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Abstract

In this work, we consider the Cauchy problem of the generalized
Dullin-Gottwald-Holm equation. We establish a blow-up result for the generalized
Dullin-Gottwald-Holm equation. In addition to this, we investigate the stability of
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1 Introduction
The nonlinear evolution equation

Vi + Colhy + UV + 2YUy + YUy =0, t>0,x€R )

is, in the dimensionless space-time variable (x, £), a model for unidirectional shallow water

21, is a momentum variable, the constants o and

waves over a flat bottom. Here, y = u —«
% are squares of length scales, and ¢y = \/g71 > 0 (where ¢y = 2w) is the linear wave speed
for undisturbed water at rest at spatial infinity, where % is the mean fluid depth and g is
the gravitational constant. Dullin, Gottwald and Holm derived Eq. (1) by using asymptotic
expansions directly in the Hamiltonian for Euler’s equations in the shallow water regime
in [1]. Eq. (1) was shown to be bi-Hamiltonian and to have a Lax pair formulation. The
Dullin-Gottwald-Holm equation (we call it DGH equation for short) is an integrable sys-
tem via the inverse scattering transform (IST) method and contains both the Korteweg-de
Vries (KdV) and Camassa-Holm (CH) equations [2] as limiting cases.

Using the notation y = u — a?u,,, we can rewrite the initial value problem of Eq. (1) as

Up — 0 Uy + 20Uy + 3Ully + Y Uy
= 0?2l + Ullyry), E>0,XxER, (2)

u(0,x) = up(x), x€R.

Eq. (2) relates two separately integrable soliton equations for water waves. Formally, when
a =0 and y #0, this equation becomes the KdV equation

U + 20Uy + 3Uly + Y Uy = 0.
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For @ =1 and y =0, Eq. (2) becomes the Camassa-Holm equation
Us — Uyyr + 20Uy + 3UUy = 2Uylhyy + Uldyry.

Recently, the DGH equation has been studied by many authors. Tian et al. [3] studied the
well-posedness of the Cauchy problem and the scattering problem for the DGH equation.
In [4], Hakkaev proved the orbital stability of the peaked solitary waves for the DGH equa-
tion by using the method in [5]. It was shown that the DGH equation has global solutions
and blow-up solutions in [6-9].

If the term 3uu, is replaced with 3u"u, in the DGH equation, then it is known as the

generalized DGH equation and has the following form:
Uy — 0ty + 2000, + 30 1, + Y Uppx = o Quthyy + Uihyyy), ™ > 0. (3)

Eq. (3) was studied in [10, 11]. In [10], Lu et al. studied the local well-posedness of the
Cauchy problem for Eq. (3). In [11], the conservation laws for the generalized DGH equa-
tion were derived.

Recently, the local well-posedness problem for the following generalization of the DGH
equation:

Uy — 0P Uy + M) + YUxxx = a2(#%2€ +8U)thyr)ry t>0,Xx€ER,

(4)

u(0,%) = uo(x), x€R,

was studied in [12]. For h(u) = 2wu + %uz and g(#) = u, Eq. (4) becomes DGH Eq. (2).
Eq. (4) can be written as the following Hamiltonian form:

u; +JF (u) = 0,

where J = (I - «%93?)719, is a skew-symmetric operator and

where H'(s) = h(s). We note that the functional F(u) is formally conserved. Moreover, the

other conserved quantity is
1 2 2.2
E(u)=- (u +a ux) dx.
2 Jr

One of the aims of this paper is to give the precise blow-up scenario and to show that
Eq. (4) has blow-up solutions for g(u) = u. In addition to this, we investigate the stability
of solitary wave solutions of Eq. (4) with h(u) = 2wu + ’%zup” and g(u) = u?.

The remainder of the paper is organized as follows. In Section 2, we give our basic no-
tation and recall some required results. In Section 3, we investigate blow-up of solutions
for Eq. (4). In Section 4, we prove the stability of solitary wave solutions with the help of

the orbital stability theory [13].
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2 Preliminaries
Firstly, we start by summarizing some notations. A® = (1 - 92)"2, s € R; H® = H*(R) with
the norm

1/2
W lles = I Nls = (/R(l + |é|2)SV(é)|2d$)

and (-, -) for its inner product. For the sake of simplicity, we employ the same symbol ¢ for
different positive constants.
Some useful lemmas are as follows.

Lemma 2.1 [14] Assume that s > 0. Then we have

[[A% 8]/l = clliugllz= [ A | o + | Mgl o 1 Ne)-

Here c is a constant depending only on s.

Lemma 2.2 [15] Assume that F € C"*%(R,R) with F(0) = 0. Then, for every % <s<m,we
have that

|F@], < E(lullee)llull,  ueH,
where F is a monotone increasing function depending only on F and. s.

Lemma 2.3 [14] Assume that s > 0. Then H* N L* is an algebra. Moreover,

Ifzlls < c(Ilfllzee liglls + Ifllsllglzee),

where c is a constant depending only on s.

Lemma 2.4 [16] Let T > 0 and u € CY([0, T); H?). Then, for every t € [0, T), there exists at
least one pair of points £(¢), { (¢) € R such that

m(t) = influ(t,0)] = ux(£,6®),  M(2) = sup[ue(t, )] = ue(t,£ (1)),

x€R
and m(t), M(t) are absolutely continuous in (0, T'). Moreover,

dm(t
dt

~

= utx(t,é(t)), d[:,l—t(t) = utx(t, ;‘(t)), a.e.on (0, 7).

Theorem 2.1 [12] Assume that h,g € C"™3(R,R), m > 2 and h(0) = g(0) = 0. Given
uy € H*, % < s < m, there exists a maximal T = T (ug) > 0 and a unique solution u to Eq. (4)
such that

u=u(-,up) € C([0, T); H*) N C'([0, T); H* ™).
Moreover, the solution depends continuously on the initial data, i.e., the mapping
uo — u(-uo) : H* — C([0, T); H*) N C'([0, T); H*™)

is continuous.
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Lemma 2.5 [12] Let u(t,x) be a solution of Eq. (4). Then the functionals

E(u) = % /(u2 + azui) dx, F(u) = % /(2H(u) + azg(u)uﬁ - yuﬁ) dx
R R

are constant with respect to t, where H'(s) = h(s).

3 Blow-up phenomena
In this section, we discuss the blow-up phenomena of Eq. (4) with g(x) = u. For Eq. (4),
which describes shallow water waves, the blow-up occurs only in the form of wave-
breaking, i.e. the solution remains bounded but its slope becomes unbounded in finite
time.

Set p(x) = -e7lal, x € R, then (1 - @282)7}f = p « f for all f € L2(R). Using this identity,

we can rewrite Eq. (4) as follows:

ur + (U= S)ue + px k() =0, t>0,x€R,

(5)
u(0,x) =uo(x), x€R,
or in the equivalent form:
up+ (= )y = =0, (1 - @?97)'k(u), t>0,x€R, ©)

u(0,%) = up(x), x€R,

where k(u) = (h(u) + "‘z—zu’% —1u*+ Zou).

We now prove the following result.

Theorem 3.1 Let h € C"*3(R,R), m > 2, and ug € H', % <r <m.IfT is the existence time
of the corresponding solution of initial data u, then the H"-norm of u(t, x) to Eq. (4) (or (6))
blows up on [0, T) if and only if

Tim {16, o + 162(6,9) ]} = o0.

Proof Let u(t,x) be the solution of Eq. (4) with the initial data u € H", % < r < m, which
is guaranteed by Theorem 2.1. If

T 9]+ e} =,

by Sobolev’s embedding theorem, we obtain that the solution «(¢,x) will blow up in finite
time.

Next, applying the operator A" to Eq. (6), multiplying by A”u, and integrating over R,
we obtain

d

E(u, u), = —2(utty, u), + 2(f(u), u)r. (7)

Page 4 of 15
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Here, f (1) = —0,(1 — &*02) ™ (h(u) + %uﬁ —1u’+ Z3u). Assume that there exists R > 0 such
that

Tim { (6,9 o + [0:(60) 1o} < R.
Similar to [18], using Lemma 2.1 with s = r, we get
|ttt 1), | < clltagl| o ull? < cRul)?. ®)

On the other hand, we estimate the second term of the right-hand side of Eq. (7)

(f(u),u)r = (—Bx(l - 0528,%)71 (h(u) + %ZLR - %uz + lu) u)

az
< cllull, ()|, + |oz],_, + @], + el 1)
< c((llullz) + Nlellzoo + Nullze +1)[|ul?

< c(A(R) + R+1)lull?. )

Here, we applied Lemma 2.2 with F(«) = h(x#) and s = r — 1, Lemma 2.3 with s = r — 1. From
(7)-(9), we obtain

d ~
—Nlull} < (AR + R+ 1)|ul}.
dt
Thus, by Gronwall’s inequality, we get
|u®)]? < luoll? exp(A(R) + R +1)t.
This completes the proof of Theorem 3.1. d

We have the following blow-up scenario for Eq. (4).

Theorem 3.2 Assume that h € C"**(R,R), m > 3. Given uy € H", 3 < r < m, the solution
u = u(uo,-) of Eq. (4) is uniformly bounded. Blow-up in finite time T < +00 occurs if and
only if

hmlnf[mf[ux(t x)]] —00.

t—T xeR

Proof E(u) = fR(u2 +a?u?) dx is an invariant for Eq. (4). According to the inequalities

/(u +u)dx</(u +a’ul)dx=2E(u) (a>=1),
R

/(u +u dx<—/u +au ——E(u) (x <1),

the invariance of E(u) ensures that the solution u is uniformly bounded as long as they

exist.
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If the slope of the solution u(¢, x) becomes unbounded from below in finite time, then by
Theorem 2.1 and Sobolev’s embedding theorem, we can see that the solution u(¢, x) blows
up in finite time.

Next, if the slope of the solution is bounded from below in finite time, then we deduce
that the solution will not blow up in finite time. Differentiating Eq. (5) with respect to x,
in view of the identity 92 (p * f) = % (p  f —f), we have

1 y 1 1 y
U = _Euazc — Ulyy + Euxx + ﬁh(lfi) - r‘ﬂuz + a—41/l
1 o , 1, y
—ap*<h(u)+7ux—§u +$u . (10)

Note that p * (%ui) > 0 and

2
llllzee <

2 1 1 2
llully <max{1, — |E(uo) <max|1,— )lluolly.
o o

N =

By Young’s inequality, we get

|p % h@W)| oo < Pl | A()] 0 < [A()] o0 < sup |h(v)

vl <max(1, ) luo 11
(3

’

1
2 2 2 2
|p* || oo < lIpll|#2] e < llull}e < maX(LJ)HuoHp
and
1
lp % wllzee < Ipls lallzoe < ullioe < max( 1, — )luollr.

Define M(2) = u(t, £ (t)) = sup,cglux(t, x)]. Since uy,(t,£(2)) = 0 for all ¢ € [0, T), it follows
that a.e. on [0, T)

) 1 1 1
M(#) = =3 M0 + —sh(u(6:5 () - 5502 (6:5(0) + ;/—4u(t,§(t))
2
_ %p* <h(u) + %uﬁ - %uz + %u)
Then

1
M) < —EMZ(t) + A2,

where

2y 1 1 1 , 2 \!
AOZ Jmax 1,0[—2 ||u0||1+ﬁmax I,J ||M0||1+EG0

Go = sup \h(v)|.

Iv|<max(1, 2 )lluo
o
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If M(t) > ~/2A, then M'(t) < 0 and M(¢) is decreasing. Otherwise, M(t) < +/2A,. Thus we
get

m(t) < M(t) < max{M(0),vV24,}, tel0,T).

By Theorem 3.1 and the above inequality, we have that if the slope of the solution is
bounded from below in finite time, then the solution will not blow up in finite time. [

Next, we present the following blow-up result.

Theorem 3.3 Assume thath € C"*3(R,R),m > 3. Givena > 0,uy € H',3 < r < m, assume
that we can find xo € R with

1

) 4y 1 1 1 , 4 3
uy(xo) < — ¢ max 1,@ IIuoII1+£max I’F ||M0||1+EG0
:_\/B()7

where

Go = sup \h(v)|.

vl<max(1, 25 )luo I
[*3

Then the corresponding solution to Eq. (4) for g(u) = u blows up in finite time. Moreover,
the maximal time of existence T satisfies the inequality

T < 20(02 —Bo)_l, where ¢ = —ug(xo).

Proof Now define m(¢) = infycp[ux(t, x)] = u,(t,£(¢)) by Lemma 2.4, and let £(¢) € R be a
point where this infimum is attained. From Eq. (10), we have

/ 1 1 1
(€)= =m0 + — h(u(t,E0)) - 512 (6E0) + ;/ju(t,é(t))
_ %p* (h(u) + %Zufc - %MZ + %u)

For x = £(t), since u,.(t,&(t)) = 0, we arrive at
/ .,
m'(t) < —Em (t) + K(u) a.e.on(0,T),
where

1
K(u) = £||u||po + y( sup |h(v)|) +

[vI<llull oo

1 1, v
ﬁp*(h(u)+§u +$u> LOO.

Note that

2
llllzee <

2 1 1 2
lully <max| 1, — )E(uo) < max|1,— )lluolly.
o o

N =
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By Young’s inequality, we get

|p * h@)| 0 < sup |h(v)

1
[vl<max(1, —5)lluo ll1
o

’

1

|p*?|| o < maX<1, F) laso 17

and
1

lp * ull o < max{1, o2 llzoll-

So, it follows that
/ 1 2

m'(t) < —5m (£) + Ko, (11)

where (note that A2 = K)

Go = sup \h(v)

vl <max(1, 25 )luo
[*3

’

2y 1 1 1 )
I(O:Fmax 1,; ||uo||1+ﬁrnax l,g ||u0||1+$G0.

The absolute continuity of the locally Lipschitz function m(t) allows us to perform an
integration over [0, ¢] and to have

m(t) < m(0) — %/ m*(t)dt + Kot, te[0,T).
0

We claim now that m(£) < —c for all ¢ € (0, T'), where ¢ > /2K is fixed arbitrarily provided
that m(0) < —c. In fact, assuming the contrary, in view of m(t) being continuous, ensure
the existence of ty € (0, T) such that m(t) < —cin (0, £y) and m(ty) = ¢. Then we deduce that

t
m(t) < m(0) —/ Kodt + Kot = m(0) < —¢, t€][0,%],
0
and a contradiction appears as we take ¢ = ;. Using (11), we get

1 1 1
m'(t) < —§m2(t) +Kp < —Emz(t) + (5 —8)62

< —%mZ(t) + <% - 8>m2(f)
< -em?(t) ae.on(0,T),

where ¢ € (0, % - %). Since m(t) < —c, and m(t) is locally Lipschitz, it follows that ﬁ is
locally Lipschitz as well. This gives

a <L> = _ m(0) >¢ ae.on(0,7).
dt \ m(t) m?(t)

Page 8 of 15
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Integration of this inequality yields

1 <
Tm(®) " m0) =

Since m(t) < 0, we obtain

< _ tel0,T)
&(-m(0))’ o

In fact, as a consequence of these considerations, we obtain that the maximal existence
time

1 1 Ky
T<——— forall 0,--— ).
= 2 Cm) or a ae< 5 c2)

An estimation from the above for T is obtained immediately, namely

T < 2—62
= (=m(0))(c? - 2Ko)

The conclusion is reached by letting ¢ — —m(0). O

4 Stability of solitary waves

In this section, we discuss the stability of solitary wave solutions of Eq. (4) with Aa(u) =

20u + ’%214”*1 and g(u) = v”. In this case, Eq. (4) turns into the following equation:

2
+ U Uyy) s

2 _
Uy — 0Pty + Rt + B2 0P 4 Yt = o (B 12 12)

u(0,x) = ug(x),

where p > 0. When h(u) = 2wu + ’%zup’“l and g(u) = u?, the conservation law F(u) takes
the form
D2 2.0
F(u):/ wi + - +auu§_zui dx.
R 2 2 2

The appropriate notion of stability for the solitary waves here is orbital stability: a wave
starting close to a solitary wave should stay close, as long as it exists, to some translate of
the solitary wave. The orbit of a solitary wave is the set of all its translates [17].

We define the orbit ¢(- — 1) = {T(n)¢(-) : n € R}, where 7 is a one-parameter group of uni-
tary operators on H? defined by 7(s)u(-) = u(- - 5), s € R, u € H?. They may be interpreted
physically as ‘solitary waves’ or ‘bound states’

Definition The g-orbit is stable if for all ¢ > 0, there exists § > 0 with the following prop-
erty. If [|u(0,-) — ¢(-)||y2 < 8 and u is a solution of Eq. (12) in some interval [0, T) with
u(0, -) = ugp, then u can be continued to a solution in 0 < ¢ < 0o and

sgp irnlf”u(t, ) —e(-—n) ||H2 <&

Otherwise, the ¢-orbit is called unstable.
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Definition can be seen in reference [13].
Substituting u(x, t) = p(x—ct) = ¢(o) into Eq. (12) and integrating once with respect to o,
we obtain

+2
C(p_ca2(p//_2w¢ _p2 (pp+1 _ V(ﬂ” +Ol2 (gwp—l(pﬂ +(ﬂp(ﬂ”> =0. (13)

In terms of the functionals E and F,

Ep)=¢-a*y’,

+2
Flp) =200 + 2P 4y — o (g‘/’p_lfﬂ/z + w"‘/’ﬁ>,

and according to Eq. (13), we can obtain that cE'(¢) — F'(¢) = 0, where E’ and F’ are the
Fréchet derivatives of E and F, respectively. To study the orbital stability of the solitary
waves of Eq. (12), we need the operator H, and the function d(c) = cE(¢) — F(¢). The lin-
earized operator H, around ¢ is defined by

H. =cE"(p) - F'(¢)

(e Bl 52

C(p+2(p+1)

5 o +c-2w. (14)

Lemma 4.1 For each c € (2w, 00), H, = cE"(¢) — F"(¢) has a unique simple negative eigen-
value, zero is a simple eigenvalue, and the rest of its spectrum is bounded away from zero.

Proof For any u,v € H*, we have [, uy,vdx = [ uvy, dx and

/go"uxxvdx:/p(p"_l(vaxudx+/‘(p”vxxudx—/pgop_lwxuxvdx.
R R R R

Therefore,

T R A o)

By (14), we know that H, is a self-adjoint operator and

’ Y " -1 1 _1) -2 7
H.g :az[(wp—<C+ a—2)>¢ ]+a2(2p<ﬂ” '9'p +%<p” 2¢3>

- W(ﬂp(ﬂ +(c-2w)¢'. (15)

Differentiating (13) with respect to o, we find that the right-hand side of Eq. (15) equals
zero, that is, H.¢' = 0. The behavior of the function ¢ tells us that ¢’ has exactly one zero.
So, the zero eigenvalue of the operator H, is simple, and by using the Sturm-Liouville the-
orem, we have that H, only has a negative eigenvalue. Using Weyl's theorem, the essential

=20

spectrum of H, belongs to [<5*, +00). That completes the proof. d

Page 10 of 15
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As for the above results, it is known [13] that stability would be ensured by the convexity
of the scalar function d(c) = cE(¢) — F(¢), ¢ > 2w. So, we obtain the following theorem
under the condition 2wa? + y = 0.

Theorem 4.1 Suppose that ¢(- —n) is a solitary wave solution for ¢ > 2w, ifd"(c) > 0, then
(- —n) is stable.

Define the functionals
I(u) = I(u4; w,¢) = /R[(c —20)u* + o?(c - 2w)ufc] dx
and
K(u) = A(u”*z + azupufc) dx.
For A > 0, we consider the following constrained minimization problem on H?:
M;, = {infI(u) : u € H*,K(u) = A}. (16)

Then if ¢ € H? achieves the minimum of problem (16), for some A > 0, then there exists a
Lagrange multiplier ¥ such that

(2¢ — 4w)y — o*(2c — d)y" = S+ 2y —? (pl//”‘l(p/2 +2¢"¢")].

1
Hence ¢ = 97 is a solution of solitary wave equation (13). By homogeneity of /() and
K(u), ¢ satisfies

m = m(w,c) = inf{ I(u)2 cue HL K@) > 0},

K(u)r+?

and it follows that

2

M, = mAar+2,

Multiplying solitary wave equation (13) by ¢ and integrating the resulting equation gives
I(p) = B2 K (p).

We say that v is a minimizing sequence if for some A > 0, limy_, o, I(¥x) = M, and
limy, o K () = A.

Theorem 4.2 Let {«} be a minimizing sequence for some ) > 0. If ¢ > 2w, then there exists
a subsequence {Yy}, scalars yj € R and € H? such that Vi, — ¥ in H?. The function yr
achieves the minimum I(y) = M, subject to the constraint K(¥) = A.

Proof The result is an application of the concentration compactness lemma of Lions [19,
20]. Proof is similar to [21-23] according to the definition of I(x) and K(u).

In this section, we show that the stability of solitary wave solutions is determined by the
convexity of the function d(c).
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We state the basic properties of the function d.
A simple calculation gives

d(c) = cE(u) — F(u) = (I(u) - K(u)). 17)

By using I(¢) = @K(g@), we obtain

p+2

__p PPl 2\
d(c)-z(p+2)1<¢>-41<(¢)-4(p+2m) . (18)

Therefore, d is well defined, and we may deduce its properties by examining the function
m(w; c). O

Lemma 4.2 For fixed w € R, m(w, ¢) is monotonically increasing in c.

Proof We assume that ¢, , ¢.,are solutions of Eq. (13) corresponding to ¢ = ¢j, ¢ = ¢y, re-
spectively. Without loss of generality, let be ¢; < ¢, then we have

L) Jella—20)¢% +aXc - 20)(g),)2) dx
Klgo)?? Klge,)7

_ Jille2 = 20)¢7 +0(c2 — 20)(¢;,)*] dux

i K(ge)7

m(w, 1) <

, @ Jrle2, +a?(¢))*1dx + o1 [Rle2, +o?(¢),)*] dx
K(pe) 7
Jrle?, +a*(@),) ] dx

2
K(%z)”"z

= m(w, ) + (c1 — ¢2)
<m(w,c).
This shows that m is monotonically increasing in ¢, so that by (18), 4 must be monotoni-
cally increasing as well.
A tubular neighborhood around the orbital ¢(- — 1) is defined by

Uy e = {u eszri]gHu—go(. _n)HH2 < 8}.

It follows from (18) and the fact that d(c) is monotonically increasing in ¢ that

c(u)=d™! (gl((u)). (19)

The following lemma is helpful in order to prove the stability of solitary waves.

Lemma 4.3 Ifd"(c) > 0, then there exists ¢ > 0 such that for any u € U, ., we have

cW[Ew) - E@)] - [Fu) - F@)] = %d”(c>|c(u) iy
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Proof By using d'(c) = E(p) and Taylor’s formula, we have the expansion

4@ =d(©) + Ep)E ) + 5" (O~ + o([E~cP)
for & near . Using the continuity of c(x) and choosing & sufficiently small, we get that
d(c(w)) > d(c) + E()(c(u) — ) + id”(C) (cw) - ¢)?
= cWE() - Flo) + 7"(0)(cl) ).

It follows from (18) and (19) that K(¢.) = ;%d(c) = K(u). Since ¢, is a minimizer of
I(u; w, c(u)) subject to the constraint K(u) = K(¢.()), we then have

c(u)E(u) — F(u) = % (I(w 0, c(w)) - K(u))
> % (I(@etuys @, c(1)) = K(@ewy)) = d(c(u))
and
c(u)E(u) — F(u) > c(u)E(p) — F(p) + id”(C) (cw) - ). O

Proof of Theorem 4.1 Suppose that ¢(- —n) is unstable. Then there exists &9 and a sequence
of initial data u(0) satisfying

inf4¢(0) = ¢ ()], — 0
however,
Sl:p lrr}f”Mk(t) - (p( - 7)) ||H2 > €0,

where u () is a solution of Eq. (12) with initial datum u4(0). Then, by Theorem 2.1, u is
continuous in ¢, and there exist times #; such that

ig;f||uk(tk) — (- =] 2 = 0. (20)
When t; — 0, ||ux(0) — ¢(-)||y2 = 0, E and F are invariants of (12) so that
E(m(tr)) = E(ux(0)) — E(p),  F(u(tx)) = F(u(0)) — F(g), (21)
by Lemma 4.3, we have

c(ui(ti)) [E (un(te)) — E(@)] = [F (ux(tx)) — F(o)]
> id”(c)|c(uk(tk)) ~.

This implies that c(ux(tx)) — ¢, as k — 00, since ux(#) is uniformly bounded for k.
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The continuity of d implies that
. . 4
klgrolol((uk(tk)) = klirglo ;d(c(uk(tk))) = ;d(c). (22)
Using (17) and the fact that d(c) = cE(p) — F(¢), we have

%I(uk(tk)) = cE (ur(tr)) — F (ui(t)) + %K(uk(tk))
= d(c) - F(u(t)) + F(g) — c(E(@) — E(ux(t)))
+ %K(uk(tk)),
so it follows from (21) and (22) that

2(p+2)d

Jim 1 (i (1)) = (0. (23)

From (22) and (23), ux(#) is a minimizing sequence for the pair /, K and thus by Theo-
rem 4.2 has a subsequence, named uk,(tkj): that converges in H? to some ¢. This contra-
dicts (20). The proof is completed. d
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