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ABSTRACT. This paper is concerned with the following elliptic system:
—Au+b(z)Vu + V(z)u = g(z,v),

{ —Av —b(z)Vu+ V(z)v = f(z,u),
for x € RN, where V, b and W are 1-periodic in x, and f(z,t), g(z,t) are
Superlinear. In this paper, we give a new technique to show the bound-
edness of Cerami sequences and establish the existence of ground state
solutions with mild assumptions on f and g.
Keywords: Hamiltonian elliptic system, superlinear, ground state solu-
tions, strongly indefinite functionals.
MSC(2010): 35J10; 35J20.

1. Introduction

In this paper, we study the following elliptic system

—Au~+b(x)Vu+ V(z)u = g(z,v),
(1.1) { —Av —b(z)Vo+ V(z)v = f(z,u),

r € RY, where V € C(RY,RN), b = (by,...,b,) € C(RN,RY) and f,g €

C(RY x R,R) are superlinear at infinity. It was called an unbounded Hamil-

tonian system [3], or an infinite-dimensional Hamiltonian system [4], which

can also be obtained from the diffusion system, see [10]. Such a system arises

when one is looking for stationary solutions to certain systems of diffusion

equtions [15,21] or systems of optimal control [17]. We make the following

assumptions:

(V) V(z) € C(RY,RY) is 1-periodic in each of x1,29,..., 2N, and a :=
mingy V' > 0;

(B) b(z) € C*RN,RY) is 1-periodic in each of x1,z2,..., 2y, and divh = 0;
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Ground state solutions for Hamiltonian elliptic systems 1132

(W1) f(z,t),g(x,t) € C(RYN x R) are 1-periodic in each of 21,29, ..., 7N,
tf(xz,t) >0, tg(z,t) > 0, and there exist constants p € (2,2*) and C > 0
such that

)| <C A+ 1P, gz ) <C @+,  ((z,t) eRY xR).

We assume F(z,t) fo f(x,s)ds and G(z,t) fo (x, s)ds.
(W2) |f(z,8)| + |g(=, t)| = o(|t|), as |t| — 0, uniformly in x € RY.

The existence of solutions of Hamiltonian elliptic systems has been a subject
of active research in recent years. For the case of a bounded domain the systems
like or similar to (1.1) were studied by a number of authors, however they all
focused on the case b =0, see [5,11,12,14] and the references therein.

Problems in the whole space R have been considered in various studies,
most of which focused on the case b = 0, see [1,2,5,9,13,19,20,26-28, 31-34].
Since the system (1.1) is of Hamiltonian type in R, we need to overcome
some difficulties. The main difficulty of this problem is the lack of compactness
for Sobolev embedding theorem. The usual way to overcome this difficulty
is to work on a radically symmetric function space that possesses compact
embedding. Using this approach, De Figueiredo and Yang [13] considered this
system when b = 0 and V = 1 and obtained a positive radially symmetric
solution that decays exponentially to 0 at infinity. Their results were later
generalized by Sirakov [20]. Later, Bartsch and De Figueiredo [5] proved that
the system admits infinitely many radial as well as non-radial solutions. By a
generalized linking theorem, Li and Yang [19] proved the system has a positive
ground state solution for V = 1 and an asymptotically quadratic nonlinearity.
Another usual way is avoiding the indefinite character of the original functional
by using the dual variational method, see for instance Avila and Yang [1,2] and
references therein.

Applying the critical point theory for strongly indefinite functionals devel-
oped by Bartsch and Ding, Zhao and coworkers [31,32] proved the existence
and multiplicity of solutions of (1.1) with asymptotically linear and superlin-
ear and periodic assumptions [27,33,34]. Using a suitable fractional power of
some self-adjoint operator on Sobolev space to define the energy functional, [33]
Zhao et al. proved the existence of a ground-state solution with the following
monotonous condition:

(Ne) t — f(‘xlt) and ¢ — g(lw" ) is strictly increasing on (—oo,0) U (0, 00).
Zhao and Ding [28] studied the asymptotically quadratic case for (1.1) with
periodic or non-periodic potential V(z). They first established a suitable vari-
ational framework and obtained the multiplicity of a solution for the non-
periodic case. Moreover, without the assumption that the nonlinearity is even
in z, they obtained infinitely many geometrically distinct solutions for the peri-
odic case using a reduction method. Yang et al. [26] considered the non-periodic
superquadratic case for (1.1) with b is a constant vector and V' = 1.
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0 -1 0 1
=( ) 0= ()
and let S = —A + V denote the Schréodinger operator. We denote Ay := SJy
and

Let

_ _ 0 A —b-VHV
A.A0+b-VJ(_A+b_V+V . >

Then (1.1) can be expressed as
Az =H.(z,2), z=(u,v) € H(RY, R?),

where and in the sequel H(z, 2) = F(x,u) + G(z,v), F(z,t) = fg
G(z,t) = fgg(azs)ds.

Recently, Zhang et. al. [30] studied problem (1.1) and obtained the existence
of ground state solution (V), (B), (W1), (W2) and the following assumptions:
(H1) H(w,z)|z|72 — oo as |z| — oo uniformly in z;

(H2) H(z,2) >0, and H(z,2) = L(H.(2,2),2) — H(z,2) > 0 for all z # 0,
where (-, ) denotes the Euclidean scalar product;

(H3) (H.(,z),w)(z,w) > 0 uniformly in = for all z,w € R

(H4) H(z,z) = H(z,w) and (H,(z, 2),w) < (H,(z, z), z) uniformly in z if
2| = fwl;

(H5) (H,(z,2),w) # (H.(z,w), z) uniformly in z if |z| # |w| and (z,w) # 0.

Motivated by these researches about Hamiltonian systems, we will continue
to study the existence of ground state solutions of problem (1.1). We replace
(H2)-(H5) with the following much weaker assumptions:

f(z,s)ds and

(W3)
F(x,t)+ G
im (2,7) + G(z, ) =00, a.e. ¢ € RY;
(ts)l o0 [E[2 4 [s?
(W4) there exists a 19 € (0,1) such that
1— ,,72 t 1— 772 t
tH@t)> [ faods, 5t t)> [ glosds, e 0.m]
2 nt 2 nt

Let E be the Hilbert space defined in Section 2. Under assumptions (V),
(B), (W1) and (W2), the following functional

(1.2) D(z) := /RN(%AZ -z — H(z,z))dz,

is well defined for all z € E, moreover ® € C*(E,R). Let
K :={z € E\{0},®'(z) =0}

Now, we are ready to state the main results of this paper:
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Theorem 1.1. Let (V), (B), (W1)-(W4) be satisfied. Then (1.1) has a non-
trivial z9 € E such that ®(zg) = infx® > K, where k is a positive constant.

Remark 1.2. Obviously (W3) is fine than (H1), and (W4) implies that H (z, z) >
0 for all (z,2) € RY x R? which is much better than (H2). We point out that
condition (W4) first introduced by Tang [24] is weaker than (Ne). In fact, if
the weak version of condition (Ne) is satisfied, that is,

(WN) t — f(lfl’t) and t — g(‘fit) is increasing on (—o0,0) U (0, 00).

Then, for any 2 € RY and t # 0, set
1
Mmziﬁﬁ@@—Fmﬁw

Tt is easy to check that (WN) implies that k(1) > h(0),V 6 > 0. Then
1—6°

¢
tf(x,t) > | fx,s)ds, VY 0>0, (z,t) e RN xR.

ot
The same inequality also holds for g(x,t). This shows that (W4) is weaker
than (WN).

Remark 1.3. It should be remarked that (W4) is also weaker that the classical
Ambrosetti-Rabinowitz condition, (AR) for short. Indeed, if the weaker version
of condition (AR) is satisfied, i.e.,

(WAR) there exists a u > 2 such that

0 < puF(z,t) <tf(z,t), 0<uG(z,t)<tg(z,t), (z,t)€RY xR,

Then one has
1—6?

(1) > itf(m,t) > Fla,t) > F(a,t) — F(z, 01),

1-62

tg(l‘,t) > %tg(l‘,t) 2 G(:]C,t) > G(zvt)iG(Ivet)a Ve [Ov [(N72)/N]%]a

which implies that (W4) holds. It is well known that (WN) and (WAR) are
complementary. However, the above facts show that they are stronger than
(W4). Consequently, (W4) unifies condition (WN), (WAR), and then (Ne)
and (AR).

Since the energy functional is strongly indefinite, the classical critical point
theory cannot be applied directly, so we will apply a generalized linking theorem
for strongly indefinite functionals. In this paper, we give a much more direct
and simpler approach to establish the existence of ground state solutions with
a new superquadratic condition. The rest of the paper is organized as follows.
In section 2, we provide a variational setting. In Section 3, we give the proofs
of our theorems.
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2. Variational setting
We denote by | - |, the usual LP-norm and (-, )2 the L? inner product.

Lemma 2.1. ( /28, Lemma 2.1, 2.3]) Suppose that (V) and (B) are satisfied.
Then the operator A is a self-adjoint operator on L?(RN R?) with domain
D(A) = H*(RY,R?), moreover A has only essential spectrum and o(A) C
R\ (—a,a) is symmetric with respect to the origin.

Lemma 2.1 implies that the space L? = L2?(R™ R?) has the orthogonal

decomposition
LP=L"®Lt, z=z2z"+2%, ztel*
such that A is negative (resp. positive) definite in L™ (resp. L*1). Let |A]
denote the absolute of A and |A|z be the square root of |A|. Let E = D(|A]2)
be the Hilbert space with the inner product
(2 w) = (|42, [ 4] w)s
and the norm ||z|| = (z,z)2. There is an induced decomposition
E=E @Et, Ef=EnNL?*,

that is orthogonal with respect to the inner products (-, )2 and (-, ).

Lemma 2.2. ( /28, Lemma 2.4]) ||-|| and ||-||g1 are equivalent norms. There-
fore, E embeds continuously in LP(RN R?) for any p € [2,2*] and compactly
in LY (RN, R?) for any p € [2,2%), and there exists a constant C), such that

loc

(2.1) |z]p < Cpllzll, forall z€ E, pe[2,2%].

It follows from Lemma 2.2 that the following functional is well defined for
any z = (u,v) € E,

(2.2) a(2) = 5 (=17 ~ |7 IP) — w(2),
where
(2.3) w(x) = [ H(z,2)de = / (F(z,u) + Gz, v)) dz.

Moreover, ® € C*(E,R) and for any z = (u,v),{ = (§,n) € E,

(@ (2),0) = (A2,0)a— / H.(r )l
(2.4) - (50— / (f e + g, v)m)da

Lemma 2.1 also implies that ® is strongly indefinite and a standard arugment
shows that the critical points of ® are solutions of (1.1)(see [7]).

The following generalized linking theorem plays an important role in proving
our main results.
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Lemma 2.3. ( [7, Lemma 4.5] [18, Lemma 2.1]) Let X be a Hilbert space
with X = X~ & X" and X~ LX™T, and let ¢ € C1(X,R) be of the form

_1
2
Suppose that the following assumptions are satisfied:

(I1) + € CY(X,R) is bounded from below and weakly sequentially lower semi-
continuous;

(12) ' is weakly sequentially continuous;
(I3) there exists > p >0 and e € X+ with ||e|| = 1 such that

o) = S (™) = lu™]*) = ¢(w), u=ut+u” € X~ ®XT.

K :=inf p(S,) > sup p(9Q),
where
S,={ue Xt :|u|=p}, Q={se+v:veX ,s>0,]se+v| <r}
Then for some ¢ >k , there exists a sequence {z,} C E satisfying
B(zn) ¢, [ (za)ll(1+ [[2all) = 0.
Such a sequence is called a Cerami sequence on the level c,or a (C.) sequence.

Lemma 2.4. Suppose that (V), (B), (W1) and (W2) are satisfied. Then ¥
is bounded from below, and weakly sequentially lower semicontinuous and V' is
weakly sequentially continuous.

The proof is standard (see [7] and [25]), so we omit it.
Similar to the paper [24] (lemma 2.3), we can get the following Lemma 2.5,
whose proof is given in the Appendix.

Lemma 2.5. Suppose that (V), (B), (W1), (W2) and (W/) are satisfied. Then
for z € E, there holds

022~ N 1-02
2 2
(2.5) —02/ H. (z,2)zYde, Y 60>0,

012+ [>mno|2|

B(z) > B(6=7)+ (@'(2), =) + 0%(@'(2),27)

where ng is given in (W4).

3. Proofs of the main results

In this section, we give the proofs of our results.

Lemma 3.1. Suppose that (V), (B), (W1) and (W2) are satisfied. Then there
is a p > 0 such that ko = inf ®(S,+) > 0, where S,+ = 0B, NE™T.
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Proof. Given ¢ > 0, (W1) and (W2) imply the existence of C. > 0 such that
(3.1) [f(z, )] S elt| + CeltP™,  lg(a,t)] < elt| + CeftP~.

Therefore

(3.2)  |H.(z,2)| <elz| + C.l|zlP7Y, |H(z,2)| <elz|®* + C|z|P, V2 € E.

Then for z € E*, we have

1
3(z) = fnzu2<—t/" H(x, 2)dx
2 v
1
> el — (elef? + Celep)
1
> ZlEl? ~ ezl — CpCelp,

Choosing an appropiate €, we see that the desired conclusion holds for some
p>0. O

Lemma 3.2. Suppose that (V), (B), (W1) and (W2) are satisfied. Let e € ET
with ||e|| = 1. Then there is a ro > 0 such that sup ®(0Q) < 0, where

(3.3) Q={C+se:CcE™, s>0, [[(+se]| <ro}.

Proof. Obviously, ®(z) < 0 for z € E~. Next, it is sufficient to show that
D(z) > —occ as z € E~ @ Re and ||z]| = oo. Suppose that for some sequence
{zn} C E~ @ Re with ||z, || = o0, there is M > 0 such that ®(z,) > —M for
all n € N. Set &, = z,/[|znl| = &, + tne, then [|§, + t,e]| = 1. Passing to
a subsequence, we may assume that &, — ¢ in E, then &, — £ a.e. on RV,
(& — ¢ inE|t, >t and

M O(z,) 21, H(z,z,)
(3.4) - < =5 —sl&IF - ——prda
lzall® = llzall> 2 27" ry 202
If £ = 0, then it follows from (3.4) that
1, H(z,z,) t2
o<l 2+ [ B ilgp < in g =0,
o A P I P

which yields ||&,, || = 0, and so 1 = ||&,]| — 0, a contradiction.
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If £ # 0, then £ # 0, it follows from 3.4, (W3) and Fatou’s lemma that

t2 H(z,zp)
0 < 1 ‘n o = 2 » AN d
< imaw |3 - gl [ AT
t2 H(z, 2
= timou [;—2|§;||2— A )
1 H(z, 2
< - lim £ — liminf H@ ) o 2q,
n—oo n—oo  JpN ‘zn|
2
H
< t——/ liminfMKn\ da
2 RN n—oo  |zp|?
= —00,
a contradiction. O

Lemma 3.3. Suppose that (V), (B) and (W1)-(W4) are satisfied. Then there
exist a constant ¢, € [Ko,sup {®(C + se) : ¢ € E~, s > 0}] and a sequence {z,}
{(un,vn)} C E satisfying

(3.5) D(zn) = e 2 () (1 + [[2n]]) — 0.
Proof. Follows directly from Lemmas 2.3, 2.4, 3.1 and 3.2. 0

Lemma 3.4. Suppose that (V), (B) and (W1)-(W4) are satisfied. Then any
sequence {z,} C E satisfying (3.5) is bounded in E.

Proof. To prove the boundedness of {z,}, arguing by contradiction, suppose
that ||z, || = co. Let &, = z,/||2n]|, then ||€,|| = 1. By Lemma 2.2, there exists
a constant C7 > 0 such that ||€,]|2 < Cy. If

0 := limsup sup / |&52de = 0,
B(y,1)

n—oo ye]RN

then by Lion’s concentration compactness principle [22] (or [25, Lemma 1.21]),
& — 0in L8 (RN, R?) for 2 < s < 2*. For any € > 0, it follows from (3.2) that

R? N
TR HZ(J?,Zn)fn dl‘
n—00 ||z, | RIEY|>n02n|
R2 p—1 +
n—0oo Han R|& >0 20|
R2
< lim —— (eno ' RIEE? + Cono' PRPTHENP) da
n—00 ”Zn” R|EY >0 20|
< (emo ™ "RIET|3 + Cemo' TPRPTHET|P)
noe || nl

(36) = 0.
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Fix R > [2(1 + ¢,)]Y/?, for € = 1/4[(RC})?] > 0, (3.2) implies that

3.7 lim sup H(z, R¢ N )dx < e(RC1)? + RPC. lim |¢7|P = 1
— L]

n—00 RN

Let 0,, = R/||zx||. Hence, by (3.5)-(3.7) and Lemma 2.5, one has

s +o(l) = ®(z,)
A
2 2

2
-0 / H.(z,2,)z dz
nn‘zj{|>90‘zn‘

v

O(0,21) +

n

(@' (2n), 2n) + 02 (P (2n), 27)

RGP, (1R’
— + n - 4
R? R?
+3 (@ (), 20) — H.(x, 2)&) da
Izal® 1znll J Rig 1m0 201
R? 1 R? R?
= —(l&n)* + 57724'(—) D (2), 2n) + —5 -
3 (EEIZ + 21 + (5= g ) (@) an) +

R2

12nll JRigt [>n0120]

(@ (o), 27) Ho(o,20)6do~ [ H(s,Re o
RN

R? 1 3
= ?—1+o(1)>c*+z+o(1),

which is a contradiction. Thus § > 0.

Passing to a subsequence, if necessary, we may assume the existence of k,, €
)
ZN such that f31+m(kn) (&4 Pda > 5. Let Co(z) = &n(z + kyn). Then

5
(3.9) / CH2de > 2.
By, yw(0) 2

Now we define z, (1) = (tin, Un) = 2n(x + ky), then 2, /||z,]| = ¢, and [|(,]|? =
|€n]|%. Passing to a subsequence, we have ¢, — ¢ in E, ¢, — ¢ in Lj (RY),

2 < s < 2" and ¢, — ¢ a.e. on RY. Obviously, (3.8) implies that (T # 0. For
ae. z € {y € RN : (T(y) # 0} := Q, we have lim,,_, |Z,(z)| = co. Hence, it
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follows from (2.2), (3.5), (W1), (W3) and the Fatou’s lemma that

1 P (2,
0 = lim STy 2()
n=oo [|zpl|2 0 nmoo [|za|
) 1 _ H(z,z,)
= 1 — (112 = 2) _ il Sk R 2|
N G Y D e
) 1 _ H(z,z,)
- 1 Le+n2 _ 2 _/ Zn) e 124
dm 5 (et =) - [ 22 pas
1 H(z, z,
< -~ liminf (Z220) 0 124,
2 n—oo [Jpn |zn‘2
1 H(z, zy,
< f—/liminfwk“nﬁdx:—oo.
2 Q n—oo |2, |2
This contradiction shows that {z,} is bounded. O

Lemma 3.5. Suppose that (V), (B) and (W1)-(W/) are satisfied. Then K # 0,

i.e., problem (1.1) has a nontrivial solution.

Proof. Applying Lemmas 3.3 and 3.4, we deduce that there exists a bounded
sequence {z,} C E satisfying (3.5). Thus there exists a constant Cy > 0 such
that ||Zn||2 § CQ. If

(3.9) 6 :=limsup sup / |2,|?da = 0,
n—oo yeRN JBi(y)

then by Lions’ concentration compactness principle [22] or [25, Lemma 1.21],
zp — 0in LP(RY), as n — oco. Consequently, by (2.1), (2.2), (2.4), (3.2) and
(3.5), we have

3 (@), )

1
= / (Hz(x,zn)zn—H(x,zn)> dz
AN
< 2eC5|zn|3 4 2C: |22 = o(1),

which is a contradiction. Thus § > 0.
Going if necessary to a subsequence, we may assume the existence of k,, € Z~
such that [, |zn|?dz > $. Let us define (,(2) = zn(2 + ky) so that
1+

¢« +o(1)

O(zn) —

\/ﬁ(kn)
5 )
(3.10) [Cn]dz > =.
Bl+\/ﬁ(0) 2
Since V(z), f(x,u) and g(z,v) are periodic on z, we have ||(,] = ||z.| and
(3.11) (Gn) = e, 2N+ NIGall) = 0.

Passing to a subsequence, we have ¢, — ¢ = (¢,v) in E, ¢, — ¢ in L (RY)

loc

and ¢, — ¢ a.e. on RY. Obviously, (3.10) implies that ¢ # 0. By a standard
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argument, we have ®({) = 0. Then ¢ € K, i.e. ¢ = (p,%) is a nontrivial
solution of (1.1). O

Proof of Theorem 1.1. Lemma 3.5 shows that K # (. Let C' = inf,cx ®(2).
Then, for any z = (u,v) € K, by (2.2), (2.4) and (W4), we have

D) = BE) - L (@(2),2) = /RN (;Hz(x,z)z - H(m,z)) dz

_ /RN (;f(x,u)u ~ F(au) 4+ %g(x, o — Gz, v)> dz > 0.

Therefore, C' > 0. Suppose that {z,} C K such that ®(z,) — C. Then
(®'(2,),¢) =0 for any ¢ € E. According to the proof of Lemma 3.4(c, > 0 is
not necessary), we can certify that {z,} is bounded in E. Denote § as in (3.9).
If § = 0, then Lions’ concentration compactness principle implies that z, — 0
in L¥(RY,R?) for any s € (2,2%). By (3.2) and Lemma 2.2, it is easy to check

1
/ (QHZ(x,zn)(zj{ - z;)) dz — 0, n— occ.
RN

Therefore,

ol = (@ = 2+ [

RN

<;HZ(I’ zn) (2 = Zn)) dz = o(1).

On the other hand,

n%n=<w%mﬁwm+/

RN
(3.12) < 5022H2n||2 +C€C£||zn”pﬂ

Lo 2) (5 — ) ) da
(5 )

which implies that

1—eC2 1/(p—2)
l|2n > > ( 05052) > 0, for some appropriate €.
This is a contradiction. Thus § > 0. After a suitable ZV -translation, a subse-
quence of {z,} converges weakly to some zo € K. Thus ®(z9) > C. It follows
from (W4) and Fatou’s lemma that

~ . 1 / . 1
C = nlggo [@(zn) — §<<I> (zn),znﬁ = nh—{lgo - [2Hz(m,zn)zn — H(z,zp)
. 1
> /]RN nh_}n’olo [ZHZ(:m 2n)zn — H(x, zn)}

_ /RN {;Hz(x,zo)zo - H(m,zo)] = B(z).
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This show that ®(z¢) = C' = inf ¢ ®(2). Since (3.12) holds also for zp, let

To 1 1
3.13 = —0 Bo=|—7+-|C,CP
(1) 2@ moy (n@‘l p) ’

Then (3.12) implies that

(3.14) 2pBo || 20[[P~* > 2Ce, C |20 [P7* = 1.

go~'p

Let 6y = Hzilol\ (2pBo) "/®~? . Then (3.14) implies that 0 < 6, < 1. Since
zo € K, it follows from (2.1), (2.5), (3.2) and (3.13) that

92 2
O(z9) > @ - 9(2)/ H,(z,20)zf do — H(z, 00z )dx
00 lzg [>mn0lzol RN
0lzol* (o 1 2 0 1
> O (242 ) e - — | C., 0825 |
> 5 - + 5 ) €0 olzo |2 né"l + p) e olzo 5
> M (L —|—1 e0C30320]1* — ! —|—1 Ce, CPOP|| 20 ||”
= T3 n | 2) for2volR0 S
031201 1 1\, = =2
(3.15) = OT — BobB |20 = 375 27-2 (Bop) 72 = K.
This completes the proof. O

4. APPENDICES

Proof. Here we give a proof of Lemma 2.5 Fix x € RY and ¢, t €R. Set

ho) = - *292 fla, )t = 0*f(a, )t + Flx,0) — F(a,1).

If ¢t < 0, then it follows from (W1) that

oy = - 292 fla,t)t — 07 f(z,t)t + F(z,0t ) — F(x,1)

1+ 62

flz,t)t — F(z,t) >0, 6>0.
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If tt' > 0, set = 0t /t, then it follows from (W1) and (W4) that
1462

M) = —5—fla, )t = 02 f (a0 + F(x,0t) — F(x,1)

1+ 6% —2n6 ‘
= Hf(x,t)tf/ F(x,s)ds
2 nt
2

_ <”‘29)2f<x,t)t+ 1‘2” fla,t)t — /n (@, s)ds

Y

1_TT]2f(x,t)t - /n: F(x,s)ds

(4.2) 0, Y8>0, 6t/t<np.

Y

Combining the above two cases, for any 6 > 0, 0|t'| < no|t|, one has

1+ 62

5 )t =07 f(x, )t + F(z,0t) — F(z,t) >0

(4.3)

and the same inequality also holds for g(x,t) by a similar argument.
Let 2t = (u1,v1) and 2= = (ug, v2). It follows from (W4) and (4.3), for any
6 > 0 that

O(z) — ®(027)
% [(Az,2)2 — (Afz, 2T)s]
+/RN [F(z,0uy) + G(z,0v1)] — /RN [F(z,u) + G(z,v)]

= [0 )(Az, 2 + 62(4z,27)

+ /R IF (s bur) + G, 601)] ~ /]R [F(2,u) + Gz, v)]

1—6? 02
= 5 (Az,2)2 + §||z_||2 + 02(Az,z_)2

+ /R IR (1) + G, 601)] /R [F (2, u) + Gz, v)]

N
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_ 1—29 (@(2),2) + —||z I+ 6%(&' (2),27)
1— 62
+/RN{ [z, w)u+ 6% f(z,u)us + F(z,0uy) — F(x,u)}
1—62
+/RN{ g(x,v)v + 0%g(x,v)ve + G(z,0v1) — G(x7u)}
= — <‘I’( ), 2) + ||Z I +6%(2'(2), 27)
+92
+/RN{ f(@,u)u — 0% f(z,u)us + F(x,0u;) — F(x,u)}
1+ —0%(z.v)v z,0v1) — G(z,u
+/RN{ g(z,v)v — 0°g(z,v)v1 + G(x,0v1) G(,)}
2 — <‘I>'( ),2) + ||Z I+ 6%(2'(2), 27)
; X 92f<x,u>u ~ (o + Flobu) - Fla) |
Olui|>no|ul
1+06° 2 —G(z,u
+/9|m|>7]0|v { 2 g(@,v)v = 07g(@, vjor + G(z, bur) = Gla, )}
— 62 2
> w0+ DI+ 2@ (). )
62 T,U)U T, V)1
* { /9u|>7)0|u f( ) o /9U|>”10|'U g( ) }
— 02 2
R B RIS PRy R ACe
This shows that (2.5) holds. =
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