1, z2,y1,y2) € RY x RN x RN x RN one has

|L(t, 1,22, y1,92)| < [a1(lz1]) + az(|z2])] [6(E) + |y2|? + [y2]?],
| Dy, L(t, w1, 22,91, y2)| < [ax(lz1]) + az(|22])] [b(t) + |y2[F],
|Da, L(t, 1, 22, y1, y2)| < (a1 (|21]) + aa(|22])] [b(2) + |y1]7],
|Dy, L(t, x1, w2, y1,92)| < [a1(|z1]) + aa(|z2])] [ex (t) + [92]7 1],
( )| < lar(z1]) + aa(|22])] |

Q
V)
—~

Dy, L(t,x1, 22,91, y2)| < |a1(|z1

az(|xs] )+ |yalP 7,

then the function @ : W1 4 W% — R defined by

T
QO(’U,l,UQ) /0 L(t,ul(t),UQ(t),’L.Ll(t),’l.LQ(t))dt

is continuously differentiable on W% x W%’p and

(' (u1,u2), (vi, v2)) / (Day L(t, un (£), ua(t), (), da(t)), v1(¢))

(
+ (Dy, L(t, u (1), ua(t), @y (t), wa(t)), 01 (t
+ (D, L(t, ua (t), u2(t), wi (1), 4a(t))
+ (Dy, L(t, ur (1), ua(t), i (t), 42(t)), 0

Corollary 6. Let L:[0,T] x RY x RN x RN x RN — R be defined by

)
)
)| d

1 1
L(tvxlmeayhyQ) = 5|y1|q + ];|y2|p —F(t75[71,1’2)

where F: [0, T] x RN x RY — R satisfy condition (A). If (u1,us) € W9 x WP
is a solution of the corresponding Euler equation ¢'(uy,us) =0, then (uy,us) is
a solution of (1).

Remark 2. The function ¢ : W — R given by

1 T 1 T T
¢(u1,u2):f/ |i¢1|th—|—7/ |u2|pdt—/ Pt ur, up)dt
qa.Jo P Jo 0

for all (uy,uz) € W, is weakly lower semi-continuous (w.l.s.c.) on W as the sum
of two convex continuous functions and of a weakly continuous one. Moreover,
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one has

T T
(¢ (u, uz), (01, v3)) = / (Jaa 92, 00 ) dt + / (JaalP~2d, 52) dt
0 0

T
—/ (V (uryug) F (81, u2), (v1,v2)) di
0

for all (uy,uz), (v1,v2) € W.
Lemma 7. ([25]) In Sobolev space W, for u € WpP, |lul| = oo if and only if
(lal? + [ [afpdt)"? = oo.

Lemma 8. Under conditions (A), (2), (3) and (4), the functional ¢ satisfies
condition (C), that is, {(u1n, u2n)} has a convergent subsequence in W whenever
O(Uin, Uap) 18 bounded and ||@’ (u1n, uzn)|| X (1 4 |[(w1n, u2n)||) = 0 as n — oo.

Proof. Let {(u1n,u2,)} be a sequence in W such that ¢(u1,,us,) is bounded
and ||¢' (u1n, uan)|| X (1 + |[(u1n,u2n)|]) — 0 as n — oco. Then there exists a
constant Cq such that

(w1, uzn)| < C1y (|6 (win, u2n)[[(1+ || (win, uzn)[|) < C1 (7)
for all n € N. Let

h(t) = (r + M)b(t) |(z1{£12a)}‘<SM [a1(|z1]) + az(]22])].

Then, by assumption (A) and (2), one has
—h(t) + (V(zy,o0) F(t, 21, 22), (21,72)) < pF(t, 21, 72) (8)
for all (z1,72) € RN x RN and a.e. ¢ € [0,7]. It follows that
(r+1C1 2 |l¢" (win, uza) | (1 + [[(u1n, uzn)|l) = ro(uin, uzn)

Z(‘pl(uln; u2n)7 (uln; u2n)) - T‘P(Ulm u2n)

T
> / [FE(t, 1 tzm) — (Vs o) F(ts iy i), (ti1n, )]
0

T T
>(r —u)/ F(t,ulmugn)dt—/ h(t)dt
0 0
for all n € N, which implies that
T
/ F(t, uin, uzy) < Ca 9)
0

for all n € N and some constant Cs. By (7) and (9), one has
T

1 [T 1
Cl Z QO(U;L,“ u?n) Z 7\/ |u1n|th + 7\/ |U2n|pdt — CQ
qJo P Jo
for all n € N. Hence we have

T T
/0 ‘U1n|th S Cg and /O' |U2n‘pdt S Cg (10)



44 Daniel Pagca and Chun-Lei Tang

for all n € N and some constant C3. By Sobolev’s inequality, we get

||ﬂ1nHoo < C'4 and ||a2n||00 < 04 (11)

for all n € N and some constant Cy.

We argue that the sequence {(@1,,us2,)} is bounded. Otherwise, there is
a subsequence, again denoted by {(@1n,d2n)}, such that [(G1,,d2,)| — oo as
n — 0o. Let

(ulnaUQn)
Vip,V2p) = ————————
Nl TP | %
_ (aln; ﬂZn) (ﬂll'ru ﬂ/2n)
[ (n, van)lw [ (w1n, u2n)|lw

= (771n7 52n) + (ﬁlna {)Zn)

Then, {(vin,v2,)} is bounded in W and by the compactness of the embedding
W =Wy x WP < C([0,T;RY) x C([0, T];RY), there is a subsequence, again
denoted by {(v1in,v2,)}, such that

(V1n,V2n) = (v1,v2)  weakly in W,

(V1n, V2n) = (v1,v2)  strongly in  C([0,T];RY) x C([0, T]; RY).

By (11), {(@i1n,i2,)} is bounded in C([0,T];RY) x C([0, T}; RY), so (v1,v2) €
RY x RN and (vy,vs) # (0,0). Thus |(u1,(t), usn(t))] — 0o as n — oo, for all
t € [0,T]. From (4) and Lebesgue-Fatou Lemma, we have

T T
lim inf F(t,u1n, ugy)dt > Uminf [ F(t,u1p, usn)dt — / lg(t)]|dt = 400,
0

which contradicts (9).

Then, by Lemma 7 {(u1n, u2,)} is bounded in W. By the compactness of the
embedding W,24( or Wi*) € C([0,T];RY), the sequence {u1,}( or {us,}) has
a subsequence, still denoted by {u1,}( or {uay}) , such that

Urn( OF Uzp) — uy( or ug)  weakly in Wy4( or WiP) (12)

Ui, — uy  strongly in C([0, T];RMY). (13)
Note that

T
(¢ (s tzn), (11 — trn, 0)) = / i |2 G, 1 — 1)t
0

T
- / (vl‘1F(tau1nau2n)7u1 - uln)dt —0
0
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as n — oo. From (13), {u1,} is bounded in C([0, T]; RY). Then we have

T T
/ (Vs F(Ey ttr, tizn), s — urn)dE| < / V0, F (s tion)] - Jur — twrnldt
0 0

T
< 05/ b(t)|U1 - uln\dt
0
< Os bl 1 flur = winloo

for some positive constant Cs, which combined with (13) implies that

T
/ (Vi F(t, uin, u2n), u1 — u1,)dt — 0 as n — oo.
0
Hence one has
T
/ 1|72 (1, Ty — i )dt — 0 as n — oo .
0
Moreover from (13) we obtain

T
/ |1 |2 (U1, ur — Uty )dt — 0 as n — 00 .
0

Set

1 T T 1 T T
w(uh UQ) = — / |U1|th + / |ﬂ1|th + - / |U2|pdt + / \u2|”dt .
q 0 0 P \Jo 0

Then one obtains

T
(W (win, uzn), (U1 — u1p,0)) :/ [u1n |72 (Uin, w1 — u1p)dt
0

+ /OT 10|72 (1, 1 — 1) dt
and
(' (urn, u2n), (U1 — U1n,0)) =0 asn — oo . (14)
By the Holder’s inequality, we have
0 < (fuan 7" = | (lwanll = luall) < (@' (uan, uzn) — ¢ (ur, u2), wip — wr)
which together with (14) yields ||u1,|| — ||u1]]. It follows that w1, — u; strongly

in W by the uniform convexity of W%, Similarly we have us,, — ug strongly
in W, Hence the (C') condition is satisfied. O

Proof of Theorem 1. Let W = /I/Iv/%’q X f/[v/%’p be the subspace of W given by
W = {(u1,uz) € W | (ti1,u2) = (0,0)}. Then W = W + RN x RN, For using
the Saddle Point Theorem(see [11] or [3]) we have only to prove that

(1) @(ur,us) = 400 as ||(u1,usz)|| — oo in W,

(02) p(ug,uz) — —o0 as ||(u1,uz)|| — co in RN x RN,
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For every |(z1,22)] > M and a.e. t € [0,T], let
y(s) = Flt,sor,sa2), QUs) = y/(s) = yls). (15)
Then by (2) we have
Q) = - [(Viar,en) Flt, 521, 522), (531, 522)) = pF(t, 521,522)] <0 (16)

for all s > M/|(z1,22)]. Tt follows from (15) that y(s) = F(t, sx1,s22) is a
solution of the first order linear ordinary differential equation

y'(s) = Ey(s) + Q(s)
which implies that
F(t,sxy,swe) = s (/ r *Q(r)dr + F(t, x4, x2))
1
for s > M/|(x1,z2)|. Moreover, by assumption (A) and (16), we have

)|)HF(t,xl,x2)

aob(t)2F<t, M, Mz, ) (|( M

(@1, 22)]" (21, 22)]

for all |(z1,22)] > M, a.e. t € [0,T] and some constant
ap = max‘(wlm)‘SM [a1(|a:1|) + a2(|$2|)}, which implies that

F(t,x1,x2) < a&(t)((%)“ i 1)

for all (z1,79) € RN x RY and a.e. ¢t € [0,7]. By Sobolev’s inequality and
Wirtinger’s inequality, we have

plun,un) 2 Sliall 4 1 sl — ao( ) (lalls + Juall2) [
g T pt TP M 0

Ty, T2

T

b(t)dt — ao / ! b(t)dt

1 _ 1 _
> 5 min(1,C~)|ju||%, + b min(1, C7)||uz[y,

~ao(35)" / ooy (s + uslly) — oo / e

for all (u1,us) € W, then we get (1) taking into account that pu < r = min(g, p).
By (3) and (4), we have for (z1,25) € RN x RN

T
(w1, 12) = —/ F(t,zq,29)dt
0

< [ Faodi- [ g
E [0,T\E

T
< —/ F(t,xl,xg)dt—l—/ lg(8)]dt = —oc
E 0

then we get (2). Now, from the Saddle Point Theorem it follows that Theorem
1 holds. o
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Proof of Theorem 3. First, we prove that the functional ¢ satisfies condition
(C). Let {(u1n,u2n)} be a sequence in W such that ¢(u1y, u2,) is bounded and
I’ (U1n, )] X (1 4 || (21n, u2s)||) = 0 as n — co. In a way similar to (9), (10)
and (11) in the proof of Lemma 8, we have

T
/ F(t, urn, upn)dt < Ca, itinlly < Cas lliiznlly < Ch,
0

||ﬂ1nHoo S 047 ||’[’/2n||oo S C47 (17)

for all n € N. Then we have

T T T
1
Co > / F(t, Uln, UQn)dt > ; / F(t, Bin, ﬁﬁgn)dt — / F(t, —Uln, —ﬁzn)dt
0 0 0

1

> 7/OTF(zt,ﬁuln,ﬁuzn)dzt— [a1(|z1]) + az(|z2))] /OTb(t)dt

for all n € N, which implies that {(@yn,u2,)} is bounded. From (17) we get
{(u1n,u2n)} is bounded. Like in the proof of Lemma 8 we can prove that
{(u1n,u2n)} have a convergent subsequence, so ¢ satisfies condition (C'). Also
(p1) holds for the same reasons like in the proof of Theorem 1, and (p2) fol-
lows directly from (5). Hence Theorem 3 holds using again the Saddle Point
Theorem. o

max
|z1|<2Cy,|z2|<2Cy
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