ResearchGate

See discussions, stats, and author profiles for this publication at: https://www.researchgate.net/publication/226802233
On Global Finite Energy Solutions of the Camassa-Holm Equation

Article in Journal of Fourier Analysis and Applications - October 2005

DOI: 10.1007/500041-005-4047-4

CITATIONS READS
8 38
2 authors:
Milena Stanislavova Atanas Stefanov
f University of Kansas (7 University of Kansas
46 PUBLICATIONS 330 CITATIONS 94 PUBLICATIONS 1,186 CITATIONS
SEE PROFILE SEE PROFILE

Some of the authors of this publication are also working on these related projects:

ot Sharp asymptotics for parabolic PDE's View project

All content following this page was uploaded by Atanas Stefanov on 29 May 2014.

The user has requested enhancement of the downloaded file.


https://www.researchgate.net/publication/226802233_On_Global_Finite_Energy_Solutions_of_the_Camassa-Holm_Equation?enrichId=rgreq-31d874cac25d20ac1f3dabefd3aaf83d-XXX&enrichSource=Y292ZXJQYWdlOzIyNjgwMjIzMztBUzoxMDIxNzg2NzcwNjc3OTBAMTQwMTM3MjcwMzk2NA%3D%3D&el=1_x_2&_esc=publicationCoverPdf
https://www.researchgate.net/publication/226802233_On_Global_Finite_Energy_Solutions_of_the_Camassa-Holm_Equation?enrichId=rgreq-31d874cac25d20ac1f3dabefd3aaf83d-XXX&enrichSource=Y292ZXJQYWdlOzIyNjgwMjIzMztBUzoxMDIxNzg2NzcwNjc3OTBAMTQwMTM3MjcwMzk2NA%3D%3D&el=1_x_3&_esc=publicationCoverPdf
https://www.researchgate.net/project/Sharp-asymptotics-for-parabolic-PDEs?enrichId=rgreq-31d874cac25d20ac1f3dabefd3aaf83d-XXX&enrichSource=Y292ZXJQYWdlOzIyNjgwMjIzMztBUzoxMDIxNzg2NzcwNjc3OTBAMTQwMTM3MjcwMzk2NA%3D%3D&el=1_x_9&_esc=publicationCoverPdf
https://www.researchgate.net/?enrichId=rgreq-31d874cac25d20ac1f3dabefd3aaf83d-XXX&enrichSource=Y292ZXJQYWdlOzIyNjgwMjIzMztBUzoxMDIxNzg2NzcwNjc3OTBAMTQwMTM3MjcwMzk2NA%3D%3D&el=1_x_1&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Milena_Stanislavova?enrichId=rgreq-31d874cac25d20ac1f3dabefd3aaf83d-XXX&enrichSource=Y292ZXJQYWdlOzIyNjgwMjIzMztBUzoxMDIxNzg2NzcwNjc3OTBAMTQwMTM3MjcwMzk2NA%3D%3D&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Milena_Stanislavova?enrichId=rgreq-31d874cac25d20ac1f3dabefd3aaf83d-XXX&enrichSource=Y292ZXJQYWdlOzIyNjgwMjIzMztBUzoxMDIxNzg2NzcwNjc3OTBAMTQwMTM3MjcwMzk2NA%3D%3D&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/University_of_Kansas?enrichId=rgreq-31d874cac25d20ac1f3dabefd3aaf83d-XXX&enrichSource=Y292ZXJQYWdlOzIyNjgwMjIzMztBUzoxMDIxNzg2NzcwNjc3OTBAMTQwMTM3MjcwMzk2NA%3D%3D&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Milena_Stanislavova?enrichId=rgreq-31d874cac25d20ac1f3dabefd3aaf83d-XXX&enrichSource=Y292ZXJQYWdlOzIyNjgwMjIzMztBUzoxMDIxNzg2NzcwNjc3OTBAMTQwMTM3MjcwMzk2NA%3D%3D&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Atanas_Stefanov?enrichId=rgreq-31d874cac25d20ac1f3dabefd3aaf83d-XXX&enrichSource=Y292ZXJQYWdlOzIyNjgwMjIzMztBUzoxMDIxNzg2NzcwNjc3OTBAMTQwMTM3MjcwMzk2NA%3D%3D&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Atanas_Stefanov?enrichId=rgreq-31d874cac25d20ac1f3dabefd3aaf83d-XXX&enrichSource=Y292ZXJQYWdlOzIyNjgwMjIzMztBUzoxMDIxNzg2NzcwNjc3OTBAMTQwMTM3MjcwMzk2NA%3D%3D&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/University_of_Kansas?enrichId=rgreq-31d874cac25d20ac1f3dabefd3aaf83d-XXX&enrichSource=Y292ZXJQYWdlOzIyNjgwMjIzMztBUzoxMDIxNzg2NzcwNjc3OTBAMTQwMTM3MjcwMzk2NA%3D%3D&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Atanas_Stefanov?enrichId=rgreq-31d874cac25d20ac1f3dabefd3aaf83d-XXX&enrichSource=Y292ZXJQYWdlOzIyNjgwMjIzMztBUzoxMDIxNzg2NzcwNjc3OTBAMTQwMTM3MjcwMzk2NA%3D%3D&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Atanas_Stefanov?enrichId=rgreq-31d874cac25d20ac1f3dabefd3aaf83d-XXX&enrichSource=Y292ZXJQYWdlOzIyNjgwMjIzMztBUzoxMDIxNzg2NzcwNjc3OTBAMTQwMTM3MjcwMzk2NA%3D%3D&el=1_x_10&_esc=publicationCoverPdf

The Journal of Fourier Analysis and Applications

"Online First"

On Global Finite Energy
Solutions of the
Camassa-Holm Equation

Milena Stanislavova and Atanas Stefanov

Communicated by Carlos Kenig

ABSTRACT.  We consider the Camassa-Holm equation with data in the energy norm H 1 (R1 ).
Global solutions are constructed by the small viscosity method for the frequency localized equa-
tions. The solutions are classical, unique and energy conservative. For finite band data, we show
that global solutions for CH exist, satisfy the equation pointwise in time and satisfy the energy
conservation law. We show that blow-up for higher Sobolev norms generally occurs in finite time
and it might be of power type even for data in H3/2—,

1. Introduction and Statement of Results

In water wave theory, one usually takes asymptotical expansion in small parameter around
a simple wave given by the Euler equation. Depending on the type of approximation that
one chooses, several different models have been obtained. Probably the best known is the
Korteweg- deVries equation

U +utty +tyye =0,

where u stands for the fluid velocity. This is probably the most studied partial differential
equation, because of the infinite number of preserved quantities and the applicability of the
inverse scattering method.
In this article, we shall address the question of global existence and uniqueness for
the Camassa-Holm equation
Up — Upxx = 2Uxliyyx + Ullyyxx — 3Ully

(CH) u(x,0) =uop . .1y
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Camassa and Holm [3] derived (1.1) as an appropriate non-linear model for water wave
motion in shallow channels. In the same article and later in collaboration with Hyman [2],
they have studied some basic properties of the solutions (including an explicit formulas
for special solutions) and also the typical non-linear phenomenon of peakon-antipeakon
interaction. Related equations and hierarchies of equations were earlier considered by
Fuchssteiner and Focas [13], without an explicit reference to this explicit model. Theirs
was a concentrated effort to produce models for soliton interactions with biHamiltonian
structure (and thus infinite number of conserved quantities).

We also note that in the work of H.-H. Dai on thin compressible elastic rods (see
also [4]), the equation

(CHy) U — Upxx +3utty =y Quyttyx + Ullyyy)

has been proposed to model the small-amplitude (axial-radial) deformation waves. Here
u(x, t) measures the radial stretch relative to an equilibrium. It turns out that the physical
parameter y ranges from —29.5 to 3.41.

The Camassa-Holm equation was object of intensive investigation since its appear-
ence. We will not even try to give a comprehensive overview of the known results (a
seemingly impossible task). Instead, we will only focus on results that are relevant to our
goal — the existence and uniqueness of the solutions. For the biHamiltonian structure and
the related question of symmetries we refer the interested reader to [12].

The Camassa-Holm equation enjoys infinite number of conserved quantities. Most
of them, however are nonlocal in nature, thus making them ineffective for the standard
energy estimates approach. In fact, there are only three known local preserved quantities:
Preservation of mass yields [ u dx = const and the Hamiltonians

I = /(uz—l—u)%)dx = const ,
R!

K = /(u3 + uu?) dx = const .
R!

Constantin and Strauss exploited the preservation of the two Hamiltonians (together with
the existence results in [15], or the consequent article [6]) to obtain orbital stability of
the traveling wave solutions up to the existence time. That presents one more motivation
as to why one is interested in whether the Hamiltonians I and K are preserved for H'
solutions. For the existence theory, we start with the local well-posedness result of Li and
Olver, [15] in H3/>*. Note that the exponent 3/2+ matches the sharp local well-posedness
result for hyperbolic equations in 1 D. Olver and Li have actually provided several blow-up
scenarios showing that the blow-up cannot be prevented by taking small data in any sense.
Concerning less smooth data, Constantin and Molinet, [6] have shown that if the data u is
in the Sobolev space H L[6] and if Yo = ug — Bfuo is a positive Radon measure, then the
Equation (1.1) has an unique solution, which belongs to C((0, co), H LR, satisfy the
appropriate conservation laws and u — Bfu is also a positive Radon measure.

We must also mention the work of Xin and Zhang, [20, 21]. They have shown the
existence of weak solutions for general dataug € H', [20]. Their argument yields solutions
in a distributional sense. In [21], Xin and Zhang obtain uniqueness under certain additional
hypothesis on the weak solutions, obtained in [20]. As aresult, one does not get conservation
of the H! energy.
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In this article, we consider an alternative approach to the existence of global weak
solutions. First, we consider the frequency localized variants, for which we prove global
existence, uniqueness and conservation of the H' energy. These are models motivated by
the spectral method for solving nonlinear equations in finite domains. Moreover, by the
very structure of these equations, we obtain classical solutions corresponding to a general
H'! data. In the case of finite band initial data, we are able to then take a limit of such
solutions to obtain solutions to the standard CH equation, which are energy conservative.
Let us mention that these are solutions that satisfy the CH equation pointwise in time and
in a stronger (L?) sense in x. We are also able to show that the convergence u(t, -) — ug
is in L? and almost everywhere sense, although we do not pursue these issues here. Before
we state our results, we will need to give a precise definition of a solution.

Definition 1. We say that u is an solution of the Camassa-Holm equation in the time
interval [0, T) in strong (L?) sense, if u € L*([0, T), H(RY)) N C([0, T), L), u, €
L>®((0, T), L?) and it satisfies u(x, 0) = uq(x)

1

wt 50:2) + 500 02) 7 (@) Fo - ) (@) =0, (2

The equality in (1.2) is to be understood as L functions.

The precise meaning of the operators (1 — 83)_1, Oy (1 - 83)_1 above as well as the
relationship between (1.2) and the Camassa-Holm equation will be explained in the sequel.
For convenience, let us denote F (i, v) = 9y (u?) /24 9, (1 — 83)_1 (v*/2 4+ u?), so that the
nonlinearity of (1.2) is F'(u, uy).

In this work, we will be concerned with the frequency localized analogue of the
Camassa-Holm equation. We will need to define the frequency localization operator P_y .
Namely, let P_y be an operator acting by P/<N\f &) = n2Neg) f (&) for some smooth
cutoff n (see Section 2 below).

Theorem 1. The frequency localized Camassa-Holm equation

ur + PcnF(Poyu, Poyuy) =0
u(x,0) =ug

has global solution in H', provided ug € H'(R'). The solution is unique in the class

u; € Lf‘focL)%, u € L¥H'. Moreover, it satisfies the energy conservation law

J, i) ax = [ (d+ @) s

Our motivation for considering such models is the spectral method approach to that
problem in finite intervals. As is usual in numerical schemes, consider the CH equation
u; + F(u,uy) = 0 in a finite space interval —M < x < M. One then replaces the
solution u by a finite trigonometric polynomial, and one replaces the nonlinearity by a
finite trigonometric polynomial as well. These approximations are performed by applying
the Fourier projections P~y on the periodic functions, that is P<y (Y aqiew["’.jx/ My =

J

N ..

> aj e?7iix/M These frequency localized approximations have the following important
j=—N
features:
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» They satisfy the energy conservation law.

*  When solving on appropriate finite interval —M < x < M, one has a represen-
tation of the solution u as a finite (degree N) trigonometric polynomial, whose
coefficients {a,} will evolve with time and satisfy a corresponding system of or-
dinary differential equations.

* Poyu—>uasN — oo.

Unfortunately, taking limits of the solutions of Theorem 1 as N — oo proves out to be
hard. To the best of our knowledge, it is an open question whether global (weak) solutions
exist and preserves energy in the context of the original Equation (1.2), given arbitrary
data ug € H'. We note that one cannot expect in general to have a global solution, which
has smoothness higher than H I In fact, Constantin and Escher have shown that smooth
solutions blow up if and only if lim inf;_, 7 inf, u,(x, ) = —oo and this actually occurs
for very specific choices of (very smooth) initial data. We have the following result.

Theorem 2 (Existence for finite band data). Let the initial data ug € H'(R') is finite
band, that is P~ pug = 0 for some M. Then there exists a L? solution u in the sense of
Definition 1. Moreover, the Hamiltonian is preserved

/u2+(8xu)2dx = /u%+(8xu0)2dx,
R! R!

and for every T > 0, limpy— 00 SUPg<; <7 | P>put(t, )|l 1 = 0.

Remarks.

* The solution u is obtained as an H'! limit of some subsequence of the solutions
u" in Theorem 1.

« The set of finite band initial data is a dense set in H'. In particular, according
to the necessary and sufficient conditions of McKean [16], wave breaking (i.e.,
liminf, 7 inf, u,(x,t) = —o0 ) occurs for some finite band initial data and
finite time 7. Nevertheless, according to Theorem 2 the (weak) solution can be
extended beyond T'. This is in contrast with the results of Constantin and Molinet,
[6], who consider data ug with uy — 8fuo € M(R)4 for which wave breaking
never occurs.
» The property limp/— oo [| P> pmu(t, )| g1 = 0, is trivially satisfied for any given ¢.
The statement here is nontrivial because one is taking supremum over all times in
a given interval (0, T), i.e., limy oo sup || Pspue(t, )|l = 0.
0<t<T
Our next theorem shows that any norm of the solution in the scale H* may blow up for
s > 1.

Theorem 3. Let1 < s < 3/2. Then there exists solution of the Camassa-Holm equation
whose H?®-norm blows up in finite time. More specifically, one can find an initial data in
the space H>'>~, for which there exists time ty > 0 such that the corresponding solution
lu(-, )|l s blows up at time ty and |u(-, t)||gs > |t — to|~C~V. For the same initial data,
one has that there exists a time ty and a < b, so that

i) b
/ f |0,u(t, x)|> dx dt = 0o,
0 a
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showing that the a priori estimate for the solutions (Proposition 3.2, [20])

T b
/ / |0,u(t, )’ dxdt < C(T,¢),
0 a

is the best possible.

2. Background Results and Notations

2.1 Some Basic Results of Phase Space Analysis

Define the Fourier transform for functions in the Schwartz class as
F(HE = F&) = / e 260 gy

One then can extend to L? functions by approximating L? functions with functions in the
Schwartz class. One also has the Fourier inversion formula

FUH@ = fo) = / Py ge |

We will also define the frequency restriction operators

00f &) = x—1.1©F©)
ONf(E) = xwnmEFE for N>0.

Define an even function n € CSO(RI) sothatn(¢) = 1 forall |£]| < 1 and suppn C (-2, 2).
Associated with 5 are the smooth Littlewood-Paley projection operators

PifE) = n@fE)
P.Nyf(&) = nE/N)fE) for k>0.
Observe that since 7 is even, one has Py f = N7(N-) * f, where the kernel is real valued.
Note also that [0 N(Nx)| < Cq|x|7®~!, where C, is independent of N.

Introduce P~y :=Id —P- and P, = P—,+1 — P<,. Next, define the inhomogeneous
Sobolev spaces H* (for any real number s) by

1/2

Iy = | [ 1F@F <2 ag | .
Rn

where < & >:= (14 |& |%)1/2. Consider the Helmholtz operator (1 — 83)_1 defined as the

inverse of the second order differential operator (1 — 8)%). Alternatively, one defines it for
(sufficiently) smooth functions f via

F((1-8)7"' 1)@ = (1 +4x26P) "' 7).

The following lemma is a variant of an endpoint Sobolev embedding result, which will be
needed in our estimates later on.
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Lemma 1. Letu,v € L>(R"). Then

3 (1=22) " ()

< lull>llv]5 -
oy S Tl lvl

Proof. By Plancherel’s formula and Holder’s inequality, we have

|F(0:(1 = 92) " ww) @) S< & >~

/ﬁ(é - n)ﬁ(n)dn‘ S<&>"ulalvll -

The result follows since < & > le Lg (RY. L]

Remark. One can obviously improve the result to

. (1 = 92) " wo)|

S lull2llvllz

~

L2(R)

forall 0 < s < 3/2, where F(|0x|° f)(&) := |§|s]"\(§). In the sequel, we shall need the
Calderén commutator estimate, which roughly states that the commutator of a Calderén-
Zygmund operator with the multiplication operator is a smoothing operator of order one,
that is its argument gains one derivative as an L? function.

Lemma 2. Suppose T : L>(R") — L*(R") is a convolution type operator, Tf = K x f,
whose kernel K satisfies |07 K (x)| < Cql|x|™"~% away from the origin, for every multiindex
o. Then for every Lipschitz function a, one has the following estimates for the commutator
[T, MJ1f = T (Mo f) — Mo(Tf):

12T Malf 1l o (o) < C||a/HLoo||f||L2(R,l) :
where the constant C is independent of f and a.

2.2 Camassa-Holm Equation in a Conservation Law Form

We recast (CH) using the Helmholtz operator in a form better suited for our purposes.
Indeed, an elementary computation shows that one can rewrite it (at least formally) as

X

Up — Uy = 2UxUyyx + Ullyxy — SUUx = %83(u2) — %8x(u2) — —ax(uz) ,

and therefore by applying (1 — 8)%)71 to both sides,

w4 50, (u?) + 10, (1= 92) 7 (W2) + 0, (1—02) ' (u?) =0
u(x,0) =upx) .

2.1)

Note that in (2.1) one encounters at most one spatial derivative on the solution, which
will be essential in our analysis of weak solutions. In some instances, one can use the
following equivalent reformulation of (2.1). Observe that the “peakon” ¢(x) = eIl /2 is
the fundamental solution of the operator (1 — 8)%), ie.,

(1- a,%)‘lf(x) =e s f= %/e“x_y‘f(y)dy .

R!
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One can also write the operator 9 (1 — 83) as

_ 1
0 (1-92) " fx) = -3 f sgn(x — e " f(y)dy

R!

and therefore (2.1) becomes

+1 24 o 2+“§ 0
u —lu u — =
‘T2 v 2)).

as in [5].

3. Small Viscosity Approximation

In this section, we consider the “small” viscosity approximation of the Camassa-Holm
equation, namely

w4 30, (u?) + 30, (1= 92) 7 (u2) + 0 (1 — 82) ' (u?) = £02u

3.1
u(x,0) =upx) .

We will show that for every ¢ > 0, (3.1) has an unique solution, which dissipates energy.

Proposition 1. For every ¢ > 0, the Equation (3.1) is uniquely and globally solvable
given ug € H'(R") and

1(0) :/ u? +udx < / ud + (dcu0)* dx .
R! R!

The result relies on the classical theory for nonlinear heat equations together with the
energy conservation for the Camassa-Holm equation. Recall that for the equation

u — Au = F(u, Vu)

u(x, 0) = uo(x) 3-2)

there is the following classical local existence result (cf. [17], p. 316).

Lemma 3. Suppose that the nonlinearity F in (3.2) satisfies

|F(u, Vu) — F(v, V)|l gs < MRllu — vl| s+
(3.3)

whenever el gs+1, IVl gs+1 < R

for some s > 0. Then, there exists time T > 0 depending only on ||ug|| gs+1, such that the
parabolic Equation (3.2) has an unique local solution

u e C([0, T1, ' (R") () C'(0. T, H* (R")) .

Moreover, for every T > ty > 0 one has u € C*°(R" x [tg, T)).

In fact, a close inspection of the proof shows that T = T (Jlug| gs) is a decreasing
function of ||ug|| s and limy_.o T (h) = oo. In other words, “smaller” data is expected to
produce solutions with longer lifespan.
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The proof of Lemma 3 relies on standard smoothing properties of the heat semigroup

e'®, namely
le® £l o StV s o
[ =1d) £l e S T2 g - '
Hence, the equation
u; — eAu = F(u, Vu)
u(x, 0) = uo(x) 35)

has a unique local solution with the prescribed smoothness properties in Lemma 3 and with
a lifespan at least Ty = T (|luoll gs+1) ~ €T (lluoll gs+1), whenever (3.3) is satisfied.

Proof of Proposition 1. Sets = 0. We verify (3.3) for the Camassa-Holm nonlinearity
1 1 —1 _
Fu,uy) = Eax(u2) + 50 (1 - 02) 7 (?) + 0. (1 —92) ' (u?) . (3.6)

One clearly has

1 1 —1
Fuu) = F,v) = 200 = v)u + )] + S0:(1 = 37) " [(ux — v) (i + vy)]
+0,(1-02) [ — v)(u+v)].
By Holder’s inequality and the Sobolev embedding H!(R!) < L®(R"),

llu = vligillu +vlipeo + llu+viigllu —vipe

loc[w — v+ Wl 2Ry S
< M= vl (lullgr + ol

which shows that (3.3) holds with Mg ~ R. The term 9, (1 — 83)71[(u —v)(u + v)]is
handled in a similar manner (it is in fact easier due to the smoothing of (1 — 8)%)_1). For
the term 8X(1 — 8)%)_1[(ux — vy)(Uy 4+ vy)], we use Lemma 1. We have

0 (1= 02) " [y — ve) (uy + vx)]\

ey, S 10 =l vl

S lu = vl (el o+ ol 1) -
This shows that (3.3) is satisfied and we obtain a solution of (3.1). By the smoothness of
the solution for 0 < ¢ < T, we have

(1) = / (u* +u?)dx < 1(0). (3.7
RI

For (3.7), one checks as in the preservation of the Hamiltonian for the Camassa-Holm
equation (see Corollary 1 in the Appendix) that

I'(t) :2/(uut + tytyy) dx :28/(uuxx + Uy lyyy) dx = —28/(1@ +u2,)dx<0.(38)

Thus, I(t) is a decreasing function and 7 (¢) < 1(0).
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We note that this step is justified due to the smoothness properties of the solution u
and cannot be performed in general for the solution of (CH) unless we have some additional
smoothness information. Based on (3.7), we can iterate our local existence result to a global
one. Indeed, take #9p = 7./2 and observe that by the energy dissipation |[u(-, fo) || g1 <
lluoll 1. We can run the same argument now starting from fy. The lifespan of the solution
starting at fy is going to be at least T (||u(-, t0)||H1) >T. =T, (||uo||H|) and so on. By
taking small, but fixed increments in time, one produces global solution in that fashion.
Moreover, at each step, we have the dissipation law (3.7). []

4. Frequency Localized (CH) Equations

In this section, we consider the following “frequency localized” version of the Cammasa-
Holm equation for fixed N:

ur + PcyF(Poyu, Pcyuy) =0
4.1)
u(x,0) =ug
and the corresponding “small” viscosity equation
ur + PenF(Poyu, Payuy) = ity (4.2)
u(x,0)=ugp.
We note that ||P<yll;2_,;2 = 1 and P.y is a convolution type operator and therefore

commutes with |0, |* and d,. For fixed ¢ > 0, one can use these properties to show (just as
in the case of Cammasa-Holm equation) that the estimates on the non-linearities of Lemma 3
are satisfied and therefore there is a smooth solution in some small interval (0, T), which
satisfies the equation in classical sense. Now, one can apply Q~4x on both sides of (4.2)
and since Q- @un)P<ny = 0, one finds that Q>4Nuév satisfies a linear parabolic equation
with data Q- 4nyuq and therefore

0

u) = Qoanul + Qaneuyg . (4.3)

It is straightforward to check, that the solutions of (4.2) still enjoy the energy dissipation
property (3.8). That enables us to iterate the local result to a global one just as in the
previous section. In addition, observe that according to the energy dissipation

=2 [ () + ) ax.

we have (after integration in time)

T T
2¢ / / ((5)° + (u5,)?) dx < — / I'(0ydr < 100) = lluoll?, . (4.4)
0 0

We show now that the viscosity limit as ¢ — 0 makes sense. This is the essence of
Theorem 1, whose proof we present here.

Proof of Theorem 1 (Existence). We construct the solution as a limit of the solutions
to the viscosity approximation (4.2) u®. To that end, we have to show that u® is a compact
sequence in H I whose limit will be shown to be a solution to (4.1).



OF10 Milena Stanislavova and Atanas Stefanov

We make use of the Riesz criterion for compactness in H L (e.g., [18], p. 247).
Namely, we have to verify

sup [’ ||H1 < 00 4.5)
e>0
sup |u®C-+h) —u* ()| —>0 as  h—0 (4.6)
e>0

sup ”us ||H](|x|>M) -0 as M — oo. 4.7
e>0

Clearly, sup,. o llu®ll 1 < lluoll g1 by energy dissipation, so (4.5) is verified. For (4.6),
observe that by Lemma 6 from the Appendix, it is enough to show that

sup || Q> mu®|| i — 0 as M — oo . (4.8)
e>0

To verify (4.8), use the representation (4.3). Take M > 8N. We get

32
sup [ Q| = sup | Qoe™uo| < NQ-muoll 1 >0 as M- oo
e>0 >0 H

For (4.7), we have the following.
Lemma 4. Let ug € H' (RY). Define the energy of the solution u, in {x : |x| > M} by

J(t):/(u§+u§x)(1 — x(x/M))dx ,

R!

where x is a smooth cutoff adapted to (—1, 1). Then
d -1 3 -2 2
dtJ(t) < CM™ luolly + CeM ™ Nluolly - (4.9)

We will present the proof of the lemma in the Appendix. Let us indicate how to finish the
proof of (4.7) based on it. Indeed, integrating (4.9), we obtain

[J(D)| < [T O+ CTM  uoll3, + CTeM 2 |luol%,,

for every T > 0. Fix T. For every § > 0, we can find M, (T, ||u0||H1), so that
CTM—1||MO||3H1 + CTeM~|lugl3,1 < 8/2 and My (T, uo) so that |J(0)| < 8/2. Thus,
if M > max(M, M>), then ||u€||H1(|x‘>M) < 8, which is (4.7). This shows that one can
extract an H'! convergent subsequence {1} from {u®}.~o. We verify now that the limit u

solves the equation in L? sense. First, consider the term 9, (1 — 83)7] [(ui)z]. One has by
Lemma 1

| Pne(1 = 02) 7 [(Panu)’] = Pt (1 = 03) " [(Pwins)?]|

&n

L2

5 HP<NM?1 - P<N“)CHL2HP<Nu§n +P<NuxHL2 E 2”” _u”H1||uO||Hl )

clearly converging to zero. Similarly, one proves d, (1—32) w2 = o, (1-32) w2

in L? sense. For 9, (u®)?, one estimates by Sobolev embedding

Oy (u*’")2 - Bxuz‘

e D] PP (] PR ] PR T P
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This shows that for the nonlinearity of the frequency localized equation, we have shown

sup ||P<yF(P<nu®, Poyu§') — Py F(P<yu, Poyuy)|,» — 0. (4.10)
0<t<T

Next, we establish that u; € L?OL% and u; + P.yF(Poyu, P.yu,) = 0 in L)% sense.
Indeed, we have for the classical solutions u®" by (4.4)

Huf” + P<NF(P<Nu€”v P<Nu§")|

121200,1) = én (et ||L2L2(0,T) < Venlluollyr — 0.

Combining the last conclusion with (4.10), we get that the sequence {u;"} is convergent in
L2(0, T)L? and for the limit v : v + P-y F(P~yu, P_yu,) = 0. By Lemma 1, it is easy
to see that [|[v(¢, )|l;2 = |P<nyF(P<nu, P<yuy)llz2 < C||M0||%11- On the other hand, for
every smooth test function ¢ with ¥ (0, -) = 0, we have

(Us l”) = h)gn (ufn, 1/f> = _h:ln <u8n’ wl) = - (M, I//l) .
It follows that u, exists and u, = v € L¥°L2 and it satisfies (in L? sense)
ur + Py F(Poyu, Poyuy) =0.

Uniqueness and conservation law.
Let

I(t):/(u2+u)2€)dx.

By the representation (4.3) for uév , we find that the limit u will satisfy u = Q anyu +
O-4nug, whence u; = Q —anu;, since Q-anug is time independent. Thus,

1(t) = / ((Q<anvu)* + (Q<anux)?) dx + / ((Q=an1t0)® + (3, Q-anu0))’) dx ,

where the second term is constant in time. Differentiation in time yields,
I't) = 2/(Q<4N”Q<4N“t + Qcanux Qcantsx) dx . (4.11)

This is justified, since both Q ayu; and Q _ayu;y € L2(R1). Using the equation (which
is satisfied in L2 sense) and the fact that Q2<4N = Qn and Q yunvP_.ny = P_n, we
rewrite (4.11) as

1'(0) = 2(Q can, Q cantr) +2(Q <anity, Q<anitsy)
= 2<Q2<4Nu, uz) + 2<Q2<4Nux, um>
= —2(Q% s Paw F(Ptt, Poyit)) = 2( 0%yt 0 Pon F(Poyit, Pnity)

= _2<P<NQ2<4NM» F(P.nu, P<N”x)) - 2<P<NQ2<4NM.X9 O F(Poyu, P<N”x)>
= —2(P.yu, F(Poyu, Poyuy)) — 2 (Poyuty, 0x F(Poyu, Poyuy)) .

One now computes that I'(#) = 0 by (7.3) from Corollary 1 in the Appendix (this is simply
the conservation law applied to P yu.) Therefore,

/ (u2 + u)zc) dx = / (u(z) + (3xuo)2)dx )
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proving the energy conservation for the frequency localized equation.
For the uniqueness, assume that & and v are two solutions to (4.1) with the same initial
data ugp. Observe next, that the difference will satisfy

(e = D), + P<n(F(P<yu, P<yuy) — F(P<yv, P<yvy)) =0
(1 —10)(x,00=0.
Note that since Q~4y P-y = 0, we have Q- 4y (&t —v) = 0. In particular, it — v is a smooth

function, which belongs to L? along with all of its derivatives. Consider the energy of the
difference equation,

D() = / (i = 0)’ + (fx — 0y) dx .

By assumption (it —v); € L;”‘TOCL2 and in addition (it — 0);x = 9, Q cany (U —0); € L;’jocLz.

Differentiate with respect to ¢ to get
D'(1) = 2/ (@ — 3) (@ — ), + (i — ) (i — D), dx

Use the equation and introduce the functions u = P_yu, v = P_yv. We get

T T
D(T) — D(0) = / D'(t) = —/ /(ux — )07 [ — v)(u + v)]
0 0

+ 1y — 1002 (1 = 02) " (= V) (e + v))]
+ 201y — v (1 = 02) [ — v)(u + v)]dx .

Using the fact that both # and v are Fourier supported in |£| < 4N and D(0) = 0, we can
(very crudely) estimate

T
T
DT < CN2/ 1t = ), I (el s+ Nollge) dt < c‘Nz/0 D@ dr .
0

since max (||u||H1, ||v||H1) < max (I|ﬂ||H1, ||5||H1) < 0o by assumption. Thus, one gets
by Gronwall’s inequality
0 < D(T) < D(0)eSN°T .

We conclude D(T) = 0 forall T > 0, since D(0) = 0 and the uniqueness follows. L]

5. Existence of Global Finite Energy Solutions of the
Camassa-Holm Equation

In this section, we show that the limit of solutions to the frequency localized CH equations
converge to solutions of the original equation, provided the initial data is band-limited. For
initial data ug € H'!, take the sequence of the solutions to the frequency localized CH
Equations (4.1) forn = 1,2. ... This is uniformly bounded sequence in H!, and in fact by
the energy preservation (see Theorem 1) ||uN ||H1 = |lugll 1. Thus, there is a weak (and
pointwise) limit point #. Next, we show that for some subsequence Ni: ||uNk —u || ge =0
for every 0 < s < 1 (but not necessarily for s = 1). By the Riesz-Rellich criterion for
compactness in L2, we have to show
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* supy HuNHHS < 0.
o supy [uN(¢4+hm) —uN()| s > O0ash — 0.
¢ SupN HuNHHY(|x‘>M) — O as M — oo.

But supy HuNHHS < supy ||uN||H1 = |lugll g1 < oo. Similarly, we have already verified
by means of Lemma 4, that

N N -1
sup Hu H < sup Hu H =0(M .
N H (|x|>M) N Hl(|x|>M) ( )

It remains to show supy ||uN(- +h) —uN() ||HS — 0. But, as we have already pointed
out in our previous discussion, it suffices to verify

sup / (1+|§|2‘Y)|’L?N(§)\2d§—>0 as R — o00.
N
lE[=R

This follows from the control of the H' norm, since

~, 2 _ 2 _
sp [ (1 16P)a@) de < 6D sup [uV | = ROl 0.
N

IE1=R

Thus, we are guaranteed a convergent subsequence in H* (and thus in L°° as well).

Fix time T : 0 < T < oo. By the Riesz-Rellich compactness criteria, in order to
show that the convergence (of a subsequence) is in H! it remains to show that for every
8 > 0, there exists Ms, so that for all M > Mj, SUPg</<T SUPy || PzMuN || g = §. Assume

the contrary, that is the existence of some §g > 0, so that supy., 7 supy H Pspyu® ||H] >
8o for all M. This is easily seen to imply that there exists My, so that for all M > My, one
has

sup sup HPEM/IOMNHHI <2 sup sup HPz(l()M)uNH (5.1

0<t<T N 0<t<T N H!

Indeed, otherwise, one constructs an increasing sequence M, so that sup, ” P>y, ulv || g >
2supy || Popg,, u | 1> Which leads to a contradiction, since

lloll g1 > sup sup HPZMOMNH , =2" sup sup HPZMn”NH [ =280 —> 00
0<t<T N H 0<t<T N H

We will now proceed to give an estimate on the high-frequency portion of the energy, that
is, we consider

2 = | P [}, = [ 1P 4 Possu Pt
By the equation,
Iy, = 2/ (Popgu™ Popgul + Poyqud Populy) dx
- 2/ Poyu™ Poy Poy F(Poyu™, Poyul) dx

+2/P>MM)ICVP>MP<N8)CF(P<N“N’P<Nu§cv)dx'
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Note that the last calculation is justified, because the formal integral representation for
0y Iiv )y contains only smooth L? entries (recall u; is Fourier supported in {|&] < 2V 2y,
Conjugate by P~y P_y and call v = P_nu™N. We obtain

1Yy, =z/ (P2yv)F(v, vx)dx+2/ (P23 v:) 3 F (v, vy) dx .

Denote 15> M= Pf - Note that 13> m has similar properties to P js. Write v = 15> MU+

ﬁg mVv =: z+ w. In other words, we denote the low frequency portion of v by w and the
high-frequency portion by z. We get

1N, = 2/zF(z,zx)dx +2/zx3XF(z, Zy) dx
1 1 _
+ Z/Z <§8x(2zw + wz) + zax(l — Bf) ](2zxwx + w% +4zw + 2w2)> dx
1 1 _
+ Z/Zx (Eaf(Zzw + wz) + 58)%(1 - 83) 1(2zxwx + w? 4 4zw +2w2)> dx .

Note that
2/zF(z,zx)dx+2fzx3xF(z, ) dx =0,

since z = Py Pyu® is smooth.! For the terms

fzax(zw) + 20, (1= 02) ' Qeews + 4zw) + 22 (1 — 82) ' Qzawy + 4zw) dx

+2/zx(—zxwx —4zw)dx ,

we use Holder’s inequality and Lemma 1 to estimate by Cllzllip (lwll zoo + Nlwxllzoo) <
M1/2||z||i[1 lw]| 1, since the Fourier support of w C {|&] < M}.

Next, we make the observation that the really dangerous term f ZyZpx W dXx arises,
but is transformed into —% f zf wy dx via integration by parts.

With the last formula in mind (and for some terms the fact that (1 — 83)71 is bounded
on L?), all expressions appearing above that are quadratic in the z variable, are estimated
by placing z and z, in L? and the remaining w, w, or w,, in L. We obtain the following
estimate for these terms: C||z[|3,, (lwllzoe + llw [l oo + llwixllzoe) S M2z ]12, lwll g1

It remains to consider the terms that are linear in z and quadratic in w. These are

H= % /ZBX (w?) + 28, (1 — 3)%)_1(11))2( +2w?) dx

1 _
b 3 [ a2 0) 4 202007 (02 + 20 .

I This is an identity satisfied for all smooth functions, regardless of whether they are solutions to CH or
not.
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Since the Fourier support of z is inside {|§| > M2}, it follows from the Plancherel’s
formula that

/ 200(Qemjaw)? + 20 (1 — 02) " (Qmjaw)? +2(Q<paw)?) dx
+ f 2202(Q<ppaw)? + 2202 (1 — 82) " (Q<pyawn)? + 2(Q<prjaw)?) dx = 0.
Thus, one can rewrite H as

2H = [ 20,(20- s Qejiw + (Q-pau?) dx
+ / 20 (1 = 82) ' (20= myawx Q=rjaws + (@ pjawy)?) dx
+/Z(4Q>M/4WQ§M/4W +2(Q>M/4w)2)dx
+ f 202 (20- 4w Qmptyiw + (Oopayaw)?) dx
+ f 2202(1 = 92) 7 (20 mjawe Q<mjaws + (= pjawe)?) dx
+ 2fzxa§(1 —02) " (20 mjaw Q<ptjaw + (Q= prjaw)?) dx .

Observe that each term above contains a z or z, and additionally either Q. p 4w or
O>m/awy or Qs pyqwyy. As always, we estimate via the Holder’s inequality by plac-
ing the terms like z, zy and Q> p/aw, Qs p/awy, and Qs /4wy, in L? and the remain-
ing term in L°°. Note that for some terms, we need to estimate |}Q<M/4wx HLOC <

Sie1<apa | 0x () dE] S M2 [k 2 ~ M2 {lwll 1. We get
H < CM Pzl i | Qs myaw]| i llwll g -
By (5.1), one concludes that

HQ>M/4w||H1 = HQ>M/41’3§M1”§1\7MNHH1 < HQ>M/4MNHH1 <2/1%,.

Also, ||zll g1 = | Pors Pyl g1 < 1 Popgu™ | g1 < (/12
Collecting all the estimate for 9,/ iv W yields

IV (1) < CM 2 ugll g 1Y), (1)

or after integration in (0, T')
T
IN (T = 1Y,,0) < CM3ug | 41 /IZM(r) dt . (5.2)
0
Choose now M large enough so that ILVM(O) = f | P puo|* + | Poydxuol? dx = 0. This

is possible from the fact that u¢ is finite band. But Iiv (1) is a smooth function of time,
it vanishes at + = 0 and satisfies (5.2). By Gronwall’s inequality, Iiv @ = 0 for all
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0 <t < T in contradiction with SUPo</ <7 SUPyN || PzMuN”Hl > J§9. Hence, we have
shown the uniform (in N) vanishing of the Fourier transform and this by the Riesz-Relich
criteria guarantees the existence of a subsequence of "V converging to u in H'. Clearly,
u satisfies the CH equation in L? sense and preserves the H! energy for all time, since
e, M ggr = limyg [|ue(z, )| 1 = luoll -

6. Blowing-Up of Solutions

In this section we will show that there are solutions of the Camassa-Holm equation (the
“multipeakon” solutions), whose H®-norms blow-up in finite time for any s > 1 even
though the initial data is in the space H3/>~¢. In this sense the global existence result from
Section 1 is sharp, meaning that one can not obtain unconditional global well posedness in
H?,s > 1. The example that we give uses the peakon-antipeakon interaction, studied in [2]
and subsequently by [1]. The multipeakon solution, constructed by Camassa and Holm has
the form

1 n
u(x, 1) = 5 ij(z) exp(—2]x — x;(1)])
j=1
and represents n interacting traveling waves. Here x; are the positions and m ; are the
momenta.

Proof of Theorem 3. We will use the explicit formulas in [1], Section 7. For the
derivative uy (x, t) of the multipeakon solution u on certain interval (xg, xg41) it is shown

in [1] that u,(x,t) = & + O(1) ast — 1y with a constant @ > 0. The length of this

interval is xg41 — X = oot — to)2 + O((t — t())3) for some constant «g > 0. Thus,
Xk41 1/p
» C
luxllr = (ux)” dx >

= (t —to)PD/p
Xk

for some constant C > 0. The Sobolev embedding theorem then implies that ||u|| g1+. >

llux|lzpr for e = ijz. Thus, |lu|lg1+e > ﬁ We also see that
10 Xk41 fo |
P> | — 4
u t,
/ / . N/ |t —10]P~2
0 Xk 0
which is divergent if p > 3. []

7. Appendix

7.1 Decay of the Localized Energy

The purpose of this section is to study the decay of the energy functional J(¢). We will
in fact prove a much more general lemma than Lemma 4 for solutions of the viscosity
approximations (3.1) and (4.2). We note that the lemma remains true for the actual solutions
of the Camassa-Holm equation (that is for ¢ = 0), as long as they are smooth enough to
justify the manipulations below (say C?).
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Lemma 5. Let u be the unique smooth solution to either (3.1), or (4.2). Define the energy
functionals

J (1) :=/(u2+u§)(1 — x(x/M))dx

and

S(t) :i= / (u® + u?)x (x/M) dx

where 0 < x <1 is a smooth cutoff function adapted to (—1, 1). Then

|| = M Muolly, + CM elluoll3, . (7.1)
IS0 = M Muoll,, + CM*elluoll, (7.2)

for some absolute constant C.

As a corollary, take M — oo to recover the energy conservation law for smooth
solutions of (1.2).

Corollary 1. Let u be a C? smooth solution of (1.2) up to time T. Then

/uu, +uyusdx =0.

In particular, the energy
1(t) = / (u2 + ui) dx

is conserved up to time T. For the frequency localized version, if u is a solution of (3.1),
then

/P<NMP<NMt+P<NMXP<Nutxdx=O (7.3)

and in particular 1(t) is preserved.

Proof of Lemma 5. We first work in the case of (3.1) and then we indicate how to
modify the proof, to accommodate solutions of the frequency localized version (4.2). Next,
we only consider the energy functional J (which is the only thing needed in the preceding
sections), the proof for S is similar. Since u is known to be smooth and satisfies (3.1)
classically, we differentiate J (¢) and use the equation. We get

J'(t) = 2/(1414; Fttgttg) (1 — x (x/M))dx = — / wdy (u?) (1 = x (x/M)) dx
- / ude (1= 02) 7 (W) (1 = x(x/M))dx — 2/ ude (1= 02) 7 (W?) (1 = x(x/M))
—/uxaﬁ(bﬂ)(l — x(x/M))dx —/uxaf(l — af)*‘(uﬁ)(l — x(x/M)) dx
_ 2/uxa§(1 —32) 7 (W) (1 = x(x/M)) dx +e/ua§u(1 — x(x/M))dx

+s/uxafu(1 — x(x/M))dx .
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Each term is handled separately by integration by parts, or by using the identity 83(1 -

83)_1 =—-Id +(1 — 83)_1 or both. Note that the boundary terms disappear by the decay
properties of the solution. We have

o 2 _ __i/ 3.7

/uax(u )(1 x(x/M))dx = o, uwy' (x/M)dx ,

—/uax(l —32) 7' (1)1 = x(x/M))dx = [ux(l —92) 7' (W) = x(x/M)) dx
1 _

- M/u(l —83) 1(u)zc))(’(x/M)dx,

—2/uax(1 -3 (W) - X(x/M))dx=2/ux(1 —32) " ()1 = x(x/M)) dx
2 ~

- M/u(l —32) 7 (®)x (x/ M) dx

—fuxaj(uz)(l — x(x/M))dx = —/ui(l — x(x/M)) dx
1 2 /

—— | uiuyx (x/M)dx ,

—/uxa,%(l —83)‘1(u§)(1—x(x/M))dx=fui(1—x(x/M))dx

- f ue(1=03) 7 () (1 = x (/M) dx

—Z/th&%(l — 8?)_](142))(1 — x(x/M))dx = %/u:%x/(x/M)dx

—2/ux(1 —32) " (W) = x(x/M)) dx .

Finally, the two extra terms coming from the small viscosity approximation are

g/uafu(l — x(x/M))dx = —e/uﬁ(l — (/M) dx — ;W/uzx//(x/M)dx

&

s/uxafu(l — x(x/M))dx = —g/uﬁx(l — x(x/M))dx — W/uix”(x/M)dx.

Putting all the terms together yields

J'(t) = —%/u}%ux/(x/M)dx — %/u(l _33)—1(u§)x/(x/M)dx
2 _
_M/M(l —Bf) l(uz)x’(x/M)dx

—s/(u§+u§x)(1 — X (x/M))dx — #/(uz—i—ui)x”(x/M)dx.

Estimating each term by Holder’s inequality and by means of Lemma 1 yields



On Global Finite Energy Solutions of the Camassa-Holm Equation OF19

‘/ wuy' (x/M)dx| < Cllugl|Jallull o < Cllully;,
-1
‘/u(l —07)" (u?) dx| < Cllull 2 luxlly, < Cllully,
- ef (3 +u3) (1 = x(x/M)) dx <0

V(u2+u§)x”<x/M>dx <Clul?, |

which implies the lemma for the case of (3.1). Let us now focus on the solutions of the
frequency localized version (4.2). Compute J'(¢) as in the case of (3.1). We get

= -2 / WPy F(Poyit, Poyuy)(1 — x(x/M)) dx

) / Uz Poy F(Poytt, Poyuz)(1 — x (r/M)) dx |

where F is the nonlinearity of the Camassa-Holm equation. Conjugating Py yields
Jy= —2 f F(P-yut, Poyity) Poy(u(l — x (x/M))) dx
2 / D Py F(Pyit, Poyit) Py (s (1 — x (x/M))) dix
= -2 / (Poyit) F(Poyit, Poyuy)(1 — x(x/M)) dx
2 / (Pt Py F(Poyit, Poyity)(1 — x(x/M)) dix
2 f F(Poyit, Peyuy)[Py. (1 — x (/M))udx

_2/8xP<NF(P<N”a Poyu ) [Py, (1 — x(x/M))]uy dx .

The first two terms in the expression above are controlled in exactly the same way as in the
case of (3.1). Indeed, one only need to replace u by P.yu in that argument to achieve the
same results. The estimates in the end are in terms of || P<yu|| 51, which is clearly bounded
by |||l 1. The remaining two terms can be considered as error terms. Note first that Py
is well-defined Calderén-Zygmund operator with Calderén-Zygmund bounds independent
of N. Taking into account the form of F, we get

‘/ F(Pyu, Peyu)[P<y, (1 — x(x/M))]udx

= ’ / (Pyuw)?/24 (1= 02) ' (Poyun)?/2+ (1= 02) ' (P_yu)?)

x Ox[Ppy, (1 — X(X/M))]udx

< |Panvi? 2+ (1= 2) 7 Panu?2+ (1= 03) T (Payu?|

x 0 [P<n, (1= x /M)l 2 < CM 7| x| o lulZy lell 2
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where in the last inequality, we have used Lemma 1, the Sobolev embedding and Lemma 2.
Similarly, we estimate

’ / 0 F(Poyit, Poyut) [Py (1 — x (t/M))lix dx
= / (0 (Pyu)?/2 + 0, (1 — 82) " (Poyun)?/2 4 0, (1 = 82) ' (P_yu)?)

X 0[Py, (1 — x(x/M))]ux dx

IA

B (Poyi)?/2+ 8 (1= 02) ' (Poyu)?/2+ 84 (1 = 03) ™ (Poyi)?|

L2
x 1ox[Pan. (1= x /M)l 2 < CM 7 x| oo luell 3 el 2

by the same arguments. Lastly, by the energy dissipation for the equation, we have that
llell 1 < lluoll 1 and Lemma 5 follows. L]

7.2 Uniform Vanishing of the Fourier Transform Implies
Equicontinuity

In this section, we show that for a sequence of uniformly bounded functions, uniform vanish-
ing of the Fourier transforms (in L>2%) implies (and in fact is equivalent) to equicontinuity.

Lemma 6. Lets > 0 and {u,} be sequence of functions in H® with

o sup llupllys < C < o0
n

* sup i (&) <& >% dE - 0as M — oo.
n
|E|>M

Then
sup llun (- +h) —up()llgs — 0 as h— 0.
n

Proof. Take ¢ > 0 and select M = M (s) so that

sup / i &) *1€1> ds < &
|E[>M

Choose 6 = ¢/(MC). For every |h| < §, we have by the Plancherel’s theorem
i 2~ o012
sup iy +) =y e = [ 37— 1P|m)f <& > ds
n

s/ i (&) < £ % ds+h2f EP|in )| < & > de
El>M |E|l<M

< &2+ h2M? sup |lunll s < 262 .
n
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