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INTRODUCTION

The main topic of this thesis is the study of a nonlinear partial differential
equation, the Camassa—Holm (CH) equation:

Ut — Upgpg + SUUL — 2UgUgy — UlUgry = 0. (1)

The origin of the Camassa-Holm equation can by traced back to an article from
Fuchssteiner and Fokas ([18]) from 1981 where it appears as one member of a
whole family of bi-hamiltonian equations generated by the method of recursion
operator. However some coefficients were not correctly computed. This may be
the reason why no special attention was given to it until its rediscovery in 1993 by
Camassa and Holm in the context of water wave ([7, 8]). They derived equation
(1) as a model for unidirectional water wave propagation in shallow water with
u representing the height of the water’s free surface above a flat bottom. The
relevance of the equation as a model for shallow water wave has been further
investigated by Johnson in [21].

In 1998 a similar equation, namely
Up — Utgg + SUUg — ’Y(QU;cuxx + uuxxx) =0, (2)

was discovered independently by Dai as a model for nonlinear waves in cylindrical
axially symmetric hyperelastic-rod. In this case, u(z,t) represents the radial
stretch and ~ a constant depending on the property of the material.

A RICH MATHEMATICAL STRUCTURE

The Camassa—Holm enjoys many remarkable mathematical properties. It is
bi-Hamitonian, that is, it possesses two distinct but compatible hamiltonians.
Following the methodology described in [24] for general bi-Hamiltonian systems,
it is possible to derive an infinite number of conserved quantities for the solutions
of (1); the computation is carried out in detail in [22]. The equation admits
a Lax-pair and is also formally integrable by means of scattering and inverse
scattering techniques. The scattering problem consists of computing the scattered
far-field over an obstacle whose “shape” is determined in some way by w (for ¢
fixed). In practice, it means finding the eigenvalues of a linear operator depending
on u(t,z). The remarkable fact is that as time evolves, if u(¢,z) satisfies (1),
then these eigenvalues satisfy trivial linear ordinary differential equations which
can be solved explicitly and the far-field can be determined for any time. The
inverse scattering problem consists of retrieving the “shape” of the obstacle, that
is u, from the knowledge of the scattered far-field. This is also a nontrivial
but nevertheless linear problem so that one can think of the scattering-inverse
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FI1GURE 1. Interaction of two solitons for the KAV equation.

scattering method as a way of linearizing the equation. If this approach can be
(formally) followed then the system is (formally) integrable and solutions of the
Camassa—Holm equation exist and can be computed. For a large class of initial
data, it is indeed possible, see [10, 16].

It turns out that many physical relevant equations share the same structure
(Lax pair, complete integrability via scattering and inverse scattering techniques),
the paramount example being the KdV equation

which is also used as a model for shallow water wave. These equations exhibit
a special type of solutions, the so-called solitons. A single soliton is a traveling
wave whose speed is proportional to the height. What makes solitons so special
is that when one combines several of them they interact nicely and retain their
shape after interaction, see Figure 1 for a two soliton interaction in the case of the
KdV equation. The Camassa-Holm equation also possesses solutions of a soliton
type, which, because of their shape, have been given the name of peakons. A
single peakon is given by

u(t,z) = cel* . (4)

The traveling speed is then equal to the height of the peak. By taking a linear
combination of peakons one obtains what is called a multipeakon solution. The
multipeakons have the following form

u(e,t) = 3 pilt)e o) )

where p; and ¢; are solutions of the following system of ordinary differential
equations

n n
Gi =Y pie 1975 p = "pip;sen(g; — gj)e 199l (6)
j=1 j=1

In Figure 2, we show a simple interaction between two peakons. At the peaks,
the derivative is discontinuous and the multipeakons can only be solutions of (1)
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FIGURE 2. Interaction of two peakons for the CH equation.

in a weak sense, see [20] and below. The system of equations (6) is hamiltonian:
For H given by H = % EZ]‘:I pipje_m"'_qi', it can be rewritten as

. OH | 0OH
qlfa_pi; Pz*—a—qi~ (7)

The multipeakon solutions as given by (7) can then be seen as a discrete version
of the Camassa—Holm equation, see [6].

The Camassa—Holm equation has a geometric interpretation: It is the geodesic
equation in the group of diffeomorphism with respect to a right-invariant met-
ric. Using the formalism presented in [1], this geometrical property can in turn
be given a physical meaning. For a mechanical system constituted of n distinct
particles, the evolution of the system is naturally given by the position of the
particles at each time, say {y;(¢)}7 ;. When we consider a continuous medium,
like a fluid, the system is correspondingly described by a function y(¢,£) which
gives the trajectory of the particle labeled by £. This is the Lagrangian descrip-
tion. In a fluid, we may assume that vacuum is not created and particles do not
accumulate so that, for any time ¢, £ — y(t,£) remains a bijection between the
labeling space and the physical space. Taking one step further, we may as well
assume that y(t,) remains a smooth diffeomorphism so that y: ¢ — y(¢,-) can
be seen as a path in the group of diffeomorphism from R™ to R™ (n is the dimen-
sion of the system). Formally, the group of smooth diffeomorphism, which we
denote G, can be given the structure of a Riemannian Lie group, the Riemannian
metric then representing the energy of the system. The physically relevant path
is then determined by the least action principle which says that y : ¢ — y(¢,-)
is a geodesic in G. We consider a homogeneous fluid for which the particles are
undistinguishable. In this case the initial labeling is arbitrary and, at each given
time, it must be possible to relabel the particles in a arbitrarily way without
changing the evolution of the system. The evolution of the system depends only
on the velocity distribution and the actual position of the particles should not
matter as they are undistinguishable. A pure Eulerian description of the system
is possible: Instead of looking at the trajectory of each individual particle, one
consider, for a fixed point x in space, the velocity u(t,z) of the particle that at
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time t goes through z, that is,
ult, ) =y, (t,y 1 (t, 2)).

The system enjoys what is called a relabeling symmetry. In the topological frame-
work of Arnold and Khesin, the relabeling symmetry corresponds to the fact that
the metric of G is right-invariant. Then, by Noether’s theorem, one derives the
existence of a conserved quantity holding point-wise in space and which, by anal-
ogy with the rigid body problem, is called angular momentum. Furthermore,
this framework provides a generic way of deriving the Euler equation for hydro-
dynamical systems. For the Camassa—Holm equation, the right-invariant metric
is given by

_1\2 12
/ [(ytoy D7+ (Balyeoy™) } dx:/(u2+u92c)dx
R R
and the preservation of the angular momentum writes

((u = uzz) 0 y(t, €))ye(t,€)* = ((u — uzs) 0 y(0,€))ye(0,€)* (8)
for all time and £ € R, see [13, 14, 15].

LOCAL WELL-POSEDNESS AND BLOW-UP OF THE SOLUTIONS

Local existence and well-posedness of solutions to (1) have been studied in [25,
11] with the help of Kato’s semi-group theory and in [23] using a regularization
technique. It is shown that, for ug € H*(R) with s > %, there exists a unique
solution u with

we C([0,T), H*(R)) N C'([0,T), H? (R))

where T' > 0 only depends on ||ug|| g7 (g)- Solutions have to be understood in the
weak sense or in the sense of distribution. Equation (1) can be rewritten as

Uy +uty + P, =0, (9a)

T

1
P— P, =u*+ §u2 (9b)

The operator 1 — 9, is a bijection from S’ into S’ where &’ denotes the class of
tempered distribution (see [19]) and a sufficient condition for (9) to hold in the
sense of distribution is for example that u € L{ (R, H1(R)).

loc

These results hold only for a finite time interval and the CH equation, in
contrast with the KdV equation, has smooth solutions that blow up in finite
time. Due to their bi-hamiltonian structure, the KdV and CH equations possess
infinitely many conserved quantities. In the case of the KAV equation these
quantities provide some apriori control on the regularity of the solution and yield
global existence and uniqueness of smooth solutions. However, this argument
does not apply to the CH equation where only one such conserved quantity,
the H'(R) norm, can be used that way. The solution blows up in the following
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manner. Let T be the time where a smooth solution eventually loses its regularity,
ie., limy7 ||u(t, )| s = oo for all s > 1. Then,

tlLH% ig%ux(t,x) = —00. (10)
There appears a point where the profile of u steepens gradually and ultimately
the slope becomes vertical. In the context of water waves, this corresponds to
the breaking of a wave. This fact was already noted in the seminal papers of
Camassa and Holm ([7, 8]) and was subsequently proved by Constantin and
Escher ([11, 12]). Wave breaking is an important physical phenomenon which is
not captured by the other standard shallow water equations, as for example the
KdV equation, and therefore makes the CH equation particularly interesting in
that context.

The peakon and multipeakon as defined in (4) and (5) belong to H*(R) (for ¢
fixed) only when s < 2 and therefore are not included in the existence theorems
mentioned above. The H*(R) norm is preserved by the equation, it plays a special
role in the geometrical interpretation of the equation and H!(R) can be seen as

the natural space for the equation. These facts motivate the investigation of an
H(R) theory for the CH equation.

GLOBAL EXISTENCE OF SOLUTIONS

The first major step in this direction was accomplished by Constantin and
Escher in [17]. They prove that, for ug € H'(R) and ug — ug 4z € M™T(R), the
space of positive Radon measure, equation (9) admit a unique global solution
w in CY(R, L?(R)) N C(R, H'(R)). They proceed as follows. They consider a
smooth approximation of the initial data, which for simplicity we also denote uy,
satisfying the sign condition ugp — %g,z¢ > 0 and the corresponding solution u
given by the local existence theory. Formally, it follows directly from (8) that

(U — ugy)(t,z) >0 (11)
for t € [0,T) and = € R; a rigorous proof of (11) is given in [11]. The fact that

the sign of u — u,, is preserved leads to an apriori estimate for the total variation
of u, as the following simple (formal) computation shows. We have

TV (uz) = [urall pmery < 2 llull 1) » (12)

because [uzallpqm) = Jg Ntaa| do < [p |4 — tge| dz + [ |u] dz = 2 [, u| da.
Since the operator (1—0,,) " preserves positivity, we have v > 0 and [, [u| dz =
Jp udx = [, ug dx (we see directly from (9a) that [, udx is a conserved quantity).
Therefore, TV (uz) < 2|uol 11 g)- This apriori bound implies that u, remains
bounded and the blow-up situation given by (10) cannot occur. There is no
wave breaking and the solution exists globally in time. Moreover, it gives enough
control on the approximated solutions to prove by compactness the existence of
solutions in C(R, H*(R)). In the two first papers, we present numerical schemes
for the same class of initial data based on a finite difference scheme (Paper I)
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FIGURE 3. Peakon-antipeakon collision. First scenario: The dis-
sipative solution.

and on multipeakons (Paper II). Both schemes preserve the positivity of u— ;.
This is the key property that enables us to derive an apriori bound of the same
type of (12) for our approximated solutions, and the convergence of the schemes
is proved by a compactness argument.

In the case of arbitrary initial data in H!(R), solutions are no longer unique.
To illustrate this fact we look at the following multipeakon configuration where
a peakon traveling from the left to the right collides with another peakon going
in the opposite direction (since this peakon has its peak pointing downwards,
it is called antipeakon), see Figure 3. In the antisymmetric case, that is p; =
—p2 and q¢; = —qo, the solution at collision time is identically zero. Then to
prolong the solutions, two scenarios at least are possible. The first one consists
of letting w remain identically zero after collusion. It can be checked directly
that this is indeed a weak solution of (9). The second scenario is provided by
Beals, Sattinger and Szmigielski in [2, 3] where they derive analytical solutions for
the multipeakons by using scattering and inverse scattering techniques. For the
solution they obtain in the antisymmetric peakon-antipeakon case, the peakons
re-emerge after the collision in such a way that the transformation t — —t,
x +— —x, which let equation (1) invariant, also lets the solution invariant (here
we assume that ¢ = 0 at collision), see Figure 4. The solution is time reversible.
Let E(t) = [lu(t, )|l g1 () denote the energy of the system. In the time reversible
case illustrated in Figure 4, for any ¢ different from collision time (¢ # 0), E(t)
remains equal to the same strictly positive constant, say E(f) = 1, while at
collision time, we have F(0) = 0. In the other case illustrated in Figure 3 we
have E(t) =1 for t < 0 and E(¢t) = 0 for ¢ > 0. One can prolong the solution
after collision in infinitely many ways but the two scenarios we mentioned are
really the only reasonable ones and the question is how they can be characterized
and what is the selection principle that can be used to capture each of them.

By using viscous approximations of the equation, Xin and Zhang in [26] obtain
the existence of a solution u € C([0,00) x RY) N L>((0,00), H!(R)) to the CH
equation for any initial data in ug € H*(R). In particular their solution satisfies

E(t) = llut, M g @) < BE) = lult, ) g ) (13)
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FIGURE 4. Peakon-antipeakon collision. Second scenario: The
conservative solution.

for all t < ¢/ and the following one-sided super-norm estimate on u, holds
1
ux(t,x)§¥+C, t>0, zeR. (14)

Because of (13), we call these solutions dissipative solutions: the energy can
only decay. In [9] it is proven that dissipative solutions are unique. In the
symmetric peakon-antipeakon case, it is clear that the dissipative solution is the
one corresponding to Figure 3.

In [4], Bressan and Constantin introduce a new set of variable,
w=u(t,y), v=2arctanu,, ¢ = (14 u2)ye (15)

where y(t,£) denotes the characteristics, i.e., y:(t,&) = u(t, y(t,€)). They rewrite
equation (1) uniquely in terms of these new variables and the system of equa-
tions they obtain, turns out to be a well-posed system of ordinary differential
equation in a Banach space. Well-posed ordinary differential equation are time
reversible and indeed this change of variable selects the time reversible solution in
the antisymmetric peakon-antipeakon problem, which is given in Figure 4. The
approach adopted in [5] by Bressan and Fonte is substantially different. They
start by considering a system of multipeakons and describe the dynamic of the
system, in particular how the multipeakons evolve throughout the collisions. At
this stage, they select the conservative solution. Then, they introduce a distance
functional inspired by optimal transport theory which satisfies

d

5 (W), v(t)) < kI (u(t), v(t)) (16)
for any conservative multipeakons solutions u and v. Identity (16) is precisely
the one needed to use Gronwall’s Lemma and obtain stability results. General
solutions to the CH equation are finally constructed from the multipeakons by a
density argument.

Our approach in Paper IV is similar to the one of Bressan and Constantin.
We reformulate the equation by using a new set of variables. The variables
(y,U, H) we use have a natural interpretation from the Lagrangian point of view.
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FIGURE 5. The energy density in the peakon-antipeakon case

As before, y denotes the characteristics and is given by

while
y(¢.,6)
U(t, &) =ult,y(t,€&)) and H(t, ) = /_ (u?(t, ) +ui(t,x)) dx (18)

correspond to the Lagrangian velocity and the cumulative energy distribution,
respectively. Equation (9) can be rewritten as a system of ordinary differential
equation in a Banach space involving uniquely (y, U, H). The system is well-posed
and we obtain the global existence of solution.

The original equation (1) which corresponds to the Euler formulation of the
problem contains only one unknown function, the velocity field u. The Lagrangian
description as we introduced it in the first section contains two unknown func-
tions: the position and the velocity of the particles, y and U. In order to ex-
plain why the extra variable H describing the energy distribution is needed, we
look again at the peakon-antipeakon problem. At collision time, say t = 0, u
is identically zero. Since zero is a global solution of (1), it is necessary, in or-
der to select the conservative solution after collision, to take into account what
happened before collision, to keep track in some way of the history of the sys-
tem. The H'(R) norm of u is a preserved quantity and [, (u?(t, ) + ui(t, 2)) da
remains equal to a constant, say 1, up to collision. In Figure 5, we plot the func-
tion u?(t,z) + u2(t,r) at different times. As it can also be seen from Figure 4,

tim o [u(t, )l ooy = 0 and Timng o {5up, e g, g [t } = 0 50 that al
the mass of u? 4+ u2 concentrates at the origin. We have
lim(u2(t, ) + (1, ) d = 6(x)

where ¢ denotes the Dirac function. It is clear now that if we want to prolong the
solution after collision while conserving the energy, we have to take into account
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the fact that the energy at collision time is concentrated at one point. We define
the set D consisting of pairs (u, u) such that u € H'(R), u is a Radon measure
whose absolute continuous part satisfies

fac = (u? +u2) dz. (19)

The measure j represents the energy density. It is strongly related to (u?+u2) da
by (19) but at the same time it also allows the energy to concentrate on singular
sets. In the case of peakon-antipeakon, we have w(0) = 0 and p(0) = ¢ and it is
clear that (u(0), x(0)) € D. The question is now whether, knowing both u and
1, we are able to construct a solution in a unique way. For smooth solutions, a
simple calculation shows that the energy density u? + u?2 satisfies the following
transport equation

(u? +u2) 4+ (uw(u? +u?)), = (u® — 2Pu),. (20)

Rewritten in terms of the Lagrangian variables, equation (20) takes the following
simpler form
H,=U?—-2PoyU. (21)
From (9a), we obtain that Uy = w(t,y) + yiua(t,y) = we(t,y) + u(t, y)ua(t, y)
and therefore
U =—-P,oy. (22)
Equations (17), (21) and (22) can be rewritten only in terms of (y,U, H) and
they constitute a well-posed system of ordinary differential equation in a Banach
space which admits global solutions in time. Going back to the Eulerian variable
(u, 1), we prove that u is a weak solution of (9). Thus we have established the
global existence of conservative solutions to the CH equation.

In the second part of the paper we address the question of stability and deter-
mine the topology on D which makes the conservative solutions stable. The set of
Lagrangian coordinates, that we denote G, can be given the topology induced by
the Banach space in which they are embedded and stability with respect to ini-
tial data follows directly from the general theory of ordinary differential equation.
Furthermore, we obtain the existence a continuous semigroup S: Ry x G — G
of solutions in Lagrangian coordinates. If we assume for a moment that the La-
grangian and Eulerian coordinates are in bijection, that is, that there exists an
invertible mapping f from G to D, then we can define the semigroup of conser-
vative solutions of (9) T: Ry x D — D by

Ty =foSiof

The topology on D can simply be defined by transporting the metric on G into
D by the mapping f, i.e.,

dp((u, p), (@, 1)) = dg(f (u, ), f (@, 1))

Since the semigroup S; is continuous, this metric per definition makes also T}
continuous. As noted in [5], distances defined in terms of convex norms perform
well in connection with linear problems, but occasionally fail when nonlinear
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features become dominant. This is the case here, the set D is not a vector space
and the distance on D is not derived from a norm of some vector space containing
D. At the same time, the metric dp is perfectly well-suited to the conservative
solutions. With three variables in Lagrangian coordinates (y, U, H) versus two
in Eulerian coordinates (u, u), it is clear that the set G and D can not be in
bijection. However, using the relabeling symmetry, it is possible to identify the
Lagrangian variables that correspond to a same Eulerian configuration. Then, a
bijection between the two coordinates systems can be established and we obtain
the existence of a continuous semigroup in D.

The Lagrangian variables are particularly well-suited to the study of the mul-
tipeakon solutions. From (5) and (6) we infer that

Gi(t) = ult, ¢:(t)).

Hence, the positions of the peaks are given by the characteristics. By defini-
tion, we have that, for a multipeakon u, u — u,, = 0 everywhere between the
peaks. Furthermore the conservation of angular momentum (8), which is given
in Lagrangian coordinates, tells us that this quantity remains zero. In Paper
V, we prove that the conservative solutions preserve the multipeakon structure,
i.e., multipeakons are conservative solutions in the sense defined in Paper IV.
Moreover, we derive a system of ordinary differential equation, globally defined,
for the conservative multipeakon solutions.

The Lagrangian approach is sufficiently robust to handle a larger class of equa-
tion. In Paper VI, we prove the existence of a global continuous semigroup of
conservative solutions for

e =t (W — F(@aae + (90) + 3 ) ))a =0 (23

with f € W2>(R), f strictly convex or concave, g € W,U°(R). For f(u) = “—2:
and g(u) = ku+u?, (23) gives the Camassa—Holm equation while, for f(u) = %~
and g(u) = 3’_T'Yu2, it gives the hyperelastic rod equation (2).

~—

In Paper III we look at the smooth-solutions of (1) in contrast with the
other papers where the focus was set on solutions with low spatial regularity. We
prove the spectral convergence of the Fourier-Galerkin and a de-aliased Fourier-
collocation for the Camassa—Holm equation.
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CONVERGENCE OF A FINITE DIFFERENCE SCHEME FOR
THE CAMASSA-HOLM EQUATION

HELGE HOLDEN AND XAVIER RAYNAUD

ABSTRACT. We prove that a certain finite difference scheme converges to
the weak solution of the Cauchy problem on a finite interval with periodic
boundary conditions for the Camassa—Holm equation u; — ugzt + 3uug —
2UpUgy — Ulgze = 0 with initial data u|t—o = uo € H([0,1]). Here it is
assumed that ug — ug > 0 and in this case, the solution is unique, globally
defined, and energy preserving.

1. INTRODUCTION

The Camassa—Holm equation (CH) [3]
Up — Uppt + 26Uz + 3UUy — 2UpUpy — UlUggy = 0 (1.1)

has received considerable attention the last decade. With x positive it models,
see [4, 16, 12], propagation of unidirectional gravitational waves in a shallow
water approximation, with u representing the fluid velocity. The Camassa—Holm
equation possesses many intriguing properties: It is, for instance, completely
integrable and experiences wave breaking in finite time for a large class of initial
data. Most attention has been given to the case with x = 0 on the full line, that
is,

Up — Ugpt + SUUy — 2UgpUpr — Ulgre = 0, (1.2)
which has so-called peakon solutions, i.e., solutions of the form u(z,t) = ce~lz—ct|
for real constants c. Local and global well-posedness results as well as results
concerning breakdown are proved in [9, 14, 17, 20].

In this paper we study the Camassa—Holm equation (1.1) on a finite inter-
val with periodic boundary conditions. It is known that certain initial data
give global solutions, while other classes of initial data experience wave break-
ing in the sense that u, becomes unbounded while the solution itself remains
bounded. It suffices to treat the case k = 0, since solutions with nonzero s
are obtained from solutions with zero k by the transformation v(z,t) = u(z +
kt,t) — k. More precisely, the fundamental existence theorem, due to Con-
stantin and Escher [10], reads as follows: If ug € H?([0,1]) and mg := ug —
ugy € H([0,1]) is non-negative, then equation (1.2) has a unique global solution
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2 H. HOLDEN AND X. RAYNAUD

u € C([0,T), H3([0,1])) N C1([0,T), H?([0,1])) for any T positive. However, if
mo € H'([0,1]), up not identically zero but [ mgdz = 0, then the maximal time
interval of existence is finite. Furthermore, if ug € H*([0,1]) and mg = ug — u
is a positive Radon measure on [0, 1], then (1.2) has a unique global weak solu-
tion. Additional results in the periodic case can be found in [7, 10, 8, 11, 18].
Numerical results can be found in [4] where Camassa, Holm, and Hyman study
(1.2) using a pseudospectral method. Numerical schemes based on multipeakons
are examined in [2, 6, 5, 15].

In this paper, we prove convergence of a particular finite difference scheme for
the equation, thereby giving a constructive approach to the actual determination
of the solution). We work in the case where one has global solutions, that is,
when mg > 0. The scheme is semi-discrete: Time is not discretized, and we have
to solve a system of ordinary differential equations. We reformulate (1.1) to give
meaning in C([0,T]; H'[0,1]) to solutions such as peakons, and we prove that
our scheme converges in C([0, T]; H'[0, 1]).

More precisely, we prove the following: Assume that v™ is a sequence of
continuous, periodic and piecewise linear functions on intervals [(i — 1)/n,i/n],

i = 1,...,n, that converges to the initial data v in H*([0,1]) as n — oco. Let
u™ = u"(x,t) be the solution of the following system of equations
my = —D_(m"u") — m"Du"
(1.3)

m" =u"—D_D u"

with initial condition u™|—o = v™. Here Dy denotes forward and backward dif-
ference operators relative to the lattice with spacing 1/n, and D = (D4 +D_)/2.
Extrapolate u™ from its lattice values at points ¢/n to obtain a continuous, peri-
odic, and piecewise linear function also denoted u™. Assume that v*—D_D_ o™ >
0. Then u™ converges in C([0,7]; H'([0,1])) as n — oo to the solution u of the
Camassa—Holm equation with initial condition u|¢t—¢ = v. The result includes the
case when the initial data v € H! is such that v — vy, is a positive Radon mea-
sure, see Corollary 2.5. For the actual computations we discretize (1.3) using the
forward Euler method. We prove convergence of that method, see Theorem 3.1.

The numerical scheme (1.3) is tested on various initial data. In addition,
we study experimentally the convergence of other numerical schemes for the
Camassa—Holm equation. The numerical results are surprisingly sensitive in the
explicit form of the scheme, and, among the various schemes we have imple-
mented, only the scheme (1.3) converges to the unique solution.

2. CONVERGENCE OF THE NUMERICAL SCHEME

We consider periodic boundary conditions and solve the equation on the in-
terval [0,1]. We are looking for solutions that belong to H'([0,1]) which is the
natural space for the equation. Introduce the partition of [0, 1] in points separated
by a distance h = 1/n denoted x; = hi fori =0,...,n—1. For any (ug, ..., Un—1)
in R™, we can define a continuous, periodic, piecewise linear function u by

u(z;) = uy, (2.1)
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in other words, the periodic polygon that passes through the points (x;,u;) for
i =0,...,n—1. It defines a bijection between R™ and the set of continuous,
periodic, piecewise linear function with possible break points at x;, and we will
use this bijection throughout this paper.
Given u = (ug, ..., un—1), the quantity Dyu given by
+1
(Diu)i = T(Uiil - Uz)

gives the right and left derivatives, respectively, of v at x;. In these expressions,
u_1 and u,, are derived from the periodicity conditions: u_1 = u,_1 and u,, = ug.
The average Du between the left and right derivative is given by

(Du)i = 3 ((Dyu)i + (D)) = 5 (i — i)

T on
The Camassa-Holm equation preserves the H'-norm. In order to see that, we
rewrite (1.2) in its Hamiltonian form, see [3]

my = —(mu), — muy, (2.2)
with

m=1u— Ugg. (2.3)
Assuming that u is smooth enough so that the integration by parts can be carried

out, we get
1

d 1
o7 Hu||§{1 = 2/ (Ut — Uggt)udr = 2/ umy dx
0 0
1 1
= —2/ u(mu), dx—2/ umau,, dx
0 0

1 1
:2/ uxmudaﬁ—2/ umu, dxr = 0,
0 0

and the H' norm of v is preserved.

From (2.3) and (2.2), we derive a finite difference approximation scheme for
the Camassa—Holm equation, and prove that it converges to the right solution.
This is our main result.

Theorem 2.1. Let v™ be a sequence of continuous, periodic and piecewise linear
functions on [0,1] that converges to v in H([0,1]) as n — oo and such that
v — D_Div™ > 0. Then, for any given T > 0, the sequence u™ = u™(z,t) of
continuous, periodic and piecewise linear functions determined by the system of
ordinary differential equations

my = —D_(m"u") — m"Du"

24
m"=u" —D_Diu" (24)

with initial condition u™|—g = v", converges in C([0,T]; H([0,1])) as n — oo to
the solution u of the Camassa—Holm equation (1.2) with initial condition u|i—¢ =
v.
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If we interpret the functions as vectors in (2.4), cf. (2.1), the multiplications
are term-by-term multiplications of vectors. We also have to rewrite equation
(1.2) in order to make it well-defined in the sense of distributions for functions
that at least belong to C([0,T]; H'([0, 1])), more precisely,

e — gy = — 2 (02 — () 4 = (1) g (2.5)
2 2 2
A function w in L®°([0,T]; H') is said to be solution of the periodic Camassa—
Holm equation if it is periodic and satisfies (2.5) in the sense of distributions. In
[11], a different definition of weak solutions for the Camassa—Holm equation is
presented. After proving our main theorem at the end of this section, we also
prove that these two definitions are equivalent.

In order to solve equation (2.4), we need to compute u™ from m™. It is simpler
first to consider sequences that are defined in R%, the set of all sequences, and
then discuss the periodic case. Let L denote the linear operator from R?% to RZ
given, for all u € RZ, by

Lu=u—D_D;u.

We want to find an expression for L=!. Introduce the Kronecker delta by §; = 1
if = 0 and zero otherwise. It is enough to find a solution g of

Lg=9¢

which decays sufficently fast at infinity because L~ 'm is then given, for any
bounded m € R%, by the discrete convolution product of g and m:

L t'm, = Zgi_jmj.
JEL
The function g satisfies for ¢ nonzero
9i —n*(giy1 — 29 + gi—1) = 0. (2.6)
The general solution of (2.6) for all 7 € Z is given by
gi = Ae™® + Bef??

where A, B are constants, k1 = Inx1, ko = Inzo, and z1 and x5 are the solutions
of

—n?z? + (14 2n?)z —n? = 0.

Here x1 and x2 are real and positive, and 122 = 1 implies that ko = —k1. We
set kK = k1 = —ko. After some calculations, we get
14 2n2 4+ 14+ 4n2
k=In e . (2.7)

We take g of the form

gi =ce "l
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so that g satisfies (2.6) for all i # 0 and decays at infinity. The constant c is
determined by the condition that (Lg)o = 1 which yields

1
T2l —e

We periodize g in the following manner:

e~ ri _'_eﬁ(i—n)
gll,’ = ZQHIm = CW

keZ
for i € {0,...,n — 1}. The inverse of L on the set of periodic sequences is then
given by
n—1 c n—1
i = L7 m; = Z gi_jmi = pp— Z(e*"‘(’ﬂ) + eIy (2.8)
j=0 §=0
Hence,

n—1
L(ng—jmj)i = L(Zgzelmz)i =m,.
=0

leZ

For sufficiently smooth initial data (up € H® and mo € H') which satisfies
mo > 0, Constantin and Escher [9] proved that there exists a unique global
solution of the Camassa—Holm equation belonging to C(R4; H®) N C*(Ry; H?).
The proof of this result relies heavily on the fact that if m is non-negative at
t = 0, then m remains non-negative for all ¢ > 0. An important feature of our
scheme is that it preserves this property. (For simplicity we have here dropped
the superscript n appearing on u and m.)

Lemma 2.2. Assume that m;(0) > 0 for allt =0,...,n — 1. For any solution
u(t) of the system (2.4), we have that m;(t) > 0 for all t > 0 and for all i =
0,...,n—1.

Proof. Let us assume that there exist t > 0 and i € {0,...,n — 1} such that
m;(t) < 0. (2.9)
We consider the time interval F' in which m remains positive:
F={t>0|m#) >0,forallt<tandic{0,...,n—1}}.
Because of assumption (2.9), F' is bounded and we define
T =sup F.

By definition of T', for any integer j > 0, there exists a ¢; and an 4; such that T <
t;<T+ % and m;, (¢;) < 0. The function m;, (¢) is a continuously differentiable
function of t. Hence, m;, (T') > 0 and there exists a t; such that

mij (f,j) = 0,
with T <t; <T + 3.
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Since ¢; can only take a finite number of values (i; € {0,...,n — 1}), there
exists a p € {0,...,n — 1} and a subsequence j; such that ij, = p. The function
m,(t) belongs to C! and, since t;, — T, we have

my(T) = 0. (2.10)

We denote by G the set of indices for which (2.10) holds:
G={ke{0,....,n—1} | my(T) = 0}.
G is non-empty because it contains p. If G = {0,...,n — 1}, then my(T) = 0 for
all k£ and m must be the zero solution because we know from Picard’s theorem
that the solution of (2.4) is unique.
If G #{0,...,n—1}, then there exists an [ € {0,...,n — 1} such that
dml
—(T) <0. 2.11
LT < (211)
The last condition, %(T) < 0, comes from the definition of T that would be
contradicted if we had ddﬂt(T) > 0. Note that we also use the periodicity of m
which in particular means that if { = 0, then m;_1(T) = m_1(T) = mp_1(T).
In (2.4), for i =1 and ¢t = T, the terms involving m,;(T") cancel and
dmy my—1(T)u—1(T)
dt h '
The fact that all the m;(T) are positive with one of them, m;_1(T), strictly
positive, implies that w; is strictly positive for all indices 7, see (2.8). Since, in
addition, m;_1(T) > 0, we get

ml_l(T) > 0, ml(T) =0,

(T) =

dml
—(T) >0
o ()
which contradicts the last inequality in (2.11) and therefore our primary assump-
tion (2.9) does not hold. The lemma is proved. O

We want to establish a uniform bound on the H! norm of the sequence u™.
Recall that u™ is a continuous piecewise linear function (with respect to the space
variable), and its L2 norm can be computed exactly. We find

n—1

, 11
lu™lze = —~ > g((U?H)Q + ufuig + (uf)?). (2.12)
1=0

The derivative u] of u™ is piecewise constant and therefore we have

1 n—1

2

luzllze = — > (Diu™). (2.13)
i=0

We define a renormalized norm | -||,» and the corresponding scalar product on

R™ by
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The following inequalities hold
1
3 e < llu™ll 2 < flule (2.14)

which make the two norms || - [|» and || - || ;- uniformly equivalent independently of
n. In (2.14), u™ either denotes an element of R™ or the corresponding continuous
piecewise linear function as defined previously. By using the Cauchy—Schwarz
inequality and the periodicity of u™, it is not hard to prove that

[l 2 < llu™]l;e -

For the other equality, it suffices to see that (2.12) can be rewritten as

n 3 n
a2 = Z[ o+ gl Y]

=0
which implies

1
3 el < flull

We are now in position to establish a uniform bound on the H'-norm of u™. Let
E,(t) denote

En(t) = ("l + 1D+ @117) (2.15)

which provides an approximation of the H'-norm of u"(t). We have, from (2.14)
and (2.13),

1
3 " Ol < Ba(t) < Jlu" @)l 2 - (2.16)
The derivative of E,(t)? reads

dE,(1)? 2«
i - Z [U?UZt + D_,.u?D.;,.uZJ

dt
=0
9 n—1
== (uf — D_Diul)iu] (summation by parts)
n
=0
2 n—1
= [D_(m"u™)ul’ + mI Dullul’] by (2.4)
ni=0
9 n—1
= 23" mluf(Dyul! — Dul)]
n =0
Since
Dyul — Du} = - [DJFUZL _ ‘D+uz—1:| D_D.u
we get
dEn(t)2 1 = n n]' n 1 — n, n n n
G 2 i DDy | = o5 ) i (—mi )], (217)
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and, because u] is positive (see (2.8)),

mi(ul)?. (2.18)

Since L is continuously embedded in H!, there exists a constant O(1), inde-
pendent of n, such that

maxu; < O(1) [[u"[| g1 < O)En(t).

Hence, (2.18) implies

and, after integration,
L1 o
E.(t) — E,(0) n
Since u™(0) = v™ tends to v in H*, ||u™(0)|| ;1 and therefore E,(0) are bounded.
It implies that FE, (0)~! is bounded from below by a strictly positive constant
and, for any given T > 0, there exists N > 0 and constant C’ > 0 such that for
alln > N and all t € [0, T], we have E,(0)~t — O(1)t/n > 1/C’. Hence,

[l g < 2En(t) < 2C” (2.19)

and, by (2.16), the H'-norm of u™(t) is uniformly bounded in [0,T]. This re-
sult also guarantees the existence of solutions to (2.4) in [0,7] (at least, for
n big enough) because, on [0,T], we have that max; [ul’(t)] = |[u”(-,t)] e <
O(1) ||lu™(t)|| gr remains bounded.

To prove that we can extract a converging subsequence of 4", we need some
estimates on the derivative of u".

Lemma 2.3. We have the following properties:
(i) ul is uniformly bounded in L*°([0,1]).
(i) ul has a uniformly bounded total variation.
(iii) u} is uniformly bounded in L?([0,1]).

Proof. (i) From (2.8), we get

n—1 —
Dyul = — 3" e ( £ "L L renti-gem (€221
N J I J I

Jj=0

where & is given by (2.7).
One easily gets the following expansion for k as h tends to 0

k= h+o(h?),
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which implies that for all i € {0,...,n — 1},

n—1
C (i o
D] < 1+ O W)= 2 (Imj | e+ [mf| ex(=7)
=0
C n-l . .
<(U+0M)T— = D (mlem D 4mpentizimm)
j=0
< (1+0(h)ug, (2.20)

where we have used the positivity of m™ and relation (2.8). Hence, since ||u"||;
is uniformly bounded, we get a uniform bound on ||u}|| -
(ii) For each ¢ the total variation of w7 (-,t) is given by

1
TV(uy) = sup / up (x) by () de.
€019l Loe <1J0

On the interval (z;, x;41), the function u is constant and equal to Dyu]. There-
fore,

1 n—1
/0 up ()b () doe = iz:; D} /m

n—1
1
=Y —Dsul Digla) = -
1=0 ]

" @) de = 3 Dyl (0(wie) — Hlar)
0

k3

1
(D_Du})(x)

s

Il

<)
S|

and
1 n—1
TV (up) < — ; |D_Dyuf|.

Since m]' and ;' are positive for all ¢,
n| _ n n n n n n
[D_Dui|=[m} —ui| <mj +u <2ui —D_Dyug.

When summing over i on the right-hand side of the last inequality, the term
D_D_u} disappears and we get

TV (uz) < 2maxu; <O) [[u”] 7 < O(1)

for all ¢.

(iii) In order to make the ideas clearer, we first sketch the proof directly on
equation (2.2). Assuming that m is positive and u is in H!, we see how, from
(2.2), uz can be defined as an element of L2([0,1]). This will be useful when we
afterwards derive a uniform bound for u? in L?([0, 1]).

For all smooth v, we have

1 1
/ uvdr = / (L7 my) vdx
0 0
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where £ denotes the operator Lu = u — u,,, which is a self-adjoint homeomor-
phism from H? to L2. If we let w = £~ v, the continuity of £~ implies

[wll gz < OQ) o]l L2 (2.21)

for some constant O(1) independent of v.
We find

1 1 1
/ upvdr = / (E_lmt) vdr = / my L vdx (L7 is self-adjoint)
0 0 0

1 1
= _/ ((mu)g + mug)wdr = / (muw, — mugw) de.
0 0

The integrals here must be understood as distributions. Even so, some terms
(like mu,) are not well-defined as distributions. However, we get the same results
rigorously by considering the equation written as a distribution (2.5). We have:

1
/ U v dx
0

Recall that |[u|| - and |ug| ;- are uniformly bounded. Furthermore, m posi-

1
§/ (Imuwy| + Imuzwl|) dz
0

1
< (Il poe NNzl oo + el Lo II’WIILoo)/0 Im| da.

tive implies fol |m| = fol m = fol u < ||ul|;~ and therefore m is also uniformly
bounded. From (2.21) and the fact that H' is continuously embedded in L>°, we
get
[zl Lo < O) lwe [ < OM) [Jw]| g2 < OQ) 0]l L2,
and similarly
[wll e < OM) [[v]| L2 -

1
/ ug v dx
0

which implies, by Riesz’s representation theorem, that u, is in L? and
[utll L. < O(1).

We now turn to the analogous derivations in the discrete case. Consider the
sequence u™. The aim is to derive a uniform bound for u? in L% We take a
continuous piecewise linear function v",

(up, 0™ = (L7 'm0y, = <m?,L‘1v”>l2 (2.22)

12

Finally,

<O vl

because L and therefore L' are self-adjoint.
Let w™ denote
w" = L™ ",

We have

1
(" s = (L w)y = — S (wf = D Dyul)wl' =
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Then, after using (2.16) and Cauchy—Schwarz, we get
™ 7 < 410" | " |2 -
By (2.14), (2.16) we find
w3 < O@) [[o™ |2 [[w™ | 72
and
[w" | e < OQ) [lo™ 2 (2.23)

where O(1) is a constant independent of n. Since H'! is continuously embedded
in L, we get

max [wi'| < O(1) [[v" |2 - (2.24)
Let us define y™ as follows
yi = (Dyw")i-1.
We want to find a bound on y". From (2.14) and (2.23), we get
19"z < lw" [ g < OW) [[0" ;2 - (2.25)
We also have, using the definition of y™ and w",
Dyy"=D_Diw" =w" —o"
which gives
1D+ [l;2 < OQ) [[0" ;2 (2.26)
because, by (2.23),
[w™[l;2 < O@) [0l -

Equations (2.25), (2.26), and (2.16) give us a uniform bound on the H' norm
of y™:
1y [ < O) [[0" 2 -

Since H! is continuously embedded in L™, we get

max |Dwi| = max [y = [[y" || e < O) [[0"]|j2 - (2.27)
Going back to (2.22), we have

(ug, o) = (M, w™)e = (=D_(m"u") — m"Du",w"),,
t 1 t ! 1

= (m"u", Dyw"),, — (m"Du",w"), .

Hence,

[(uf', ") 2] <

S|

n—1
(max fuy | max | D] + ma | D max o) D m?].
3 T 3 T
=0
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The functions u} and Diu} are uniformly bounded with respect to n. and

i
L

1 & 1
= Z |m| = — m;  (m" is positive)
n n
i=0 1=0
1 n—1 n—1
=— ) u! (cancellation of Z D_D.u})
"0 i=0
<0(1) (uf is bounded)

Finally, using the bounds we have derived on w™, see (2.24), and Dyw™, see
(2.27), we get
[(us 0")p2| < O) [0"]]2 -
Taking v™ = u} yields
[ug [l < O(1)
which, since the [? and L? norm are uniformly equivalent, gives us a uniform
bound on ||u}]| . O

To prove the existence of a converging subsequence of u™ in C([0,7], H') we
recall the following compactness theorem given by Simon [21, Corollary 4].

Theorem 2.4 (Simon). Let X, B,Y be three continuously embedded Banach
spaces
XCcBcCY

with the first inclusion, X C B, compact. We consider a set F of functions map-
ping [0,T] into X. If F is bounded in L*°([0,T], X) and %—f = {%—{ | fe .7-'} is
bounded in L"([0,T],Y) where r > 1, then F is relatively compact in C([0,T], B).

We now turn to the proof of our main theorem.

Proof of Theorem 2.1. (i) First we establish that there exists a subsequence of
u™ that converges in C([0,T], H') to an element v € H'. To apply Theorem 2.4,
we have to determine the Banach spaces with the required properties. In our
case, we take X as the set of functions of H' which have derivatives of bounded
variation:
X={veH"|v, €eBV}.
X endowed with the norm
[ollx = ol g + lvell gy = vl g1 + [[v2ll o + TV (vz)

is a Banach space. Let us prove that the injection X C H' is compact. We
consider a sequence v, which is bounded in X. Since ||v, ||~ is bounded (H! C
L continuously), there exists a point xg such that v, (zo) is bounded and we
can extract a subsequence (that we still denote v,) such that v,(x¢) converges
to some [ € R. By Helly’s theorem, we can also extract a subsequence such that

Ung — W a.e. (2.28)
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for some w € L*°. By Lebesgue’s dominated convergence theorem, it implies that
Up,e — W in L?. We set

v(x) =1+ /: w(s) ds.

0
We have that v, = w almost everywhere. We also have

x

Un () = vp(x0) + / U,z (8) ds

Zo

which together with (2.28) implies that v, converges to v in L*°. Therefore v,
converges to v in H* and X is compactly embedded in H*.

The estimates we have derived previously give us that «™ and u} are uniformly
bounded in L*°([0,T], X) and L*([0,T], L?), respectively. Since X C H! C L?
with the first inclusion compact, Simon’s theorem gives us the existence of a
subsequence of u™ that converges in C([0,T], H') to some u € H'.

(i) Next we show that the limit we get is a solution of the Camassa—Holm
equation (1.2).

Let us now take ¢ in C*°([0, 1] x [0, T']) and multiply, for each ¢, the first equa-
tion in (2.4) by he(z;,t). We denote ¢™ the continuous piecewise linear function
given by ¢"(z;,t) = ¢(x;,t). We sum over i and get, after one summation by
parts,

n—1 n—1 n—1
D h(uly— (D-Dyul)) o =Y h(ul)’Dig; — Y hul! D_Diuf Dy}
i=0 i=0 i=0
A B
n—1 n—1
- Z hui' Du ol + Z hD_D_iui Dul gl .
i=0 i=0
c D

(2.29)

We are now going to prove that each term in this equality converges to the
corresponding terms in (2.5).
Term A: We want to prove that

<(u")2D+<p">—>/O u?p, dz, (2.30)

where we have introduced the following notation

<u>=hz_:ui
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to denote the average of a quantity u. We have

1
‘/ u2apxdx— '/ u? — D, dx
0

/ ("2 (py — Dy da
0

1
+| [ @Dy do = (wrDien)|.
0

The first term tends to zero because u™ — wu in L? for all ¢t € [0, T]. The second
tends to zero by Lebesgue’s dominated convergence theorem. It remains to prove
that the last term tends to zero.

The integral of a product between two continuous piecewise linear function, v
and w, and a piecewise constant function z can be computed explicitly. We skip
the details of the calculation and give directly the result:

1
1 1 1 1
/ zowdr = 3 (zSyvSyw) + A (zS1vw) + 8 (zvSyw) + 3 (zvw).  (2.31)
0
Here S and S_ denote shift operators
(Stu)i = uit1.
After using (2.31) with v = w = u™ and z = D, ¢", we get

1
| @D — (@D = (S =)Dy

3 (DS 6" o).

We use the uniform equivalence of the 2 and L? norm to get the following estimate
(Syu™ —u")Day™u") < [[Syu” — ™ | D™ (Canchy- Schwarz)
<OM) [lu( +h) = u" ()l g2 - (2.32)
Since u,, € H*, we have (see, for example, [1]):
Ja" (- + 1) = (e < Rl e < O

because ||ul||; « is uniformly bounded. Hence |((S;u™ —u™)Dp"u™)| tends to
zero. The quantity ((u™)2D4(S_¢™ — ¢™)) tends to zero because ¢ is C*> and
u™ uniformly bounded. We have proved (2.30).

Term B: We want to prove

1t 1
(W"D_Dyu"Dyp")y — 5/ U2 s A —/ . (2.33)
0 0

We rewrite «” D_Dyu™ in such a way that the discrete double derivative D_D_
does not appear in a product (so that we can later sum by parts). We have

1
u"D_D,u™ = 5(1)_D+((u")2) —Diu"Dyu" — D_u"D_u™).
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We can prove in the same way as we did for term A that

(D_Dy((u")?)Dy¢") = ((u")?D_D;D4¢") (summation by parts)

1
—>/ u2apmxdm.
0

The quantity (u?)2¢” is a piecewise constant function. Therefore,

1
| @rerds = DD Dig),

Since u” — in L2 for all ¢ € [0,7], and
1

1 1
/ Wiy do— (D" Dy Do) = / (w2 — (u")) gy dit / (W) (po—ih) da,
0 0

0
we have

1
<D+u"D+u”D+gon>—>/ u @, da.
0

In the same way, we get

1
(D-wD-wDi" ~ [ e
0
and (2.33) is proved.
Term C: We want to prove
1
(u"Du"p") — / Ul d. (2.34)
0

We have
1

1 1
/ wugpdr — (U Diu™ ") = / (u — u™ugzpde +/ u"(ugy — up)pde
0 0 0

1 1
+ / uul(p — ™) dx + / uul " dx
0 0
—(u"Diu"e").
The first two terms converge to zero because u™ — u in H! for all ¢ € [0,T]. The

third term converges to zero by Lebesgue’s dominated convergence theorem. We
use formula (2.31) to evaluate the last integral:

1
1 1
/ u"ug " dr = 3 (Dyu™Siu"Sy ") + 6 (Dyu™Squ™e")
0

1 1
+ 5 (D+u"u"S10") + 2 (Dyuue") .

Using the same type of arguments as those we have just used for term A, one can
show that

1
/ u"upye™ dr — (Dyu"u" ™).
0
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Thus, in order to prove (2.34), it remains to prove that
(Diu"u"@")y — (Du™u" ") — 0. (2.35)
Since D = 3(Dy + D_), we have:

1
(Dyuu" ") — (Du"u"¢") = 3 (Dyu™ — D_u")u™ ")
and
n—1
{(Dyu™ = D_u™)u"e™)| < CY  h|Diu} — Dyl |
=0

1
<o) / () — u?(z — B)| d
< O1)h TV (D).

Since TV (u?) is uniformly bounded, (2.35) holds and we have proved (2.34).
Term D: We want to prove that

1 1
(D_Diu"Du"p") — —5/ g, dr. (2.36)
0

We have
11
5/0 @, dr+ (D_Du"Du" ™) (2.37)
1! 1!

5 [ - e do s g [ @Pes - Do) do

0 0
(2.38)

1
~3 (D (Dyu"Diu™)e™)y + (D_Diu"Du"p")y .  (2.39)

The two first terms on the right-hand side tend to zero. After using the following
identity

D+(D+’U,nD+’U,n) = D+D+’U,nD+’U,n =+ D+D+UnD+S+’LLn,
we can rewrite the two last terms in (2.37) as

1 n n n n n, n
—5 (D+(D4u"Dyu)e") + (D-Dyu” Du"e")

1 n n, n 1 n n, .n
5 (D_DySqu™Dyu”p"™) — ) (D_DyS4u™DySiu"e")
1 1
—+ 5 (D,D+u"D+S,unap"> —+ 5 <D,D+u”D+u"ga”>
1 n n n n 1 n n n n
= 5 (D-Dyu"D-u™(¢" = 5-¢")) + 5 {D-Dyu"Diu”(¢" = 5-¢"))

which tends to zero because, as we have seen before, due to the positivity of m,
(|D—D4ul?Diu?|) is uniformly bounded. We have proved (2.36).
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Up to now we have not really considered the time variable. We integrate (2.29)
with respect to time and integrate by part the left-hand side:
Tn—1 Tn—1
Z h(ujy — D_Dyui,) (i, t) dt = —/ Z h(u} = D_Dyul) oz, t)dt
(| — 0 =
t=T

+

n—1

3 hut - DDt )|
1=0 t=0
and, after summing by parts, the limit of this expression is (we use Lebesgue’s
dominated convergence theorem with respect to x and t)

t=T

T 1 1
_/ / u(pr — Ptaw) drdt + {/ u(p — Puz) dx] .
o Jo 0 t=0

It is not hard to see that the right-hand side of (2.29) is uniformly bounded
by a constant and we can integrate over time and use the Lebesgue dominated
convergence theorem to conclude that u is indeed a solution of (2.5) in the sense
of distribution.

The analysis in [11] shows that the weak solution of the Camassa—Holm with
initial conditions satisfying m(xz,0) > 0 is unique. This implies that in our
algorithm not only a subsequence but the whole sequence u™ converges to the
solution. However, in [11], a solution of the Camassa—Holm equation is defined
as an element u of H! satisfying

w s+ | [ ple -0 + 3ol =0 (a0

oo o
where p is the solution of
Ap= (I -0*)p=>4.

We want to prove that weak solutions of (2.40) and (2.5) are the same. Periodic
distributions belong to the class of tempered distribution S’ (see for example [13]).
The operator A defines a homeomorphism on the Schwartz class S (or class of
rapidly decreasing function): The Fourier transform is a homeomorphism on S
and A restricted to S can be written as

A=F 1+ )F (2.41)
where £ denotes the frequency variable. It is clear from (2.41) that the inverse of

Ain S is
1

-1 __ —1
A =F e

F.

Hence A is a homeomorphism on S.
We can now define the inverse A~! of A in &’. Given T in &', AT is given
by
(AT'T, ¢) = (T, A "), ¢€S.
It is easy to check that A~! indeed satisfies

ATA = AAT =14,
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and that A~! is continuous on &’. The operator A is therefore a homeomorphism
on &'
Let u be a solution of (2.40). Then we have

u?

1
u+0u(5) + Op A u? + Eui] =0. (2.42)
The operators 9, and A~! commute because 0, and A commute. We apply A
on both sides of (2.42) and get:

1 1
Up — Uggt + A8I(§u2) + Oy [u® + 5u;i] =0, (2.43)
which is exactly (2.5). Since A is a bijection, (2.43) also implies (2.42) and we
have proved that the weak solutions of (2.5) are the same as the weak solutions
given by (2.40). O

In Theorem 2.1, some restrictions on the initial data v are implicitly imposed
by the condition v™ — D_D;v™ > 0. We are going to prove that if v € H'([0, 1])
is periodic with v — vy, € M™, where M™ denotes the space of positive Radon
measures, then there exists a sequence of piecewise linear, continuous, periodic
functions v™ that converges to v in H' and satisfies v™ — D_D,v™ > 0 for all n.

We can then apply Theorem 2.1 and get the existence result contained in the
following corollary which coincides with results obtained in [11] by a different
method.

Corollary 2.5. If ug € H' is such that ug — Uo,ze € M™T then the Camassa—
Holm equation has a global solution in C(Ry, H'). The solution is obtained as a
limit of the numerical scheme defined by (2.4).

To apply Theorem 2.1, we need to prove that, given u € H*([0, 1]) such that
U — Ugy € MT, there exists a sequence u” of piecewise linear, continuous and
periodic functions such that

u" — win HY,
u" — D_Dyu™ > 0.

Let {47} be a partition of unity associated with the covering U (z;—1, Zi+1)-
For all i € {0,,...n — 1}, the functions ¢} are non-negative with supp ¢ C
(vi_1,mi11), and Z;:Ol Y™ = 1. Define

1
v = E(u—um,wm

and

ui — D_D.uj = vy (2.44)
Recall that the operator u™ — D_Dyu™ is invertible, see (2.8), so that u™ is
well-defined by (2.44). Since u — u,, belongs to MT and ¥ > 0, we have

v = u — D_Dyu} > 0 and it only remains to prove that u™ converges to

(2
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win H'. Since the application £ : H! — H~! given by Lu = u — ug, is an
homeomorphism, it is equivalent to prove that

n n
U — Uy,

— U — Uy IND H L
The homeomorphism L is also an isometry, so that
[Lull g = [l g -

We can find a bound on |[u™|| ;.. Let E, be defined, as before, by

n—1
E, = <hZ [(p)? + <D+u”>ﬂ>
1=0

The inequality (2.16) still holds. We have

1
2

I
-

n

Ep=h) (uf = D_Dyu)u;

3
[l
- o

n, n
h» vlu;

Il
=]

%

n—1
< Jlu"| e Y o}
=0

n—1
< ful oo (U — g, Z Vi)
=0

n—1

< ||un||L°° ||7_L - umx”M+ (Since qu);n = ]_)
=0

Hence, since L> is continuously embedded in H', there exists a constant C
(independent of n) such that
E; < Cllu”|l g lu = sl pge -

We use inequality (2.16) to get the bound on ||u"| ;1 we were looking for:

”“n”Hl <4C [ju — UII”M+ .
To prove that u™ — u”, — u — Uy, in H™', since |[u™ —u || -1 = |[u"| g is
uniformly bounded, we just need to prove that

<U'n - U’gaﬂ QO> - <u — Uy, SO>

for all ¢ belonging to a dense subset of H! (for example C*°).
The function u” is continuous and piecewise linear. Its second derivative u},
is therefore a sum of Dirac functions:
n—1
Uny = Z hD_D_u'dg,
i=0
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and, for any ¢ in C'°°, we have

1 n—1
W = itt) = [ M @)ple)do — b3 D_Dialp(s)
0 i=0
1

- / W (@) (pla) — 9" () der + / @) (@) dr (2.45)
0

0
n—1 n—1

—hY upel +h Yy vl
i=0 i=0

where @™ denotes the piecewise linear, continuous function that coincides with ¢
onz;,t=0,...,n—1.

The first integral in (2.45) tends to zero by the Lebesgue dominated conver-
gence theorem. We use formula (2.31) to compute the second integral:

2

| waen@ds = 5 et + g (S + ¢
0

3 5 (u"Ste™y.

One can prove that this term tends to (u™¢™) (see the proof of the convergence
of term A in the proof of Theorem 2.1). The last sum equals

n—1 n—1
> holo(;) = <u — Upay Y @?W(x)> :
i=0 1=0

For all z € [0, 1], there exists a k such that = € [xg, xx+1]. Then,

n—1 n—1
p(x) = Y P ()| = D (p(@) — pl@i)¥f (@)
=0 1=0

< lp() = pzi)| + [p(x) = p(zr1)]

<2 sup |p(y) — »(2)]
lz—y|<h

and therefore, by the uniform continuity of ¢,

n—1

S (@)l (z) — p(x) in L.

i=0
Thus,
n—1 n—1
> holo(w) = <u — Uga, Y sa(xi>wzl> = (U — Uga, @)
i=0 i=0
and, from (2.45), we get

<U'n - U';clgcv QO> - <u — Ugx, 50> .
As already explained, it implies that

u® — win H.
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21 initial condition T

FIGURE 1. Periodic single peakon. The initial condition is given
by u(z,0) = 2¢~1*! and period @ = 40. The computed solutions
are shown at time ¢ = 6 for (from left to right) n = 20, n =
212 n = 24 together with the exact solution (at the far right).

’ — p=2M

L L L L L
0 1 2 3 4 5 6

FIGURE 2. Plot of [Ju(t) — u™(®)| g/ |lu(®)|lg: in the one
peakon case of Figure 1.

3. NUMERICAL RESULTS

The numerical scheme (2.4) is semi-discrete: The time derivative has not been
discretized, and hence we work with a system of ordinary differential equations.
However, for numerical computations we integrate in time by using an explicit
Euler method. Given a positive time T and [ € N, we consider the time step
At =T/l. We compute m?’l, the approximate value of m™ at time ¢; = jAt, by
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taking
m;:’fl = m;-l’l + At (—D, (m;llu;ll) - m;-l’lDu;l’l) : (3.1)
where
m;-”l = u;l’l - D,D+u?’l. (3.2)
Here m;-”l = (mgjl, e ,mZiLj) and u;l’l = (ug]l, . ,quLj). Given m;-l’l, one
can still recompute u?’l using (2.8), that is,
n—1
uz,]l _ L—lmz,jl _ ﬁ Z(e—n(i—k) + en(i—k—n))mZ:;. (33)
k=0

Lemma 2.2 does not apply in this setting, and the proof of convergence for the
fully discrete scheme proceeds differently. Writing (2.4) as
mi = f(m"),

where f: R" — R™, we observe (cf. (2.4) and (2.8)) that each component of f(z)
is a polynomial in the components xg,...,x,—1 of x. Hence, f is continuously
differentiable. From (2.19) and (2.4), we obtain that, when n is large enough,
there exists a constant C which is independent of n such that

i (#)] < 5% max |uf'(t)| < Cn?
K]

for all ¢ € [0,T]. Hence, m™(t) is bounded in [0,7] and therefore the Euler
method converges, see, for example, [19], that is,

lim max
l—o0 j=1,...,1

’m?’l - m"(tj)H =0. (3.4)

All norms are equivalent in finite dimensional vector spaces, and therefore (3.4)
holds for any norm in R”. We denote by m™!(¢) the piecewise linear function in
C([0,T),R™) satisfying m™!(t;) = m?’l. It is given by

1 1, 1 !
m™(t) = E(tj+1 —t)mj” + E(t —tj)mji,

for ¢t € [tj,tj41]. Let us prove that

}320 [[m™! — mnHC([O,T],R") =0. (3-5)
We have, for t € [t;,t41],
n,l n 1 n,l n 1 n,l n
m(t) = (t) = o (te = O(my” —m” () + 1 (= 15) (mg, —m" (tj41))
1 n n 1 n n
+ g G = O(m"(8) = m" (@) + 5 (E = ) (m" (t41) = m"(2)).  (3.6)

Let € > 0. Since m™ € C([0,T],R™), m™ is uniformly continuous and there exists
d > 0 such that [|[m™(t1) —m™(t2)|| < €/2 for all ¢1,t5 € [0,T] with |[t2 —t1| < 6.
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We can choose [ large enough so that At = T/l < §. Then, for ¢ € [t;j,t;11], we
havet —¢; < d and tj41 —t < 4, and

(L = D" (1) = m™(0) + 1 (= )" (4) — " (1541))

1 € 1 €

< xpltin —tg + Lt -t)5 (B0
3

<3

By (3.4), we can choose [ large enough so that max;—1,__; Hm;%l _ mn(tj)H <e/2.
Hence,

1

Sl — ) — (1)) + 5 (6~ 1) (ml mn(tj+1))H <o (38)

| ™

Comparing (3.6), (3.7) and (3.8), we obtain
|[m™ () —m™(t)|| < e
for | large enough and any ¢t € [0,7]. Hence, (3.5) is proved. The mapping
L' R™ —» R”, L~'m™ = u™, is continuous, and therefore we have
0.

lim ||u”l
l—o0

Finally, after using the identification of R™ with the set of continuous, periodic,
piecewise linear functions, we get that

- “an([o,T],]Rn) =

lim w™! = u",
l—o0
and, from Theorem 2.1,
lim lim u™! =u
n—o0 [—oo

in C([0,T], H'). We summarize the result in the following theorem.
Theorem 3.1. Let At = T'/1, and define the function u;' by (3.1)-(3.3). Define
the corresponding interpolating function u™' in C’([O,T] Hl) by

n )0
u™(z,t) = E((tjﬂ — ) [(@is1 — U + (@ — z)ul)

)
+(t= 1) [ — D)l + (2 — w)ulh )
for x € [x;,x41] and t € [t;,t;41]. Then

lim lim ™ =u (3.9)
n—:o0 [—oo

in C([0,T], H') where u is the solution of the Camassa—Holm equation (1.2).

To compute the discrete spatial derivative, we need at each step to compute
u from m. The function u is given by a discrete convolution product

n—1
_ p
u; = h E gi—jm;.
j=0
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It is advantageous to apply the Fast Fourier Transform (FFT), see [13]. In the
frequency space, a convolution product becomes a multiplication which is cheap
to evaluate. Going back and forth to the frequency space is not very expensive
due to the efficiency of the FFT. We use a formula of the form (see [13] for more
details):
u=Fy' (Fylgl - Fn[m])

where Fy denotes the FFT.

We have tested algorithm (3.1) with single and double peakons. In the single
peakon case, the initial condition is given by

cosh(d — )

3.10
sinhg ’ ( )

u(z,0) =c¢
which is the periodized version of u(z,0) = ce1#l. The period is denoted by a
and d = min (z,a — z) is the distance from z to the boundary of the interval
[0, a]. The peakons travel at a speed equal to their height, that is

u(z,t) = ce”l#=tl,

If u satisfies the initial condition u(x,0) = e~1#!, then m = 2§ at t = 0 and we
take
ifi=0,

otherwise, (3.11)

2
m={ }
as initial discrete condition. The function m; gives a discrete approximation of
26. Figure 1 shows the result of the computation for different refinements. Figure
2 indicates that the computed solution converges to the exact solution.
The sharp increase of the error ||u(t) — u”(t)|| 5. at time ¢t = 0 can be predicted
by looking at (2.17) which gives a first-order approximation of the time derivative
2
of [[u(t)[
dE,(t)? =
n 2
i=0
Hence,
dllullzp  dEq (1)
dt dt
At the beginning of the computation, we can therefore expect a sharp decrease

of the H! norm. To get convergence in H', it is therefore necessary that the

. d||u||?
solution becomes smooth enough so that I dILH L — 0. In any case, we cannot

hope for high accuracy and convergence rate in this case. Figure 3 shows the
same plots in the two peakon case.

We have tested our algorithm with smooth initial conditions. In this case, the
H' norm remains constant in a much more accurate manner. The convergence
is probably much better but we have no analytical solution to compare with.

Other time integration methods (second-order Runge-Kutta method, variable
order Adams—Bashforth-Moulton) have also been tried and the results do not
differ significantly from those given by (3.1). It follows that the CH equation is

~—4 att=0.
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1r- initial condition T

0 5 10 15 20 25 30 35 40

FiGURE 3. Two peakon case. The initial condition is the pe-
riodized version of 2e~1#=2 4 ¢~1#=5 The computed solutions
are shown at time ¢ = 12 for (from left to right) n = 20 n =
212 n = 2! together with the exact solution (at the far right).

osl - -
~ P
s -
06 PR ]
e //
e -
0.4 7 -7 4
LT
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02" .~
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| - n=2"?

]

o . . . . .

0 2 4 6 8 10 12

FIGURE 4. Plot of |lu(t) —u"(t)| g /l|u()]| g in the two
peakon case of Figure 3.
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not very sensitive to the way time is discretized. But the situation is completely
different when we consider different space discretizations. The following schemes

me = —D_(mu); — m;Dyuy,
my = —D(mu); — m; Duy,
my = —Dy (mu); — m;D_u;

(3.12)
(3.13)
(3.14)
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are all at first glance good candidates for solving the CH equation. They preserve
the H' norm, are finite difference approximations of (2.2) and finally look very
similar to (2.4). But, tested on a single peakon, (3.12) produces a peakon that
grows, (3.13) produces oscillations, and (3.14) behaves in a completely unexpected
manner (at the first time step, m becomes a negative Dirac function and starts
traveling backward!).

Let us have a closer look at the scheme (3.12). We compute d(’;i:
1dE3L_n_1 N n_n—l 5 o . L,
2 dt Zmi’tui - Z ( o —(m u”)iu; — m; +U7;U,i) =0.
=0 i=0

Thus, F, is exactly preserved. Lemma, 2.2 still holds since the same proof applies
to (3.12). It allows us to derive the bounds of Lemma 2.3 and, after applying
Simon’s theorem, we get the existence of a converging subsequence. The problem
is that, in general, this subsequence does not converge to the solution of the
Camassa—Holm equation. In order to see that, we compare how our original
algorithm (3.12) and algorithm (3.13) handle a peakon solution u = ce™1#=¢tl,
The only terms that differ are m™Du™ and m™ D u"™. We have proved earlier
that, for any smooth function ¢,

n—1 1 1
S mpDutpla) = 5 [ (2 =)o) do
=0

as n — oo. In the peakon case, u> = u2 and this term tends to zero. Roughly

speaking, we can say that m™ converges to a Dirac function, see (3.11), but at
the same time it is multiplied by Du™ which is the average of the left and right
derivatives and which tends to zero at the top of the peak. Eventually the whole
product m™Du™ tends to zero. We follow the same heuristic approach with the
term m”Dyu™ in (3.13). This time, m™ is multiplied by the right derivative
D.iu™ of u™ which tends, at the top of the peak, to —c. Hence, —m"D_ u"
tends to ¢d and not zero as it would if (3.13) converged to the correct solution.
This example shows how sensitive the numerical approximation is, regarding the
explicit form of the finite difference scheme, for the Camassa—Holm equation.

Acknowledgements. HH acknowledges helpful discussions with Nils Hen-
rik Risebro and Kenneth H. Karlsen on discretizations of the Camassa—Holm
equation.
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A CONVERGENT NUMERICAL SCHEME FOR THE
CAMASSA-HOLM EQUATION BASED ON MULTIPEAKONS

HELGE HOLDEN AND XAVIER RAYNAUD

ABSTRACT. The Camassa—Holm equation ut — Uzgt + Uty — 2UgUzs —
Ulgzz = 0 enjoys special solutions of the form u(z,t) = 327 | p;(t)e 12~ a M
denoted multipeakons, that interact in a way similar to that of solitons. We
show that given initial data u|t—o = uo in H!(R) such that u — ugy is a
positive Radon measure, one can construct a sequence of multipeakons that

converges in L{ (R, HL (R)) to the unique global solution of the Camassa—

Holm equation. The approach also provides a convergent, energy preserving
nondissipative numerical method which is illustrated on several examples.

1. INTRODUCTION
The Camassa—Holm equation (CH) [4, 5]
Ut — Ugpt + 26U, + WU — 2UgUpy — Ulggy = 0 (1.1)

has received considerable attention the last decade. With k positive it models, see
[14], propagation of unidirectional gravitational waves in a shallow water approx-
imation, with u representing the fluid velocity. The Camassa—Holm equation
possesses many intriguing properties: It is, for instance, completely integrable
and experiences wave breaking in finite time for a large class of initial data. In
this article we consider the case kK = 0 on the real line, that is,

Up — Ugpt + ULy — 2UgpUzy — Ulgre = 0, (1.2)

and henceforth we refer to (1.2) as the Camassa—Holm equation.

Local and global well-posedness results as well as results concerning break-
down are proved in [8, 12, 16, 17]. It is known that certain initial data give
global solutions, while other classes of initial data experience wave breaking in
the sense that u, becomes unbounded while the solution itself remains bounded.
More precisely, the fundamental existence theorem, due to Constantin, Escher,
and Molinet [8, 9], reads as follows: If ug € H'(R) and mg := ug — uj is a
positive Radon measure, then equation (1.2) has a unique global weak solution
u € C([0,T), H'(R)), for any T positive, with initial data ug. However, any

1991 Mathematics Subject Classification. Primary: 65M06, 65M12; Secondary: 35B10,
35Q53.

Key words and phrases. Camassa—Holm equation, peakons, numerical methods.
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2 H. HOLDEN AND X. RAYNAUD

solution with odd initial data ug in H3(R) such that ug ,(0) < 0 blows up in a
finite time ([8]).

The Camassa—Holm equation (1.2) exhibits so-called multipeakon solutions
(see [5]), i.e., solutions of the form

n
u(z, t) =Y pi(t)e” 1m0
=1

where p; and ¢; are solutions of the following system of ordinary differential

equations
n
G; = ijef‘q"qul,
j=1
n (1.3)
pi =Y _ pipjsen(q — gj)e 1),
j=1

The main idea in this article is to use multipeakons to approximate solutions of
the Camassa—Holm equation. This gives rise to a numerical scheme for which we
prove convergence.

In [5], Camassa, Holm, and Hyman use a pseudospectral method to solve (1.2)
numerically but they do not study convergence of the method. We have shown
in [13] how a particular finite difference scheme converges to the unique global
solution in the case with periodic initial data.

The idea of using multipeakons has also been used by Camassa, Huang, and Lee
in [3, 7, 6]. In [3], Camassa reformulates equation (1.2) in term of characteristics.
The characteristics ¢(&, t) are defined as solutions of the equation

at (57 t) = u(Q(ga t)v t)
with initial condition ¢(£,0) = £. After introducing the auxiliary variable p,
which is directly related to the momentum m = u — u,, of the system,
dq
Camassa shows that (1.2) reduces to the following system of partial differential
equations

1 o0
a(&t) =5 exp (— |q(&,t) —q(n,t)]) p(n,t) dn,
2 /‘O" (1.4)

o0

pe(§;t) = %p(&t)/ sgn(§ —n) exp (—[q(&,t) — q(n,)]) p(n, t) dn.

—0oo
In [7, 6], Camassa, Huang, and Lee discretize system (1.4) by considering a finite
number n of “particles” whose positions and momenta are given by

ai(t) = a(&,t) pi =p(&t)
for some equidistributed ;. By approximating the integrals in (1.4) by their Rie-

mann sums, equation (1.4) reduces to the system of ordinary differential equations
given by (1.3). For initial data such that p, > 0, (1.3) has global solutions in
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time. In this case they show that the scheme is convergent in the following sense.
Let p and ¢ be solutions of (1.4) and {p;(¢)}?, and {q;(¢)}7~, be solutions of
(1.3) with initial conditions p;(0) = p(&;,0) and ¢;(0) = ¢(&;,0). Then, when the
number of particles n increases, {p;(t)}?_; and {¢;(t)}?, converge uniformly for
any time interval [0, 7] to {p(&;,t)}?, and {q(&, )}, in some discrete {1 norm.

The approach we adopt here is different, and we obtain a more general conver-
gence result, see Theorem 3.1. However, the numerical method, which is based
on solving (1.3), is the same. We consider distributional solutions of (1.2), and
show first that multipeakons are indeed distributional solutions. Given general
initial data for (1.2), we construct a sequence of multipeakons and prove that it
converges to the exact solution of the equation when the number of peakons is
increased appropriately. More precisely, we prove that, given ug € H'(R) such
that up — up 2 is a positive Radon measure, there exists a sequence of multi-
peakons that converges in L® (R, H (R)) to the solution of the Camassa-Holm
equation with initial data ug. The proofs extend to the periodic case as well.
Our proofs are constructive in the sense that we provide an explicit method,
either by a collocation method or by a minimization technique (see Proposition
3.2 and Remark 3.4) to construct the multipeakon approximation. This gives a
constructive proof of existence of solutions to the Camassa—Holm equation and
shows that the multipeakons span the set of solutions at least in the case where
the initial data satisfy the condition mentioned above. Furthermore, this leads to
a numerical method which, in contrast to the finite difference scheme presented
in [13], does not contain any dissipation and preserves the H!(R) norm exactly.
In the last section we illustrate the method on two numerical examples.

2. GLOBAL EXISTENCE OF MULTIPEAKON SOLUTIONS
The Camassa—Holm equation may be rewritten as
my + umyg + 2mu, =0 (2.1)
where the momentum m equals © — Uy,

Definition 2.1. We say that u in L} _([0,T), HL.) is a weak solution of the
Camassa—Holm equation if it satisfies

(12)2 = ()i =0 (22

3 1
Ut — Uyt + 5(“2);5 + 5

in the sense of distributions.

When u is smooth, (2.1) and (2.2) are equivalent. Multipeakons are solutions
of the form

u(z,t) = f: pi(t)e 17 a O] (2.3)

which are continuous and piecewise C°° functions in H!(R) for any given t. But
since they have discontinuous first derivative, they cannot satisfy the Camassa—
Holm equation in the classical sense. For functions with these properties the left-
hand side of (2.2) is a distribution which consists of regular terms (piecewise C'*
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functions) and singular terms (Dirac functions or their derivatives at the points
gi) that we can compute explicitly. We only give the details of the computation
of the last term, (u?),4z, in (2.2), the other terms being obtained similarly. For

each i € {0,...,n+ 1} we introduce the function
K]
=3 pit)eu® 4 Z Jela=a(®)
j=1 j=i+1

which is C*° in the space variable. Then (2.3) can be rewritten as

n
t) = Zui(xat)Xi(x)
i=0
where x; denotes the characteristic function of the interval [g;, g;+1) with the

convention that ¢o = —oo and g,4+1 = o0o. Since the y; have disjoint supports,
we have

u? = Z u?x; (2.4)
=0

and, after differentiating (2.4),

n
(uz)ﬂc = Z xXz + ZU Qz qi Z U; Qz-',-l Qi1
= ch'L + Z 1271((]1)) 5(17:

= a:Xz + Z (25)

O

where the bracket [v} ,; denotes the jump of v across ¢;, that is, [v] “ = v(g) —
v(g; ). Since u is continuous, [uz]q_ =0, and the last term in (2.5) vanishes. We
differentiate (2.5) and get

n n—1
(uz)mc = Z szz + Z - Z(UE)I(QiJrl)équ
=0 =0

n

= Z ;c;ch + Z (26)

On every interval (¢;, gi+1), since u = u;, u is differentiable and every derivative
of u admits a limit when x tends to ¢; from one side. It follows that the jump
[(uQ)ILy is a well-defined quantity and justifies its use in (2.6). Finally, after
differentiating (2.6) once more, we get

n n n

(Uz)xm = Z(u?)mez + Z [(UQ)xx]qi g, + Z [(UQ)x}qi 5;;1»

1=0 i=1 i=1
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In a similar Way we can Compute the other terms in (2.2) and we end up with

- u2), - ( - (2.7)

i ) 52, — ()
. Uit — Uizt o i)z D) Ui )z ) TrT

=0
n
1 1
#2 (<l 5 B, - 51002, )3
1 2 6,
+ 2 - [ut](n D) [(“ )I]q, 4
We already noted the equivalence between (2.2) and (2.1) when w is smooth.
The same equivalence obviously holds for u; and, after introducing m; to denote
U; — Ui zz, We have
3. 9 Lo L o
Uit — Wi ot + 5(ui)z + 5(ui,z)z - 5(”1‘)111 = Mt +uimi e + 2mit; » =0
because, from the definition of u; as a linear combination of e~* and e, it is
clear that m; = 0. Thus, the first sum on the right-hand side of (2.7) vanishes.
The values of the jumps in (2.7) can be computed from (2.3). We have

[us],, = —2p; (2.8)

x

and, after some calculation,
[(u2)zz} @ = 07 [ut]qi = 2p'LQ'L7 [uxt]q, = —2]51‘,

[ugﬂ P [U:c]qi (ua(q;") + ua(g; ) = 4pi ij sgn(q; — qj)e ~la—al, (2.9)

[(UQ)JCL. = 2u(g;) [ua],, = —4pzzp o~ lai—a;l

7

Assume that the g; are all distinct. Then (2.2) holds if and only if the coefficients
multiplying dq, and J;, in (2.7) all vanish. Hence, after using (2.9), (2.7) and
(2.2), we end up with the system

n
G =Y pje v,
P

- (2.10)
pi= Y pipjsen(a; — q;)e” !
j=1

with the convention that sgn(x) = 0 if x = 0. We summarize the discussion in
the following lemma.

Lemma 2.2. The function (2.3) is a weak solution of the Camassa—Holm equa-
tion if and only if p;, q; satisfy the system (2.10) of ordinary differential equations.
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The system (2.10) is Hamiltonian with Hamiltonian H given by
1 n
H= 5 Z pipje 99l
i,j=1
It means that (2.10) can be rewritten as

0H . OH

(ji:—, pPi = — . 2.11
Op; 9qi 211)
From (2.3), the momentum is given by
m =2 Zpiéqi.
i=1
Hence,
n n
2 “lgi—q;
alrs gy = (1 = s s = 3 2peaa) =2 3 popyeln=o,
i=1 i,j=1
and the Hamiltonian H and the H' norm of u satisfy
1 1
—|gi—q;i| 2
H=5 > pipje el = 1 [l gy - (2.12)

ij=1

Because of the sign function, the right-hand side in (2.10) is not Lipchitz, and
we cannot apply Picard’s theorem to get existence and uniqueness of solutions of
(2.10). However, the Lipschitz condition would hold if we knew in advance that
g; — q; does not change sign. We are going to prove that the peaks do not cross
and that the sign of ¢; — ¢; is indeed preserved.

Let us first assume, without loss of generality, that the positions of the peaks
at time ¢ = 0, {¢;}}_;, are distinct and ordered as follows

¢i(0) < ¢;(0) for all 7 < j. (2.13)

We consider the system of ordinary differential equations
n
Gi= Y el
j=1

n
pi =Y pipjsen(i — jle” 14wl
j=1

(2.14)

This system is equivalent to (2.10) as long as the positions of the peaks ¢; satisfy
the ordering defined in (2.13). In contrast to (2.10), the system (2.14) fulfills
the Lipchitz condition of Picard’s theorem, and therefore there exists a unique
maximal solution. If, in addition, the p; are strictly positive initially then the
solution exists for all time.
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Lemma 2.3. Let {p;,q;} be the mazimal solutions of (2.14). If we have
q:(t) < q;(t) for alli < j, (2.15)
pi(t) >0 for all i, (2.16)

when t = 0, then {pi(t),qi(t)} are globally defined on [0,00) and inequalities
(2.15) and (2.16) remain true for all t.

Proof. We call T' the maximal time of existence. Let us assume that (2.15) and
(2.16) do not hold for all ¢ € [0,T). Then, since p; and ¢; are continuous, there
exist ¢ in [0,7) such that (2.15) and (2.16) hold in [0,¢g) and either

¢i(to) = g;(to) for some ¢ and j with i < j

or
pi(to) = 0 for some i.

In the first case when ¢;(to) = g¢;j(to) = «, we have that ¢; and ¢; are both
solutions of the ordinary differential equation

n
§= Zpke*\qqu\
k=1

with initial condition ¢(t9) = «. The function ¢ plays the role of the unknown
while pi and gy, are given (they are the solutions of (2.14)). By Picard’s theorem,
we know that, given some initial condition, the solution is unique and therefore
gi = q; at least in a small interval centered around t;. This contradicts the
assumption that ¢;(t) < ¢;(t) in [0,%0). In the second case when p;(tg) = 0, the
function p; is solution of

n
p=p)_ pjsgn(i—je 47!
j=1
with initial condition p(ty) = 0. Zero is an obvious solution and since the solution
is unique, we must have p; = 0 on [0,7). This contradicts our assumption, and
hence (2.15) and (2.16) hold for all time ¢ in [0, T"). We denote by M the following
quantity

n
=1

As we will see in the next section, M corresponds to the total mass of the system
and it is a conserved quantity of the governing equation (1.1). We can directly
check this statement here since we have

dM S o laimg
e 2 Z pipjsgn(i — je”1u=ul =0 (2.18)

i,j=1

We have proved that the p; are positive for all t in [0,7"). Therefore we have

0< pi(t) < 7,
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for all i and all ¢ € [0,T), which implies the p; are bounded. It follows that p;
and ¢; in (2.14) are bounded and the maximum solution is therefore defined for
all time, i.e., T = oo. O

Lemma 2.3 tells us that the ordering of the positions of the peaks is preserved,
and in this case, as we already mentioned, (2.10) and (2.14) are equivalent. Thus
we have established the following result.

Lemma 2.4. Ifg; < q; fori < j andp; >0 att =0, then the system (2.10) has
a unique, globally defined solution on [0, c0).

Remark 2.5. A similar result is proved by other means in [6].

3. CONVERGENCE OF MULTIPEAKON SEQUENCES

Multipeakon solutions can be used to prove the existence of solutions for the
Camassa—Holm equation.

Theorem 3.1. Given ug in H'(R) such that mg = ug — ug 4z s in M™, the
space of positive finite Radon measures, there exists a sequence of multipeakons
that converges in LS, (R, HL (R)) to the unique solution of the Camassa—Holm
equation with initial condition ug.

The proof of Theorem 3.1 is presented at the end of the section. The se-
quence of multipeakons mentioned in the theorem is denoted by u™(z,t) =
S pr(t)e”le =@ 1 We require that the initial conditions uf}(z) = u™(x,0)
satisfy the following properties

ul — ug in H'(R), (3.1a)
uf is uniformly bounded in L*(R), (3.1b)
pi > 0 for all ¢ and n. (3.1¢)

In the next proposition we give a constructive proof that such sequences exist.
The sequence ug is defined by collocation: It coincides with the given initial
function ug at a given number of points.

Proposition 3.2. Given ug € H'(R) such that ug — ug . € M™T. For each
n, let ¢ = i/n. Then, there exists a unique (Pin);_

2
S e pime_"”_q’%"‘ coincides with ug at the q; rn, that is,

g (¢in) = o (gin) (3.2)
for alli € {—n?, ... ,n%}. The initial multipeakon sequence uf} satisfies condition
(3.1).

n2
i=

_ 2 such that ug(xz) =

Proof. In order to simplify the notation, we write v and u™ instead of uo and ug.
First we show that (3.2) defines a unique p; ,. The equation (3.2) is equivalent
to the following system

Ap=1u (3.3)
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where P and @ are vectors of R2"*1 given by (pi,n)ﬁ_nz and (U(Qi,n))ﬁ_nz,

respectively, and A equals the matrix
2 o o —as
A= (A ey Aig = e ltimmainl,
The method is well-posed if A is invertible. In fact, A is symmetric and positive
definite. Symmetry is obvious. To prove the positivity of A, we associate to any
2
vector 7 in R27°+1 the function v in H'(R) given by v(z) = S e Tipe [Tl

The H! norm of v has already been calculated, see (2.12), and we have
—t A— 1 2
T AT = 5 (V][ ) = O (3.4)

Hence, A is positive. Let us prove that A is invertible. Assume A7 = 0. From
2
(3.4), we have v = 0. Thus, since v — vz =237 _ > 7indg, ., We have

n2
2 )" rindg,, =0. (3.5)
i=—n2
Since the ¢; , are all distinct, it follows that ¥ = 0. Hence, A is invertible, and
thus there exists a unique p solving (3.3) for any given w.
Let us prove (3.1a). Let f and v™ denote u — u,, and u — u", respectively.
We want to prove that v™ tends to zero in H'(R). Note that v™ — ", = f —

2
23" ,2Dinbq , is a Radon measure and we have

o™ |3 gy = (0™ = 00, 0™ = (f, 0™ — 2p; 50" (Gisn)
(R)

where the bracket (i, g) denotes the integration of g with respect to the Radon
measure p. By assumption (3.2), we have v(g; ) = 0, and it follows that

™15 gy = (F>0™) - (3.6)

We consider a partition of unity of R that we denote {¢; } and which
corresponds to the decomposition R = U2 _ (%, %) The functions ¢;

satisfy 0 < @i <1, 2000 din = 1 and supp ¢, C (&=L 1) Then we have

n’n

jes}
1=—00

TL2

(foo") = (Frn0™) + > (frd™) (3.7)

i=—n2

where ¢, =1 — Z;i_nz ¢;. We estimate separately the two terms on the right-
hand side of (3.7). Since the support of ¢; is contained in (¢—1.n,¢i+1,n), W€
have
gi(z)v" () < sup [v™ (2)] ¢i(x). (3.8)
2€(qi—1,n,9i+1,n)
Since

v"(0) = " (ain) + | "y

Qi,n
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and v™(¢; ») = 0, we have

qi+1,n
wp @< [ ) de

2€(qi—1,n:qi+1,n) QGi—1,n

2
< \/;HU"HHI(R) (Cauchy—Schwarz). (3.9)

The positivity of f directly implies that f is monotone: If u < v, then (f,u) <
(f,v). Hence, from (38) (3.9) and the monotonicity of f, we get

Z (f piv™ Z \/7”” ”Hl(]R) (f, i \/>||vn||H1(]R) [fllpe- (3-10)

i=—n?2 i=—n2

Since H'(R) is continuously embedded in L>(R), we have, for some constant C
independent of n,

P (2)0" () <[] o Yn(2) < Cl[0" || g1 gy Yn(2)
and, after using the monotonicity of f,
(s n0™) < C 0" || g1 () (f5 ¥m) (3.11)
Gathering (3.6), (3.7), (3.10) and (3.11), we get

10" e gy < \/;HU @y 11l ag + C 0" i gy (5 80m)
which, after dividing both terms by [[v™[| ;1 (),

I sy < /2 1S+ € ). (3.12)

It remains to prove that (f,,) tends to zero. The space of Radon measures and
C§, the dual of Cy, where Cy denotes the closure of C, in L>(R), are isometrically
isomorphic (see, e.g., [11, Chapter 7]), and we have

Ifllpe = sup  (f ).
peC.
el poo <1

Therefore, for all € > 0, there exists ¢ € C, with |||z~ < 1 and such that
[fllae < (f,0) +e

For n big enough, the supports of ¥, and ¢ do not intersect and therefore we
have |1, + @] L~ < 1. Hence,

(i + @) < I fllpq l1¥0n + Gllpee
<Nl
<({f,p) +e¢

which implies

<f7 wn> é 67
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and this proves that (f,,) — 0. Then, by (3.12), we get that v™ tends to zero,
and (3.1a) is proved.

Let us prove (3.1b), namely that p;,, > 0 for all —n? < i < n% Let f
again denote u — u,,. By assumption, f is positive. In a first step, we assume
that f belongs to C°°(R) N L*(R). We will remove this smoothness assumption
afterwards. A notable property of u™ is that it is always bounded by u, i.e.,

u"(x) < wu(x) for all z. (3.13)

We see this as follows. Let v = u — u™. Since we have u" — u}, = 0 everywhere
except at the g; ,, and (3.2) holds, v satisfies, for every i € {—n?,...,n?> — 1}, the
Dirichlet problem

V— VUggy = f on (qi,nv Q'Hrl,n)a

v(qin) = v(¢it1,n) = 0.
The Green’s function G(z, €) is defined as the solution of (3.14) with f = 6(z—¢).
We can compute G (see for example [1]), and we get

(3.14)

G, 6) 1 sinh(z — gi,n) sinh(giy1,n —§) for gin <z <E,
x’ = . . .
sinh(git1,n — ¢in) | sinh(§ — gin)sinh(giy1,n —x) for £ <z < giy1n-
(3.15)

The general solution of (3.14) is then given by

qi+1,n
va) = [ G o) de (3.16)
9i,n

Since G(z,&) is positive, it follows from (3.16) that v > 0 on every interval
[@i,n> Git1,n)- On the intervals (—oo,q_,2,] and [g,2 ,,00), v solves a Dirichlet
problem similar to (3.14) and the Green’s functions are obtained from (3.15) by
letting g_,2_1 ,, tend to —oo and g,241 4, to +00, respectively. The Green’s func-
tions are still positive and that implies, as before, that v > 0 on (=00, q_p2 ,] U
[@n2,n,00). This concludes the proof of (3.13). From (2.8), we have

1
Din = _5 [U;L]qi’”
1 . un(qi,n + h) - U"((Jz‘,n) U"((Jz‘,n) - Un((h,n - h)
= ——lim -
2 hlo h h

and, after using (3.13) and (3.2),

Lo ful@in+h) —ulgin)  u(gin) = ulgin—h)
. > __1 > > _ ) )
Pin = 79500 [ n h
1
= _5 [um]Qi,n :
Since f is smooth, u is smooth and therefore [u,], = 0. Hence,

We want to prove (3.17) without any extra smoothness assumption on f. Let p
be a positive, C'>° and even function which satisfies ffooo p(x)dx = 1. We denote
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by pe the mollifier p. = ép(x/s) Let f. = pe * f and ue = pe * u. The mollified
function u. tends to u in H'(R) and therefore in L>°(R). Hence, for all i in
{-n?,...,n%}, u-(gin) tends to u(g; ) or, using the previous notations,

Ue — T. (3.18)

We can construct multipeakons u? from the regularized function u. whose coef-
ficients p. ;n are determined by
2
Aﬁg = U, ]_75 = (pe,i,n):-;_nz . (319)
Since f is positive, f. is positive and, since it also belongs to C>°(R) N L!(R), we
have already established, see (3.17), that p, > 0. Thus, by (3.18),
p = Au = lim Au. = lim p_, (3.20)
e—0 e—0
implying that P is positive and (3.1b) is proved.
It remains to prove (3.1c), namely that u™ is bounded in L!(R). The regular-
ized f. of f belongs to C°°(R) N L!(R) and is positive. Hence, (3.13) holds when
u"™ and u are replaced by u? and u.:

ul < ue. (3.21)

From (3.20), we have p, — p when € — 0. Then by looking at the definitions of
ul and u™ it is clear that « tends to u™ in L*>°(R). We have already seen that u.
tends to u. in L>°(R). Hence, after letting e tend to zero in (3.21), we get that
(3.13) holds for all f without any further smoothness assumption. Moreover, u
is positive since the positivity of p implies the positivity of u™. From (3.13), we
get

(o] (o]

/ u"(z) dx < / u(z) dx. (3.22)

— 00 — 0o
If u belongs to L'(R), then a bound on [u"||;, follows directly from (3.22).
Again, we consider the regularized f. of f. Since u. satisfies us — ue gz = fe, it
is known that u. can be expressed as

wio) = [ el £ (y) dy.

— 00

/ Ue dT = / / e~ 1Tl £ (y) dyda

=2||f:ll,: (after applying Fubini’s theorem)
=2 fell pg -

Since u. is positive and converges to u in L*°(R), by Fatou’s lemma, we get

/ u(z) dr < lim inf/ ue(x) dx

—0o0 —0o0

Hence,

< 2liminf || fof] o, - (3.23)
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Let us estimate ||f[/,,. For any continuous function ¢ with compact support,
we have

(fer @) = (pe = [, 0) = (f, & pe) - (3.24)

Note that the last equality in (3.24) holds because of the parity of p. (see, e.g.,
[11, Chapter 9] for general formulas on convolutions of distributions). Hence,

[(fes D) < N Fllpaa €% pell s
<N Al 9l Lo [lpell i (Young’s inequality)

and, since [|pc||,1 = 1, it implies

1fellan < 1l ag -

Inequality (3.23) now gives

(o)
| uwyae <2051
— 00

which implies that u belongs to L'(R). From (3.22), we get that |u™|,, is
bounded. This concludes the proof of the proposition. O

TL2

Remark 3.3. The initial multipeakon sequence ufl(z) = Y1, p; e~ 7790l
defined by setting

1 .
Pin =5 (mo, in) foric {—n? ... n?}

where {¢;}32___ denotes the partition of unity used in (3.7), also satisfies the con-
dition (3.1). The proof of that result is much shorter than the proof of Proposition
3.2. However, the method is not directly applicable numerically (we would have
to construct the ¢; and compute 2n? + 1 integrals), which makes Proposition 3.2

more interesting.

Remark 3.4. Another natural way to construct a sequence of multipeakons from
the set of points g; n, is to choose P so that it minimizes |lug — u8||H1(]R), that is,

2

n
P = Argmin ||ug — Z pi,ne_‘x_q"'v”l i (3.25)
Pi,n i— 2
B H(R)
It turns out that the sequence that this minimization method produces and the
one of Proposition 3.2 are the same. One can prove this as follows. We have
2 2 2
o = ug 11 ry = lwollz gy — 2 (g, wo) g + lug g gy
2 P
= ||u0HH1(]R) -2 <’LL8 - ug,xx7u0>M + ZPtAp

and, since

n? n?
<U'6L - U'g,zza uO>M = < Z 2pi,n5qim,7u0> =2 Z pi,nuo(%‘,n) = Qﬁta7

i=—n2 i=—n2
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we get
2 2 b ot A
[[uo — Ug”Hl(]R) = ||u0||H1(]R) — 4p'w + 2p' Ap. (3.26)
By differentiating (3.26) with respect to P, we can easily check that the minimizer

p of (3.26) satisfies (3.3). In addition, since A is positive definite, p is the unique
strict minimizer of (3.26).

The estimates contained in the following lemma will be needed to derive the
existence of a converging subsequence.

Lemma 3.5. Let u(x,t) be a sequence of multipeakons with initial data satis-
fying (3.1). The following properties hold:

(i) u" is uniformly bounded in H'(R),

(i)  ul is uniformly bounded in L*°(R),

(i) u? has a uniformly bounded total variation,

(iv) u} is uniformly bounded in L*(R).

Proof. From Lemma 2.4 we know, using assumption (3.1c), that the system (2.10)
has a unique global solution, and hence we have a globally defined sequence of
multipeakons denoted u™(xz,t). In order to simplify the notation, we drop the
superscript n on p;* and ¢;* and write

n

u" = E pie*‘””*q"".

i=1

Property (i) is obvious because of (3.1a) and the fact that the H' norm is auto-
matically preserved due to the Hamiltonian structure of (2.10). We have
n
up(t,x) = Z —pi(t)sgn(x — q;(t))e”1#= ¢ O 4.
i=1

Hence,

n
a2, 0)] < Y pa)e #7400 (p; > 0)
i=1
< 1wl e
< Ol wy (H'(R) is continuously embedded in L>(R))

and (ii) follows from (i). The total variation of u} equals |lu}, ||\, (see, e.g., [10,
Chapter 6]). We have

el v < Mg+ llu™ = uiell - (3.27)

Since u™ € L'(R), we have |[u™| \, = |[u™|:. At the same time, due to the
positivity of the p;, the L'-norm of u is equal to M, the total mass of the system,

M= /u”(a:, Do =23 pile) (3.28)
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As we have seen in the previous section, M is a conserved quantity. Hence,
M = [u"[ = [lug [l . -

Since the p; are positive, the fact that m™ = u™ —u?, = 3" | 2p;d,, and (3.28)
imply that

Ju™ = ul, |l =2 pi = M. (3.29)
=1

Hence, from (3.27),
Juzell ag < 2M = 2]ug]| s
and (iii) follows from (3.1b) .
The derivative u} is given by

n

u = Z (pie 1"~ %! + pig; sgn(x — g)e "%,
=1

or, after using (2.10),

n
wi = > papje eI (sgn(g, — ;) + sen(e — 4.).
i,7=1

Hence, since the p; are all positive,

’e—|x—qi|

n
”U;LHLz <2 Z pipje_“ﬁ—%l )
ot

,]=
n
<2 Z pipje_l(Ii_le
ij=1
2
< [lu" I wy

and assertion (iv) follows from (i). O

To prove the existence of a converging subsequence of u™ in C([0,T], HL.(R))
we recall the following compactness theorem adapted from Simon [18, Corollary
4].

Theorem 3.6 (Simon). Let X, B,Y be three continuously embedded Banach
spaces

XcBcCY
with the first inclusion, X C B, compact. We consider a set F of contin-
uwous functions mapping [0,T] into X. If F is bounded in L*°(]0,T],X) and
9 — {% | fe .7:} is bounded in L"([0,T1],Y) where r > 1, then F is relatively
compact in C([0,T], B).
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Proof of Theorem 3.1. Given initial data ug € H(R) with ug — ug z. € MT we
know from Proposition 3.2 that there exists a sequence ug satisfying condition
(3.1). Furthermore, by using Lemma 2.4, we infer that there exists a sequence of
multipeakons u"(x,t) such that u™|;=0 = u{. The sequence then possesses the
properties stated in Lemma 3.5.

To apply Theorem 3.6, we have to determine the Banach spaces with the
required properties. Let K be a compact subset of R. We define X = X(K) as
the set of functions of H'(K) which have derivatives of bounded variation, that
is,

X(K)={ve H(K) | v, € BV(K)}

endowed with the norm

[llx ) = Wl ey + 0ell By ey = [0l iy + [l oo (1) + TV i (V).

It follows that X (K) is a Banach space. Let us prove that the injection X (K) C
HY(K) is compact. We consider a sequence v, which is bounded in X (K).
By the Rellich-Kondrachov theorem, since ||vy,|| m1 (k) 18 bounded, there exists a

subsequence (that we still denote v,,) which converges to some v in L?(R). Since
TV i (vn,z) is bounded, Helly’s theorem allow us to extract another subsequence
such that

Ung — w ae in K (3.30)

for some w € L*(K). We have ||vp o o) bounded. From (3.30) we get, by

Lebesgue’s dominated convergence theorem, that v, , — w in L?*(K). Using
the distributional definition of a derivative, it is not hard to check that w must
coincide with v,. Therefore v,, converges to v in H'(K) and X (K) is compactly
embedded in H!(K).

The estimates we have derived previously imply that «™ and u} are uniformly
bounded in L>([0, T}, X (K)) and L*°([0, T], L?>(K)), respectively. Since X (K) C
H'(K) c L?*(K) with the first inclusion compact, Simon’s theorem gives us
the existence of a subsequence of u™ that converges to some v € H'(K) in
C([0,T], HY(K)). We consider a sequence of compact sets K,, such that R =
UmenKm and a sequence of time T, such that lim,, .. T, = co. By a diagonal
argument, we can find a subsequence (that we still denote u™) that converges
to some u € C([0,T,], H(K,)) in L>=([0,T},), H' (K,7,)) for all m. Therefore u
belongs to C(R, H{ (R)) and u™ converges to u in L (R, H} _(R)).

It remains to prove that u is solution of the Camassa—Holm equation. This
simply comes from the fact that the u™ are all weak solutions of (2.2), and since
they converge to u in L® (R, HE (R)), u is a weak solution of (2.2). The solutions
of the Camassa—Holm equation for the class of initial data we are considering in
the theorem are unique, see [8]. It implies that not only a subsequence, but the
whole sequence of multipeakons converges to the solution. O
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4. NUMERICAL RESULTS

Multipeakons can be used in a numerical scheme to solve the Camassa—Holm
equation with initial data satisfying ug — oz € M™T. The scheme consists
of solving the system of ordinary differential equations (2.10) where the initial
conditions are computed as in Proposition 3.2.

In the numerical experiments that follow, we solve (2.10) by using the explicit
Runge—Kutta solver ode45 for ordinary differential equation from MATLAB. In
the case where ug is sufficiently smooth, an initial multipeakon sequence can
be obtained without having to solve (3.2). This is the aim of the following
proposition.

Proposition 4.1. Let ug be such that ug—1ug 4z is a positive function in H(R)N
LY(R). We set

(4.1)

H3|NA

1
Pin = %[UO — U0,zz)(qin) = %mo(qz}n)~

2
Then the sequence uj = Z?z_ng pi,ne*“”’qiv"‘ of multipeakons satisfies the con-

ditions given in (3.1).

Proof. Condition (3.1c) follows directly from the definition of p;, and the pos-
itivite of mg. Let us prove (3.1a), i.e., that u? — g in H'(R). It is enough
to show that mf tends to mg in H ! because the mapping v +— v — v, is an
homeomorphism from H! to H~' (see [2, chapter 8]). For any function ¢ in
H'(R), we have to prove that

n2 1 n2
(mg, d) = > 2pind(gin) = - > mo(gin)d(qin)

converges to
(Mo, &) = / mo ()6 () de.
R

If ¢ is continuous with compact support, the above convergence simply follows
from the fact that for continuous functions, the Riemann sums converge to the
integral. To prove that (mf,¢) — (mg, ¢) for any ¢ € H'(R), it is then enough
to show that ||m{| ;-1 is uniformly bounded. In fact, m§ is uniformly bounded
in M and

n2

n 1
lmlag =~ > mo(gin) = llmoll,: - (4.2)

i=—n?2

Let us prove (4.2). We have
-n n+d 00
/ mo(z) de = / mo(z) de + / mo(z) dx + / mo(z) dz.
R

— 00 —n
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The first and the last integral tend to zero because mg belongs to L'(R). Then
we have

n+7 n? n?

1 qi+1,n
(@)de =~ 3~ mo(gin)| < /  Imo(@) = mo(gin)| dx
i——n2 i=—n?2 i,n
qi+1,n
Z / / b ()] dédr.
i=—n2 i,n i,n

We change the order of integration, introduce x;, to denote the characteristic
function of the interval (g; n, ¢it+1,n), and get

1 n’ n’ Gitin  (Gitin
|/ @)= 3 mota)| < 30 [ [T i) o
i=—n2 i=—n2 i,n
:/ |m0 | Z in Qz+1,n_€) d¢
- i=—n?
oo n’ 2 1/2
<t [ [ (X xn@ain - 9) de]
T i=—n2
) 1/2
< lImoll g1 (v / Z Xi,n(€) (@it 1,n — §) dﬁ}
X j=—n2
qi+1,n 1/2
< lbmoll ey | Z / (i1 — €)% € |
i=—n2 " in
L1 i
< Imoll ey | Y- 53]
i=—n?

1
< 7n Imoll g1 ()

which tends to zero. This concludes the proof of (3.1a) and condition (3.1b)
follows from (4.2) since we have, see (3.29),

n
gl =2 pi = milla-
i=1

O

We tested our algorithm with smooth traveling waves. Smooth traveling waves
are solutions of the form

u(,t) = flz —ct)
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where f is solution of the second-order ordinary differential equation
@
feo =1~ oo
In order to give rise to a smooth traveling wave, the constants ¢ and « cannot
be chosen arbitrarily, see [15]. Here we consider periodic smooth traveling waves.
The approach, based on functions in H!(R), which was developed in the previous
sections, can be adapted to handle solutions with periodic boundary conditions.
We then have to consider periodic multipeakons which are solutions of the form

u(et) = 3" Gl ai(1) (4.4)

(4.3)

where G is given by
cosh(d(z,y) — §)
sinh & '

G(x,y) =

In the expression above, a is the period and d(x,y) = min (|z — y|,a — |z — y|) is
the distance in the interval [0, a], identifying the end points 0 and @ of the interval.
The function G(z,y) can be interpreted as the periodized version of e 1e=yl ag
we have G(z,y) = > 70 e~ l#=y+kal The coefficients p; and ¢; satisfy equation
(2.11) when H is replaced by the Hamiltonian

1 n
Hper = 5 Z piij(inqj)-
i,j=1
For periodic functions, we have Hper = 4 ||ullf1((g,0)) for u given by (4.4). It
is not hard to prove that, with the necessary amendments, Theorem 3.1 and
Proposition 3.2 hold also for periodic functions in H'([0, a]).

FIGURE 1. Approximation of a smooth traveling wave (dashed
curve) by (4.4) with n = 10. On the left, the coefficients p; are
computed by using the method of Proposition 4.1 designed for
smooth functions. On the right, they are computed by using the
collocation method of Proposition 3.2.
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TABLE 1. Convergence rate in the case of a smooth traveling wave.

Number of peakons | 5 10 20 | 40
|lu — uexactHHl(R) att=0|1.48|0.76 | 0.38 | 0.20

Ratio 1.95 2 1.9
|lw — uexaCtHHl(R) att=211.3110.68|0.34|0.17
Ratio 1.93 | 2 2

A high precision solution of equation (4.3) is used as a reference solution
for the smooth traveling wave. We take @ = ¢ = 3. With initial condition
f(0) =1, f(0) = 0, it gives rise to a smooth traveling wave of period a =~ 6.4723.
In our multipeakon scheme, we approximate initial data by using (4.1) because
the initial data is smooth. In Figure 1, we show the result of such approximation
in the case of 10 multipeakons. In Table 1 we give the error in the H' norm
between the computed and the exact solutions at time t =0 and t =2 (at t = 2,
the wave has approximately traveled over a distance equal to one period). We
can see that the computed solution converges to the exact solution at a linear
rate. It is to be noted that the error does not grow in time and is apparently
only due to the error which is made in approximating the initial data.

05

0 T L T
-30 -20 -10 0 10 20 30

FIGURE 2. Solution with initial data ug(z) = 10(3 + |z|)~2 at
t=0,5,10,15,20 (from the bottom to the top).

Our next example deals with a initial data function g which has discontinuous
derivative. We take
() = —0
AR
The function u satisfies ug —ug »» > 0 and it is plotted in Figure 2. In our multi-
peakon scheme, we use Proposition 3.2 to set the initial sequence of multipeakons.
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TABLE 2. Convergence rate for an initial data given by ug(z) =
10(3 + |z]) 2.

Number of peakons | 61 | 127 | 251 501 | 1001
[|u— uexactHHl(R) att=010.27 | 0.14 | 0.079 | 0.053 | 0.045

Ratio | — |1.93 | 1.77 | 1.49 | 1.18
[t — texactl () At £ = 10 | 0.58 | 0.18 | 0.074 | 0.028 | -
Ratio | — |3.22] 243 | 1.95 | -

In Figure 2 the solution is computed with very high resolution (n = 1000 peakons
spread over the interval [—30, 30]) and in Table 2, the error is evaluated by taking
this numerical solution as an approximation of the exact solution (except a time
t = 0 where we can use up). The convergence rate at time ¢t = 0 is not linear,
as in the previous case. This is due to the fact that we only took peakons on
the interval [—30, 30]. We have considered the error in H!([—30,30]), and in that
case the convergence is linear. As in the case of smooth traveling waves, the error
does not grow in time showing the robustness of the algorithm.
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CONVERGENCE OF A SPECTRAL PROJECTION OF THE
CAMASSA-HOLM EQUATION

HENRIK KALISCH AND XAVIER RAYNAUD

ABSTRACT. A spectral semi-discretization of the Camassa-Holm equation is
defined. The Fourier-Galerkin and a de-aliased Fourier-collocation method
are proved to be spectrally convergent. The proof is supplemented with
numerical explorations which illustrate the convergence rates and the use of
the dealiasing method.

1. INTRODUCTION

In this article, consideration is given to the error analysis of a spectral projec-
tion of the periodic Camassa—Holm equation

Ut — Uggt + Wy + 3uly — V(2UpUyy + Ulggy) = 0 (1.1)

on the interval [0, 27]. Spectral discretizations of this equation have been in use
ever since the work of Camassa and Holm [2] and Camassa, Holm and Hyman
[3]. However, to the knowledge of the authors, no proof that such a discretization
actually converges has appeared heretofore. Therefore, this issue is taken up
here. Our method of proof is related to the work of Maday and Quarteroni on
the convergence of a Fourier-Galerkin and collocation method for the Korteweg-
de Vries equation [22]. While they were able to treat the unfiltered collocation
approximation, we resort to proving the convergence of a de-aliased collocation
projection which turns out to be equivalent to a Galerkin scheme. Before we
get to the heart of the subject, a few words about the range of applicability
of the equation are in order. The validity of the Camassa-Holm equation as
a model for water waves in a channel of uniform width and depth has been
a somewhat controversial subject. The discussion seems to have finally been
settled in the recent articles of Johnson [16] and Kunze and Schneider [20]. One
merit of the equation is the fact that it allows wave breaking typical of hyperbolic
systems. Such wave breaking is observed in fluid flows, and under this aspect,
the Camassa-Holm equation could be seen as a more suitable model than the
well known Korteweg-de Vries equation, for instance. On the other hand, in the
derivation of the Camassa-Holm equation, it is assumed that the solutions are
more regular than breaking waves [20]. In this respect, smooth solutions are
more closely related to the fluid flow problem than are irregular solutions. From

This research was supported by the BeMatA program of the Research Council of Norway.
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this point of view, a spectral approximation seems a natural choice for a spatial
discretization.

Another application of the Camassa-Holm equation arises when w = 0. In this
case, the equation can be derived as a model equation for mechanical vibrations
in a compressible elastic rod. As explained by Dai and Huo [8], the range of the
parameter v is roughly from —29.5 to 3.4. The equation has even found its place
in the context of differential geometry, where it can be seen as a re-expression for
geodesic flow on an infinite-dimensional Lie group [6, 13, 23].

Notwithstanding its importance as a model equation, one reason for the in-
terest in the Camassa-Holm equation is its vast supply of novel mathematical
issues, such as its integrable bi-Hamiltonian structure. This property alone
has led to many interesting developments, a sample of which can be found in
[2, 3, 4, 9, 10, 11], and the references contained therein. One aspect of the
integrability of the equation in case v = 1 is that the solitary-wave solutions
are solitons [2, 4], similar to the solitary-wave solutions of the Korteweg-de Vries
equation. However, the Camassa-Holm equation also admits solitary waves which
are not smooth, but rather have a peak or even a cusp. These peaked solitary
waves are well known, and owing to their soliton-like properties they have been
termed peakons. In the case that w = 0 and v = 1, they are of the form

u(x,t) = de~ 2=,

where d € R is the wavespeed. For general w and +, a similar formula was found
by one of the authors in [17]. Even more general shapes have been described in
[21], where a classification of traveling-wave solutions is given. For the numerical
approximation of these peaked or cusped waves, spectral methods may not be
the best choice. Other methods based on finite-difference approximations have
been used for instance in [1, 14, 15].

For the purpose of numerical study, it is important to have a satisfactory the-
ory of existence of solutions, as well as uniqueness and continuous dependence
with respect to the initial data. For the periodic case, an example of such well
posedness results has been provided by Constantin and Escher in [5]. However,
for our purposes, the available results are not quite strong enough. In particular,
it appears that it is possible for solutions emanating from smooth initial data to
form singularities in finite time. These singularities manifest themselves in the
form of steepening up to the point where the first derivative becomes close to —oo.
In the context of one-dimensional water-wave theory, this may be understood as
wave breaking which we have alluded to earlier. The idea of the proof of this
phenomenon is to make use of a differential inequality which goes back at least
to the work of Seliger [25] (see also Whitham [26]). It is clear that such singular-
ity formation will prevent the spectral, or super-polynomial convergence usually
exhibited by spectral discretizations. To circumvent this problem, we assume
that the solution has at least four derivatives in the space of square-summable
functions. This requirement turns out to be sufficient to obtain convergence of
the spectral projection, with a convergence rate dependent upon the regularity
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of the solution to be approximated. Of course, this requirement also restricts
the pool of possible solutions, and thus limits the applicability of our method. A
spectral discretization may still be used for solutions that have lower regularity,
but the convergence is then not known.

For the sake of simplicity, we will only give proofs in the case where w = 0
and v = 1 but all the proofs extend to the general case with only small changes
in the constants. To prepare the equation for the discretization, it is convenient
to write (1.1) in the form

us + %(uz)x + K (u® + %(ux)Q) =0, (1.2)

where K is a Fourier multiplier operator with the symbol

— ik A

Kflk)=——f(k

F(k) = 1 ),
which formally corresponds to
Ox
K —_ 1_—8%.

This formulation reveals that it is natural to use a spectral Fourier discretization,
as the symbol of the Green’s function K is already known. In section 3, we define
a Fourier-Galerkin approximation of the Camassa-Holm equation, and prove that
this approximation converges if appropriate assumptions are made on the initial
data and the solution. Indeed, it will transpire that for smooth solutions, the
convergence is indeed spectral, i.e. super-polynomial. In section 4, a similar
result will be proved for a de-aliased Fourier-collocation scheme. Finally, the
last section contains some numerical computations, which illustrate the results
obtained in sections 3 and 4, and which show that the de-aliased collocation
scheme is preferable to an unfiltered collocation approximation, especially when
approximating solutions which are not smooth.

2. NOTATION

In order to facilitate our study, we start by introducing some mathematical
notation. Denote the inner product in L2(0,27) by

27

(f.9)= | f(x)g(z) dx.

The Fourier coefficients f(k) of a function f € L2(0,2r) are defined by

27
f) = 52 [ e pta) e

Recall the inversion formula

fla) =™ f(k),
kEZ
and the convolution formula

(f * 4)(k) = Fg(k),
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where the convolution of two functions f and § on Z is formally defined by

(fa)k)y= > flm)g(n).

m+n=~k
Denote by || - ||z the Sobolev norm, given by
1 1Ze = DL+ R I ().
kEZ

The space of periodic Sobolev functions on the interval [0, 27] is defined as the
closure of the space of smooth periodic functions with respect to the H"™-norm,
and will be simply denoted by H™. In particular, for m = 0, we recover the
space L?(0,27) whose norm will be denoted by || - || 2. The subspace of L(0, 27)
spanned by the set
{ei’”’ ke€Z, —E</€<E—1}
2 2

for N even is denoted by Sy. In the following, it will always be assumed that N
is even. The operator Py denotes the orthogonal, self-adjoint, projection from
L? onto Sy, defined by

Py f(z) = Z e f(k).

—N/2<k<N/2—1

For f € H™, the estimates
If = Pnfliz < CpN"" (107 fll 2 (2.1)

If = Pn fllgm < CoN™" (107 f| 2 (2.2)
hold for an appropriate constant C'p and a positive integer n. For the proof of
these inequalities, the reader is referred to [7].

The space of continuous functions from the interval [0, 7] into the space H"
is denoted by C([0,T], H™). Similarly, we also consider the space C([0,T], Sn),
where the topology on the finite-dimensional space Sy can be given by any norm.
Finally note the inverse inequality

1070l 2 < N™ [l .2 (2.3)

which holds for integers m > 0 and ¢ € Sy. A proof of this estimate can also
be found in [7]. We will make use of the Sobolev lemma, which guarantees the
existence of a constant ¢, such that

sup [ f ()] < ellfll - (2.4)

Another standard result is that the assignment (f, g) — fg is a continuous bilin-
ear map from H' x H~! to H~', as shown by the estimate

19l < cllfllgn gl (2.5)

where the same constant ¢ has been used for simplicity.
In order to obtain a unique solution, equation (1.1) has to be supplemented
by appropriate boundary and initial conditions. For the purpose of numerical
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approximation, the problem will be studied on a finite interval with periodic
boundary conditions. The periodic initial value problem associated to equation
(1.1) is

Up — Ugpt + 3UUL — 2UgUgpy — Ulggy = 0 z €10,27] ,t >0,
u(0,t) = u(2m,t), t>0,

u(z,0) = ugp(z).

(2.6)

In the following, it will always be assumed that a solution of this problem exists

on some time interval [0, 7], and with a certain amount of spatial regularity. In

particular, we suppose that a solution exists in the space C([0,T], H*) for some

T > 0. With these preliminaries in place, we are set to attack the problem of

defining a suitable spectral projection of (2.6) and proving the convergence of

such a projection. First, the Fourier-Galerkin method is presented and a proof

of convergence given. Then in section 4, a de-aliased collocation scheme will be
treated.

3. THE FOURIER-GALERKIN METHOD.

A space-discretization of (2.6) is defined by utilizing the equivalent formulation
(1.2). Thus the problem is to find a function ux from [0, 7] to Sy which satisfies

(Opun + 30, (un)® + K (ud + 2(0pun)?) . ¢) =0, te[0,T],
(3.1)
un(0) = Pyuo,
for all ¢ € Sy. Since for each ¢, un(-,t) € Sy, un has the form
f1
UN(xvt) = Z ﬁN(kvt)eikxv
k=—%

where iy (k,t) are the Fourier coefficients of up (-, t).

Taking ¢ = e** for —N/2 < k < N/2 — 1 in (3.1) yields the following system
of equations for the Fourier coefficients of u .

ik . .

+ 3((ikan) * (ikaN))(k,t)}, (3.2)
an (k,0) = do(k),

for —=N/2 <k <N/2-1..

The short-time existence of a maximal solution of (3.2) is proved using the
contraction mapping principle, and the solution is unique on its maximal interval
of definition, [0,t}}), where t%} is possibly equal to 7. Since the argument is
standard, the proof is omitted here. The main result of this paper is the fact
that the Galerkin approximation uy converges to the exact solution u when w is
smooth enough. This is stated in the next theorem.

d . 1. . N
EUN(k,t) = —Ezk(uN xan)(k,t) —
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Theorem 3.1. Suppose that a solution u of the Camassa-Holm equation (2.6)
exists in the space C([0,T],H™) for m > 4, and for some time T > 0. Then
for N large enough, there exists a unique solution un of the finite-dimensional
problem (3.1). Moreover, there exists a constant \ such that

sup [lu(-,t) —un (- t)]| 2 < ANTT™
t€[0,T]

Before the proof is given, note that the assumptions of the theorem encompass
the existence of a constant k, such that

sup [u(-, )| g < k-
t€[0,T]

In particular, it follows then that there is another constant A, such that

sup [[u(-,t)| 2 < A.
telo,T

The main ingredient in the proof of the theorem is a local error estimate which
will be established by the following lemma.

Lemma 3.2. Suppose that a solution uy of (3.1) ewists on the time interval
[0, %], and that supycpo i« ) lun (-, t)| 2 < 2A. Then the error estimate

sup Ju(- 1) —un ()| 2 < AN (3.3)
te[0,ty]

holds for some constant A which only depends on T, A and k.

Proof. Let h = Pyu — uyn. We apply Py to both sides of (1.2) and, since Py
commutes with derivation, we obtain

8 Pyu + 2 Py, (u®) + K Py (u® + 3u?) = 0.

We multiply this equation by h, integrate over [0,2n] and subtract the result
from (3.1) where we have used h, which belongs to Sy, as a test function. We
get

(heyh) = —% (P;\/(‘)gcu2 — Opuy, h) — (KPN [uQ + %((‘%u)ﬂ ,h)
1
+ <K [u?\, + 5(8351&\,)2} ,h>

Using the fact that Py is self-adjoint on L2, and h € Sy, this may be rewritten
as

| =

B3 = —5 (002 — B0 ) — (K [ o8] 1)

N =
S

t
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Let’s estimate the three terms on the right-hand side of (3.4) in the time
interval [0,t%] where the H%-norm of uy is bounded by 2A. We have

(0,u® — Opui, h) = (0u {(u+un)(u—un)},h)
= (Ou(u+un)(u—un),h)+ ((u+uy)du(u—un),h)

= (Oz(u+un)(u—uy),h)
+ ((u+ un)da (u — Pyu), h)
+ ((u+un)s (Pyu — uy), h).

Consequently, there appears the estimate
|(0xu? = Bpuiy, h)| < sup |0 (u+un)| lu—un| L2 1A] -
x

+ sup |u + un| [0z (u = Pyu)l| L2 (7] 2
T

2m
+ / (u+un)hyhdzx
0
< cllutunlg: (lu = Pyull gz + |1Pvu —unllg2) 1]l 2
t cllu+ g o= Pl 121l
1 27
+ —/ 1210, (u + un)| da
2 Jo
< 3cA (CpN™" |[ull g + [IRll2) 1]l -
+ 3eACEN"" ull o ] 2
2m

1
+ —sup |9y (v + un)| h? dx.
2 T 0

1

33cA ||h||%2, there appears the esti-

Noting that the last integral is bounded by
mate

3 —-m —-m
|(Bss® — Dy )] < BeA 1] (5 A2 + C llull o (N~ + N* >> .

(3.5)

We turn to the second term in (3.4). The operator K is a continuous operator

from H~! to L2. Therefore, after using the Cauchy-Schwartz inequality and

(2.5), there appears

(K (u? = uy), h) < |lu® —uy || - 0]l
< l(u = un)(u +un)ll g 12l 2

<cllutunlg lu—unlg- bl (3.6)



8 H. KALISCH AND X. RAYNAUD

Then, since
= unllpgs < = unl] e
<l = Pyul[g2 + [[h]] g2
S CpNT" |ull g + [l 2,

and ||u + un||: is bounded (recall that the estimates are established on [0,t}]
where the H2-norm of uy is bounded by 2A), we get from (3.6)

(K (u® = ui),h) < 3cA ||l g2 (CoNT™ l[ull gon + |2 2) - (3.7)
Similarly for the remaining term in (3.4) we have
(K ((9:0)? = (9sun)?), h) < 1Al 2 [| (0ow)® = (Bwun)?| ;-
< c)|0z(u 4 un)|l g 102 (w = un)l v |4l 2
< 3cA [[hll 2 (Cp llull g N™™ + (IRl 2) - (3.8)
Gathering the estimates (3.5), (3.7) and (3.8), it transpires that
d 27 15 .
C e < ZEeA bl s + S eACHRN'
Consequently, Gronwall’s inequality gives

sup |[A(-t)][ 2 < AN (3.9)
te[0,t%]
for an appropriate constant A which depends on T', A and k. After decomposing
u—uy as the sum v — Pyu+ h and using (2.1) and the triangle inequality, (3.9)
yields
sup lu(-,t) —un ()] < AN
tel0,ty]

for another constant A\ which again only depends on T', A and &. |

Lemma 3.3. Suppose that a solution uy of (3.1) ewists on the time interval
[0,%], and that supyco i« ) lun (-, 8)|| 2 < 2A. Then the error estimate

sup [lu(,t) —un(,t)| 2 < AN (3.10)
tef0,t3]
holds for some constant A which only depends on T, A and k.
The proof of this lemma follows from (3.9) after application of the triangle
inequality and the inverse inequality (2.3).
Proof of Theorem 3.1. We want to extend the estimate (3.3) to the time

interval [0,T]. Note that the time t%, appearing in Lemma 3.2 has so far been
unspecified. We now define t}; by

th =sup{t €[0,T] | for all ¢’ <, |lun(-,t')| 2 < 2A}. (3.11)

Thus the time t%, corresponds to the largest time in [0, 7] for which the H?2-norm
of uy is uniformly bounded by 2A. Since ||un(-,0)|| = = [[Pyvu(-,0)|| 52, we have

[un (5 0)ll g2 < [lul 0)][ g2 < A



SPECTRAL PROJECTION OF THE CAMASSA-HOLM EQUATION 9

Hence, t3 > 0 for all N. Note that ¢} is necessarily smaller than the maximum
time of existence ¢j}. On the other hand, we are going to prove that there exists
N, such that

ty =T foral N> N,, (3.12)

and therefore the supremum in (3.3) holds on [0,7]. By definition (3.11), we
either have t§, = T or t}, < T and in this case, since ||un(t)| = is a continuous
function in time, [|un(ty )|z = 2A. Suppose that t3; < T. Then using the
triangle inequality yields

2A = [lun (- t8) |

< lun (o tn) = uls Ol e T Sup l[u( Ol g2

= [[(un (5 t8) = w5 t8) g + A,
by the definition of A. Hence,
A < |[(un (5 t8) = ul t8) g2 -
By Lemma 3.3, it follows that
A <ANPF™

1

A\ m-38

N < | — .
=(3)

1

In conclusion, for N* > (%) ™3, we cannot have ¢}, < T and the claim (3.12)
holds. It follows that for N > N, the solution ux of (3.2) is defined on [0, T]
because, as we noticed earlier, t3, < t% and, from (3.3), we get

sup [[u(-t) —un(- 1) < AN
te[0,T)

or

The following corollary is immediate from the estimate (3.9) and the inequal-
ities (2.2) and (2.3).

Corollary 3.4. Suppose that a solution u of the Camassa-Holm equation (2.6)
exists in the space C([0,T],H™) for m > 4, and for some time T > 0. Then
for N large enough, there exists a unique solution un of the finite-dimensional
problem (3.1). Moreover, there exists a constant \ such that

sup |Ju(,t) — un ()| o < AN,
te[0,T)

4. THE FOURIER-COLLOCATION METHOD

The Galerkin method is not very attractive from a computational point of
view, because the computation of the convolution sums in (3.2) is very expensive.
If the convolution is computed by means of the Fast Fourier Transform (FFT),
the computational time is minimized, but an additional error known as aliasing
is introduced. This means that high wavenumbers are projected back into low
wavenumber modes, causing spurious oscillations. We refer to [7, 12] for more
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details about the aliasing phenomenon. Methods that use the FFT are often
called collocation methods since they are sometimes algebraically equivalent to a
collocation scheme in the case of a Fourier basis. The problem of aliasing can be
somewhat alleviated if enough modes are used to resolve all frequencies. However,
this remedy is mostly applicable to the study of one-dimensional problems, and
it supposes that the amplitudes decay in a reasonable fashion. In the case of
the Camassa-Holm equation, one may want to use the spectral discretization to
study the peakon solutions mentioned in the introduction. In the case that w =0
and v = 1, the representation

u(z,t) = de” 12~

reveals that v has an elementary Fourier transform, given for instance at time

t =0 by
N 2 1

As this expression shows, the Fourier amplitudes decay only quadratically, and
therefore, it will be nearly impossible to avoid aliasing, even when using a large
number of modes. In light of this problem, we have chosen to treat the case of a
de-aliased scheme. In fact, it will be shown that the dealiasing we choose yields a
scheme which is equivalent to the Galerkin scheme treated in the previous section.

The collocation operator in Sy denoted Iy is defined as follows. Let the
collocation points be z; = 2%3 for j =0,1,..., N — 1. Then, given a continuous
and periodic function f, I f is the unique element in Sy, such that

Inf(z;) = f(z;),
for j =0,1,..., N —1. Inf is also called the N-th trigonometric interpolant of f.

When restricted to Sy, the collocation operator reduces to the identity operator,
as highlighted by the identity

Ino =¢ forall ¢ € Sy. (4.2)

It has been proved in [19, 24] that when f € H™ with m > 1, there exists a
constant C7, such that

If = Infllz < CrNT™ 107 f 2 s (4.3)
and more generally
1f = In flln < CrN"7™ (07" fl 2 - (4.4)

The collocation approximation to (2.6) is given by a function uy from [0,7] to

Sn, such that
Orun + %&CIN[U?V] + Ky [u?\, + %(89611,]\[)2] =0, te [O,T], (4 5)
’U,N(O) = IN’LLO. '

Note that (4.5) reduces to (3.1) if the interpolation operator I is replaced by the
projection operator Py. In order to apply the FFT, we take the discrete Fourier
transform, denoted here by F. We again refer to [7, 12] for more details on this
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algorithm and its properties. The discrete Fourier transform Fy of a continuous
function u is the vector in CV defined as

Fn(w) (k) = In(u)(k), for — N/2<k< N/2—1. (4.6)

Applying the discrete Fourier transform to each term in (4.5), and using the
definition (4.6) of Fy, there appears the equation
ik
1+ k2
Let iy € CV denote Fn (un). The solutions of (4.5), or equivalently of (4.7),
are obtained by solving the following system of ordinary differential equations:
d ik ik

EaN(k) + EfN((f,glaN)Q)(k) e

(3t.7:NUN + %]:N(Uf?v) + Fn [ud + %(&Cu;\/)ﬂ) (k) = 0. (4.7)

Fn[(Fytan)?

+ 3(Fy'(ikin))?] (k) = 0,
N(k, 0) = fNu(k, 0)

for —N/2 < k < N/2 — 1. This method is appealing because of the efficiency
of the FFT which allows us to rapidly compute the discrete Fourier transform
and its inverse. It has to be compared to (3.2) where the computation of the
convolution is extremely expensive. Nevertheless the FFT introduces errors due
to aliasing. In order to avoid aliasing, we apply the well known 2/3-rule. Thus
we consider instead the following initial value problem: Find uy € C([0,T], Sn)
such that

Ovun + 30:In[(Pay un)?] + Ky [(Pz,v un)? +

3

OulPrux} =0y

N[=

’U,N(O) = Inug.

The corresponding system of ordinary differential equation satisfied by ay =
]:NUN is
d_ ik 1
%UN(k) + 3.7-"]\;((P2T
in)? + 5 (Pay Fy'(ikiin))? | (k) = 0, (4.9)

fLN(/f, 0) = fNu(k, 0)

which again can be solved efficiently by the use of the FFT. When implement-
ing (4.9) numerically, it is important to note that P% .7-';,111]\; (and similarly

Pay Fx'(ikiin)) can be rewritten according to
—1~ _ r—1-~c
P%]:N UN—]:N Upn,

where 14 is obtained by cutting off the frequencies higher than M, i.e.

{aN(k) if%—mkg%,

0 otherwise,
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thus making these quantities easy to compute. The use of the projection P: 2y s i
justified by the following identity which is derived in [7],
PMIN (PMfPMg)ZPM (PMf'PMg)7 (410)

and which holds for any continuous functions f,g and any M < % The iden-
tity (4.10) essentially means that the interpolation operator I, which generally
introduces aliasing, becomes harmless when we apply an M-filter, that is when
we cut off the frequencies higher than M.

In order to prove convergence of the scheme, we introduce vy = Panvuy and
3

h=uvn — P%u. Note that vy, dzvn, h € S% After applying P2N in (4.8) and
taking the scalar product with h, we get
1
(Gron.h) + 3 (Pap 0 I (03, 1) + (Pay KT [(on)* + 3(Devw)?] 1) = 0.

(4.11)

The projection operator P2N commutes with 9, and K. Using (4.10) with

M = 2¥ we get Pay IN(UN) Pay (v%) and P%IN(({)%U]QV) = Pay (0,v3) since

UN, OxUN € Say. Hence from (4.11), we get

1
(Gron . h) + 5 (P%&C(U,QV), h) + (P%K [(on)? + (Bavn)?] ,h) —0.
Then using the fact that P% is self-adjoint and P% h = h, there obtains

(O, )+ 5 (0c(03), 1) + (K [(on)? + 3(@on)?] ) =0, (412)

After applying P% to (1.2) and taking the scalar product with h, we get

(P% dyu, h) + % (0:(u?),h) + (K [u® + 1(0,u)*] ,h) =0, (4.13)

where we have used again the fact that P% is self-adjoint and P% h = h. Sub-
tracting (4.13) from (4.12), we obtain

(Guh )+ 3 (8.(63) — Bua, ) + (K [(on? — 7] )
+ 5 (K [(0s0n)® = (8u)?] ,h) = 0. (4.14)

We now proceed exactly in the same way as for the Galerkin method in the
previous section. After introducing

ty =sup{t €[0,7] | forallt' <t,|lon(t, )| < 2A}
is appears that the estimate
2N
sup |luy — vl <A ( ) (4.15)
tel0,ty] 3

holds for some A depending only on T, A and k. The factor 2N/3 in (4.15) comes
from the fact that we used the projection on S 2N instead of the projection on

Sn that was used to derive (3.3). As in the previous section, we can prove that
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for N large enough the inequality (4.15) holds when taking the supremum over
all ¢ in [0,7]. Thus we are led to the following theorem.

Theorem 4.1. Suppose that a solution u of the Camassa-Holm equation (1.1)
exists in the space C([0,T],H™) for m > 4 and for some time T > 0. Then
for N large enough, there exists a unique solution uy to the finite-dimensional
problem (4.8). Moreover, there exists a constant \ such that,

oN\ 1™
sup lu(-,t) = o (-, £)] 12 < A (_> ,
te[0,T] 3

where vy = P2TuN.

5. NUMERICAL EXPERIMENTS

It appears that spectral discretizations have been widely used to study mathe-
matical properties of the Camassa-Holm equation. In particular, the interaction
of two or more peakon solution has been a topic of intense interest. Here, we
restrict ourselves to the computation of single traveling waves in order to validate
the results of the previous sections. Traveling waves have the form

u(xat) = (j)(SU - dt),

were ¢ is either known exactly, or can be approximated, and where d is the wave
speed. On the real line R, the so-called peakons are well known. In the case that
w =0 and v = 1, they are given by

¢(x) = de 1", (5.1)
Since we consider periodic boundary conditions, it is convenient to know that
there are also periodic peaked traveling waves. These are given by
cosh(3 — )

o) =a= B 62
on the interval [0,1], and are periodic with period 1.

The Camassa-Holm equation (1.1) also admits smooth periodic traveling-wave
solutions. These are not known in closed form, but they can be approximated.
In this case, ¢ is given implicitly by

¢ d—y
o0 V(M —y)(y —m)(y — 2)
where ¢(zg) = ¢o, and z=d— M —m. If z <m < M < d, then ¢ is a smooth
function with m = mingeg () and M = max,cr ¢(z). Once this integral
is evaluated for a sufficient number of values, the function is inverted, and an
approximation is found via a spline interpolation. This procedure for finding
smooth traveling waves is explained in more detail in [18, 21].

For the purpose of numerical integration, the Fourier discretization is supple-
mented with the well known explicit four-stage Runge-Kutta scheme. Since the
equation is only mildly stiff, an explicit method appears to be more advantageous

|z — o] = dy, (5.3)
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than an implicit method. The scheme is explained as follows. If the wave profile
uvn (-, t;) is known at a particular time t;, the four-stage Runge-Kutta method
consists of letting

Vi=on(t), Ti=FMW),

At
V2=V1+7F1, [y = F(Va),

At
V32V2+71“2, I's = F(V3),
‘/21:‘/;3+At1—\3, F4:F(V21)
Finally, these functions are combined to compute vy (,tir1) = vn(,t; + At),
according to

At
@N(',ti + At) = ﬁN(',ti) + ? (Fl + 2l + 2I's + F4).

This scheme is formally fourth-order convergent, meaning that if the time step
At is halved, the error should decrease by a factor of 16.

The traveling-wave solutions can be used to test the numerical algorithm,
because their time evolution is simply given by translation. If vy (:,T) is the
result of a numerical computation with initial data ¢(z), it can be compared
with the translated function ¢(x — dT). In this way, the error produced by
the discretization can be calculated. In particular, the smooth traveling wave
shown in Figure 1 can be used to exhibit the convergence rate of the numerical
approximation. In Table 1, it can be seen that the 4-th order convergence of the
temporal integration scheme is approximately achieved. The spectral convergence
of the spatial discretization is visible in Table 2. Note however, that the error is
limited below because the smooth traveling waves are not known in closed form.

For the Camassa-Holm equation, the peakon solutions are of special impor-
tance. For these, we cannot expect spectral convergence. However, as shown
in Table 3, the spectral discretization converges nevertheless, albeit at a lower
rate. The Fourier representation (4.1) reveals that the peakon is in the Sobolev
space H*(R) for any s < % Thus it appears that the convergence at rate of
N'=™ is probably not an optimal result. We hasten to mention however that
this result as it stands is not applicable to peakons, because the proof makes use
of H*regularity. In order to analyze the advantage of the dealiasing scheme,
we compared our calculations with computations performed using an unfiltered
scheme. For both the smooth approximate traveling waves, and the peaked waves,
the differences in convergence were minute on small time scales. In fact the ob-
served rate of convergence was almost exactly the same. However, as shown in
Figure 3, the dealiasing did reduce some spurious oscillations in the approxima-
tions. The advantage of the dealiasing became apparent when integrating over
intermediate time scales. The periodic peaked traveling waves then suffered seri-
ous destabilization when computed with an aliased scheme. As shown in Figure
4, this problem was completely avoided by the use of an appropriate filter. This
shows in fact that it is preferable to perform de-aliased computations, especially
for solutions with low regularity.
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FIGURE 1. A smooth periodic traveling wave. The solid curve
shows the initial data, while the dashed-dotted curve shows the
computed solution at T = 2.255.
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TABLE 1. Temporal discretization error for a smooth periodic
traveling wave over the time domain [0, 2.255]. The number of
grid points is N = 256.

At L?-Error Ratio
0.036 1.50e-07

0.018 9.30e-09 16.08
0.009 5.58e-10 16.66
0.0045 1.82e-11 30.74
0.00225 2.52e-11 7.20

TABLE 2. Spatial discretization error for a smooth periodic trav-
eling wave over the time domain [0, 3.28]. The time step is At =
0.0002.

N L2-Error Ratio
4 8.67e-02

8 8.12e-03 10.67
16 1.11e-04 73.14
32 7.98e-08 1391.0
64 1.49e-11 5354.1
128 1.49e-11 0.9945
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FIGURE 2. A peakon. The solid curve shows the initial data,
while the dashed-dotted curve shows the computed solution at
T = 3.2. The size of the domain is L = 50.
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TABLE 3. Discretization error for a peaked traveling wave on
the real line over the time domain [0,3.2]. The time step is
At = 0.0002, and the size of the spatial domain is 50.

N L?-Error Ratio
512 7.26e-02

1024 3.29¢-02 2.20
2048 1.45e-02 2.27
4096 6.35e-03 2.28
8192 2.81e-03 2.26
16384 1.28e-03 2.18
32768 6.20e-04 2.06

TABLE 4. Discretization error for a peaked periodic traveling
wave over the time domain [0, 3.2]. The time step is At = 0.003.

N L?-Error Ratio
32 8.89¢e-01

64 3.95e-01 2.25
128 1.86e-01 2.12
512 9.36e-02 1.98
1024 4.66e-02 2.01
2048 2.31e-02 2.02
4096 1.15e-02 2.01
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004 20 25 30 004 20 25 30

FIGURE 3. A peakon, computed with and without dealiasing.
The number of grid points is N = 512. The left column shows
the aliased calculations. (a) T = 6.4, (¢) T = 6.4, close-up.
The right column shows the de-aliased calculations. (b) T' =
6.4, (d) T = 6.4, close-up. The dashed curve shows the exact
peakon, translated by an appropriate amount according to the
time 7' = 6.4 and the speed d = 1. It appears that the de-aliased
computation shown on the right is more advantageous.
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1.1 1.1
1050 (a) 1050 (b)
1
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0.85 0.85
0'80 0.2 0.4 0.6 0.8 0'80 0.2 0.4 0.6 0.8 1
1.1 1.1
1.05F () 105 (d)
1
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J
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0'80 0.2 04 06 0.8 0'Bo 0.2 0.4 0.6 0.8 1

F1GURE 4. Comparison of aliased and de-aliased calculations of
a periodic peakon with N = 256 and At = 0.003. The left
column shows the aliased calculations. (a) T =4, (¢) T = 6,
(e) T = 8. The right column shows the de-aliased calculations.
(b) T =4, (d) T =6, (f) T = 8. Solid curves are computed
waves after 4, 6 and 8 periods. Dashed curves are the initial
data, translated by an appropriate amount. In the de-aliased
computation, a 2/3 filter was used, so that the effective number
of modes is only 170.
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GLOBAL CONSERVATIVE SOLUTIONS
OF THE CAMASSA-HOLM EQUATION - A LAGRANGIAN
POINT OF VIEW

HELGE HOLDEN AND XAVIER RAYNAUD

ABSTRACT. We show that the Camassa—Holm equation ut — uzgzt + 3uty —
2UgpUgy — Uuzer = 0 possesses a global continuous semigroup of weak con-
servative solutions for initial data wu|t=o in H'. The result is obtained by
introducing a coordinate transformation into Lagrangian coordinates. To
characterize conservative solutions it is necessary to include the energy den-
sity given by the positive Radon measure p with pac = (u? + u2) dz. The
total energy is preserved by the solution.

1. INTRODUCTION
The Cauchy problem for the Camassa—Holm equation [7, 8]
U — Ugat + 2KUy + JUUy — 2Uplpy — Ulgge = 0,  Uli—0 = 4, (1.1)

has received considerable attention the last decade. With k positive it models, see
[25], propagation of unidirectional gravitational waves in a shallow water approx-
imation, with u representing the fluid velocity. The Camassa—Holm equation has
a bi-Hamiltonian structure and is completely integrable. It has infinitely many
conserved quantities. In particular, for smooth solutions the quantities

/udm, /(u2 +u?) dz, /(u3 +uu?) dx (1.2)

are all time independent.
In this article we consider the case x = 0 on the real line, that is,
Up — Ugpt + ULy — 2UgUzy — Ulgze = 0, (1.3)

and henceforth we refer to (1.3) as the Camassa—Holm equation. The equation
can be rewritten as the following system

U + Uty + Py =0, (1.4a)
1
P — P, =u’+ 51@. (1.4b)
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A highly interesting property of the equation is that for a wide class of initial
data the solution experiences wave breaking in finite time in the sense that the
solution u« remains bounded pointwise while the spatial derivative u, becomes
unbounded pointwise. However, the H! norm of u remains finite. More precisely,
Constantin, Escher, and Molinet [12, 14] showed the following result: If the
initial data u—o = @ € H*(R) and m := 4 — 4" is a positive Radon measure,
then equation (1.3) has a unique global weak solution u € C([0,T], H(R)), for
any T positive, with initial data 4. However, any solution with odd initial data
@ in H3(R) such that @,(0) < 0 blows up in a finite time.

The problem how to extend the solution beyond wave breaking can nicely
be illustrated by studying an explicit class of solutions. The Camassa—Holm
equation possesses solutions, denoted (multi)peakons, of the form

u(t,z) = pi(t)elTma Ol (1.5)
i=1
where the (p;(t), ¢;(t)) satisfy the explicit system of ordinary differential equations

n n
Gi = pje 1479 pi = "pip;sgn(g — g;)e” 99l
j=1 j=1

Observe that the solution (1.5) is not smooth even with continuous functions
(pi(t), qi(t)); one possible way to interpret (1.5) as a weak solution of (1.3) is to
rewrite the equation (1.3) as

up + (%u2 +(1—03) Hu?+ %Ui))z =0.
Peakons interact in a way similar to that of solitons of the Korteweg—de Vries
equation, and wave breaking may appear when at least two of the ¢;’s coincide.
If all the p;(0) have the same sign, the peakons move in the same direction.
Furthermore, in that case the solution experiences no wave breaking, and one
has a global solution. Higher peakons move faster than the smaller ones, and
when a higher peakon overtakes a smaller, there is an exchange of mass, but no
wave breaking takes place. Furthermore, the ¢;(t) remain distinct. However, if
some of p;(0) have opposite sign, wave breaking may incur, see, e.g., [3, 26]. For
simplicity, consider the case with n = 2 and one peakon p;(0) > 0 (moving to the
right) and one antipeakon p2(0) < 0 (moving to the left). In the symmetric case
(p1(0) = —p2(0) and ¢1(0) = —¢2(0) < 0) the solution will vanish pointwise at the
collision time ¢* when ¢ (t*) = ¢2(t*), that is, u(t*,z) = 0 for all z € R. Clearly,
at least two scenarios are possible; one is to let u(t, ) vanish identically for ¢ > ¢*,
and the other possibility is to let the peakon and antipeakon “pass through” each
other in a way that is consistent with the Camassa—Holm equation. In the first
case the energy [(u®+4u2)dz decreases to zero at t*, while in the second case, the
energy remains constant except at t*. Clearly, the well-posedness of the equation
is a delicate matter in this case. The first solution could be denoted a dissipative
solution, while the second one could be called conservative. Other solutions are
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also possible. Global dissipative solutions of a more general class of equations
were recently derived by Coclite, Holden, and Karlsen [9, 10]. In their approach
the solution was obtained by first regularizing the equation by adding a small
diffusion term eu,, to the equation, and subsequently analyzing the vanishing
viscosity limit € — 0. Multipeakons are fundamental building blocks for general
solutions. Indeed, if the initial data @ is in H' and m := @ — @ is a positive
Radon measure, then it can proved, see [23], that one can construct a sequence
of multipeakons that converges in L, (R; H .(R)) to the unique global solution
of the Camassa—Holm equation.

The problem of continuation beyond wave breaking was recently considered
by Bressan and Constantin [4]. They reformulated the Camassa—Holm equa-
tion as a semilinear system of ordinary differential equations taking values in a
Banach space. This formulation allowed them to continue the solution beyond
collision time, giving a global conservative solution where the energy is conserved
for almost all times. Thus in the context of peakon-antipeakon collisions they
considered the solution where the peakons and antipeakons “passed through”
each other. Local existence of the semilinear system is obtained by a contrac-
tion argument. Furthermore, the clever reformulation allows for a global solution
where all singularities disappear. Going back to the original function u, one ob-
tains a global solution of the Camassa—Holm equation. The well-posedness, i.e.,
the uniqueness and stability of the solution, is resolved as follows. In addition
to the solution u, one includes a family of non-negative Radon measures p; with
density u2 dz with respect to the Lebesgue measure. The pair (u, i1¢) constitutes
a continuous semigroup, in particular, one has uniqueness and stability.

Very recently, Bressan and Fonte [5, 20] presented another approach to the
Camassa—Holm equation. The flow map @ — u(t) is, as we have seen, neither
a continuous map on H' nor on L?. However, they introduced a new distance
J(u,v) with the property

allu =l < J(u,v) < ez flu—vlg -
Furthermore, it satisfies
J(u(t), @) <eslt], J(ut),v(t) < J(@v)e,

where u(t),v(t) are solutions with initial data @, v, respectively. The distance
is introduced by first defining it for multipeakons, using the global, conservative
solution described above. Subsequently it is shown that multipeakons are dense
in the space H'. This enables them to construct a semi-group of conservative
solutions for the Camassa—Holm equation which is continuous with respect to the
distance J.

In this paper, as Bressan and Constantin [4], we reformulate the equation using
a different set of variables and obtain a semilinear system of ordinary differential
equations. However, the change of variables we use is distinct from that of Bressan
and Constantin and simply corresponds to the transformation between Eulerian
and Lagrangian coordinates. Let u = u(t, z) denote the solution, and y(¢,£) the
corresponding characteristics, thus y:(¢,£) = u(t,y(t,€)). Our new variables are
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y(t,§),
y(t,€)
U(t€) = ult,y(t.€), H(t.E) = / (u? + u2) da (16)

— 00

where U corresponds to the Lagrangian velocity while H could be interpreted as
the Lagrangian cumulative energy distribution. Furthermore, let

Q(t, &) = —i /}ngn(ﬁ —n)exp (—sgn(& —n)(y(&) —ym)) (Uye + He)(n) dn,

P(t,¢) = i /ReXp (—sgn(€ —n)(w() —ym)) (Uye + H) dn.

Then one can show that

Yt = Ua
U =-Q, (1.7)
H, =U? - 2PU,

is equivalent to the Camassa—Holm equation. Global existence of solutions of
(1.7) is obtained starting from a contraction argument, see Theorem 2.8. The
uniqueness issue is resolved by considering the set D (see Definition 3.1) which
consists of pairs (u, ) such that (u,u) € D if uw € H'(R) and p is a positive
Radon measure whose absolutely continuous part satisfies pa. = (u? + u2) dx.
With three Lagrangian variables (y,U, H) versus two Eulerian variables (u, p),
it is clear that there can be no bijection between the two coordinates systems.
However, we define a group of relabeling transformations which acts on the La-
grangian variables and let the system of equations (1.7) invariant. Using this
group, we are able to establish a bijection between the space of Eulerian vari-
ables and the space of Lagrangian variables when we identify variables that are
invariant under relabeling. This bijection allows us to transform the results ob-
tained in the Lagrangian framework (in which the equation is well-posed) into the
Eulerian framework (in which the situation is much more subtle). In particular,
and this constitutes the main result of this paper, we obtain a metric dp on D
and a continuous semi-group of solutions on (D,dp). The distance dp gives D
the structure of a complete metric space. This metric is compared with some
more standard topologies, and we obtain that convergence in H*(R) implies con-
vergence in (D, dp) which itself implies convergence in L (R), see Propositions
5.1 and 5.2. The properties of the spaces as well as the various mappings between
them are described in great detail, see Section 3. Our main result, Theorem 4.2,
states that for given initial data in D there exists a unique weak solution of the
Camassa—Holm equation. The associated measure p(t) has constant total mass,
ie, u(t)(R) = p(0)(R) for all ¢, which corresponds to the total energy of the
system. This is the reason why our solutions are called conservative.

The method described here can be studied in detail for multipeakons, see [24]
for details. By suitably modifying the techniques described in this paper, the
results can be extended to show global existence of conservative solutions for the
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generalized hyperelastic-rod equation

ut+f(u)x+P =0

where f,g € C®(R) and f is strictly convex. Observe that if g(u) = ru + u?
and f(u) = “72, then (1.8) is the classical Camassa—Holm equation (1.1). With
glu) = ?’_TVuQ and f(u) = Zu?, Dai [15, 16, 17] derived (1.8) as an equation
describing finite length, small amplitude radial deformation waves in cylindri-
cal compressible hyperelastic rods, and the equation is often referred to as the
hyperelastic-rod wave equation. See [9, 10] for a recent proof of existence of dis-
sipative solutions of (1.8). The details will be described in a forthcoming paper.

Furthermore, the methods presented in this paper can be used to derive nu-
merical methods that converge to conservative solutions rather than dissipative
solutions. This contrasts finite difference methods that normally converge to dis-
sipative solutions, see [22] and [21] for the related Hunter—Saxton equation. See
also [23]. Results will be presented separately.

2. GLOBAL SOLUTIONS IN LAGRANGIAN COORDINATES

2.1. Equivalent system. Assuming that w is smooth, it is not hard to check
that

(u? +u2) + (uwu? +u2)), = (u® — 2Pu),. (2.1)
Let us introduce the characteristics y(t, ) defined as the solutions of

for a given y(0,£). Equation (2.1) gives us information about the evolution of
the amount of energy contained between two characteristics. Indeed, given {1, &

in R, let H(t) = fyy((:’;z)) (u? 4 u2) dz be the energy contained between the two
characteristic curves y(t,&1) and y(t,&2). Then, using (2.1) and (2.2), we obtain

dH
dt
Solutions of the Camassa—Holm blow up when characteristics arising from dif-
ferent points collide. It is important to notice that we do not get shocks as the
CamassaHolm preserves the H' norm and therefore solutions remain continu-
ous. However, it is not obvious how to continue the solution after collision time.
It turns out that, when two characteristics collide, the energy contained between
these two characteristics has a limit which can be computed from (2.3). As we
will see, knowing this energy enables us to prolong the characteristics and thereby
the solution, after collisions.
We now derive a system equivalent to (1.4). All the derivations in this section
are formal and will be justified later. Let y still denote the characteristics. We

= [(u® — 2Pu) o y] Z . (2.3)
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introduce two other variables, the Lagrangian velocity and cumulative energy
distribution, U and H, defined as U(t, &) = u(t, y(t,£)) and

y(t,6)
H(t,€) :/ ‘ (u? +u?) da. (2.4)

— 00

From the definition of the characteristics, it follows that

Ut(taf) = ut(tvy) + yt(taf)u:c(tvy) = —P,oy (t,f). (25)

This last term can be expressed uniquely in term of U, y, and H. From (1.4b),
we obtain the following explicit expression for P,

Pt z) = %/e“x_zl(uQ(t,z) + %ui(t,z))dz. (2.6)
R
Thus we have
Proy(t.€) =~ [ senly(t,€) = e O 03 t,2) + S0l (1)) ds
R

and, after the change of variables z = y(t, ),

Ppoy(t,§) = —%/R [sgn(y(t,g) — y(t,n))e” WEO—yE]

(et + g eyteon)) vele. )] an

Finally, since He = (u? + u2)oy ye,
1
Proy(€) = —7 /ngn(y(ﬁ) —y(n)) exp(—[y(&) —y(|) (Uye + He) (n) dp (2.7)
where the ¢ variable has been dropped to simplify the notation. Later we will

prove that y is an increasing function for any fixed time t. If, for the moment,
we take this for granted, then P, oy is equivalent to () where

Q(t,¢) = —i/ﬂ%sgn(ﬁ—n) exp (—sgn(é—n)(y(€)—y(n))) (Uye+He) (n) dn, (2.8)

and, slightly abusing the notation, we write

P(46) = 1 [ exp (= sgnle = n)ul€) =) (Ve + H) (. (29)

Thus Pyoy and Poy can be replaced by equivalent expressions given by (2.8) and
(2.9) which only depend on our new variables U, H, and y. We introduce yet
another variable, ((t,¢), simply defined as ((¢,&) = y(¢,£) — & It will turn out
that ¢ € L>*(R). We now derive a new system of equations, formally equivalent
to the Camassa—Holm equation. Equations (2.5), (2.3) and (2.2) give us

Ct = Ua

U =-Q, (2.10)

H, =U?® - 2PU.
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As we will see, the system (2.10) of ordinary differential equations for (¢, U, H)
from [0, 7] to E is well-posed, where F is Banach space to be defined in the next
section. We have

1 1
Q¢ = —5He — (5U2 - P> ye and Pr = Qye. (2.11)

Hence, differentiating (2.10) yields
Cet = Ug (or yer = Ue),
Qt—%ﬂg+(%U2—P>%, (2.12)
Hep = —2Q Uye + (3U% — 2P) Ue.

The system (2.12) is semilinear with respect to the variables y¢, Us and He.

2.2. Existence and uniqueness of solutions of the equivalent system. In
this section, we focus our attention on the system of equations (2.10) and prove,
by a contraction argument, that it admits a unique solution. Let V be the Banach
space defined by

V={feG®R)]|f e L*R)}
where Cj(R) = C(R)NL>®(R) and the norm of V' is given by || f|ly; = || fl| oo &) +
HffHLz(]R)' Of course HY(R) C V but the converse is not true as V contains
functions that do not vanish at infinity. We will employ the Banach space E
defined by

E=VxH'R)xV

to carry out the contraction mapping argument. For any X = ((,U, H) € E, the
norm on E is given by || X ||z = [[Clly; + Ul g1 ) + [|H |ly,- The following lemma
gives the Lipschitz bounds we need on @ and P.

Lemma 2.1. For any X = ((,U,H) in E, we define the maps Q and P as
Q(X) =Q and P(X) = P where Q and P are given by (2.8) and (2.9), respec-
tively. Then, P and Q are Lipschitz maps on bounded sets from E to H'(R).
Moreover, we have

Qc=—3He— (50° - P) 1+ o), (2.13)
P = Q1+ ¢e). (2.14)
Proof. We rewrite Q as
—¢(©)
QX)) =~ [ xpeare D [T+ Ce) + Heln)] d
RG]

+

[ X O [T+ ) + Helw)] dn. - (215)

where xp denotes the indicator function of a given set B. We decompose Q into
the sum Q; + Qs where Q1 and Qs are the operators corresponding to the two
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terms on the right-hand side of (2.15). Let h(£) = X{es03(§)e™ and A be the
map defined by A: v — hxv. Then, Q1 can be rewritten as

e—C(©)

Qu(X)(§) = ——— A0 R U H)(E) (2.16)
where R is the operator from F to L?(R) given by R(¢,U, H)(t,§) = X{n<§}e<(U2+
U?(e + He). We claim that A is continuous from L?(R) into H*(R). The Fourier
transform of h can easily be computed, and we obtain

i) = [ B de = 1

1+ 2imn’
The H'(R) norm can be expressed in term of the Fourier transform as follows,
see, e.g., [19],

(2.17)

o0l sy = || (L 32) 3R

L2(R)

. — 7 A
Since h x v = hv, we have

1,
ol s gy = || (14?2

L*(R)
< Cloll oy by (217
=C|[vl|p2ry by Plancherel equality

for some constant C. Hence, A: L?(R) — H!(R) is continuous. We prove that
R(¢,U, H) belongs to L?(R) by using the assumption that g(0) = 0. Then,
Ao R(¢,U, H) belongs to H'. We say that an operator is B-Lipschitz when it is
Lipschitz on bounded sets. Let us prove that Q;: E — H!(R) is B-Lipschitz. It
is not hard to prove that R is B-Lipschitz from F into L?(R) and therefore from
E into H~1(R). Since A: H }(R) — H'(R) is linear and continuous, A o R is
B-Lipschitz from E to H'(R). Then, we use the following lemma whose proof is
left to the reader.

Lemma 2.2. Let Ri: E — V and Re: E — HY(R), or Ro: E — V, be two
B-Lipschitz maps. Then, the product X +— Ry(X)Ra(X) is also a B-Lipschitz
map from E to HY(R), or from E to V.

Since the mapping X + e~¢ is B-Lipschitz from E to V, Qi is the product
of two B-Lipschitz maps, one from E to H*(R) and the other from E to V, it is
B-Lipschitz map from E to H'(R). Similarly, one proves that Qs is B-Lipschitz
and therefore Q is B-Lipschitz. Furthermore, P is B-Lipschitz. The formulas
(2.13) and (2.14) are obtained by direct computation using the product rule, see
[18, p. 129]. O

In the next theorem, by using a contraction argument, we prove the short-time
existence of solutions to (2.10).

Theorem 2.3. Given X = (¢,U,H) in E, there exists a time T depending only
on ||XHE such that the system (2.10) admits a unique solution in C*([0,T], E)
with initial data X.
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Proof. Solutions of (2.10) can be rewritten as
¢
X(t) =X +/ F(X(r))dr (2.18)
0

where F': E — FE is given by F(X) = (U,—Q(X),U? — 2P(X)U) where X =
(¢,U, H). The integrals are defined as Riemann integrals of continuous functions
on the Banach space E. Using Lemma 2.1, we can check that each component of
F(X) is a product of functions that satisfy one of the assumptions of Lemma 2.2
and using this same lemma, we obtain that F'(X) is a Lipchitz function on any
bounded set of E. Since F is a Banach space, we use the standard contraction
argument to prove the theorem. O

We now turn to the proof of existence of global solutions of (2.10). We are
interested in a particular class of initial data that we are going to make precise
later, see Definition 2.6. In particular, we will only consider initial data that
belong to E N [W1(R)]* where W*(R) = {f € C,(R) | fe € L*(R)}. Given
(¢,U,H) € EnN[WH®(R)]3, we consider the short-time solution (¢, U, H) €
C(]0,T],E) of (2.10) given by Theorem 2.3. Using the fact that Q and P are
Lipschitz on bounded sets (Lemma 2.1) and, since X € C([0,T1], E), we can prove
that P and @ belongs to C([0,T], H*(R)). We now consider U, P and Q as given
function in C([0,T], H*(R)). Then, for any fived ¢ € R, we can solve the system
of ordinary differential equations

d

aa(t,f) = B(t,f),
d
i
566 = ~ QU6 (1 + alt,€)) + [(BU? ~ 2P)(t,6)] A(1,6),

which is obtained by substituting (¢, Ue and H in (2.12) by the unknowns «, 3,
and -y, respectively. We have to specify the initial conditions for (2.19). Let A
be the following set

A= {f S R‘ ‘ﬁ£(§)| < HﬁfHLOO(]R)v HS(§)| < HH£HL00(R), |§E(§)| < "€5||L°°(R)}’

We have that A has full measure, that is, meas(A¢) = 0. For { € A we define

((0,€), 6(0,€),7(0,€)) = (Ue(§), He(€), (€)). However, for & € A° we take
(a(07§)7ﬁ(0a§)77(0’5)) = (070’0)'

Lemma 2.4. Given initial condition X = (U, H,() € EN[WH®(R)]3, we con-
sider the solution X = (¢,U, H) € C*([0,T], E) of (2.19) given by Theorem 2.5.
Then, X € CH([0,T], EN[WL*(R)]?). The functions a(t,€), B(t,€) and (¢, £)
which are obtained by solving (2.19) for any fized given & with the initial condi-
tion specified above, coincide for almost every & and for all time t with (¢, Ue
and He, respectively, that is, for allt € [0,T], we have

(Oé(t, 5)7 ﬂ(tv 5)3 ’Y(t’ f)) = (Cf(ta 5)7 Uf(tv f)a H§ (tv 5)) (220)

) = 370, + | (GU? = Pt.©)| 1+ a(t.6) (2.19)
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for almost every £ € R.

Thus, this lemma allows us to pick up a special representative for ((¢, Ue, He)
given by (a, 3,7), which is defined for all £ € R and which, for any given &,
satisfies the ordinary differential equation (2.19). In the remaining we will of
course identify the two and set ((¢,Ue, He) equal to (o, 8,7). To prove this
lemma, we will need the following proposition which is adapted from [27, p. 134,
Corollary 2].

Proposition 2.5. Let R be a bounded linear operator on a Banach space X into
a Banach space Y. Let f be in C([0,T],X). Then, Rf belongs to C([0,T],Y)
and therefore is Riemann integrable, and f[o T Rf(t)dt = Rf[o 1 f(t)dt.

Proof of Lemma 2.4. We introduce the Banach space of everywhere bounded
function B*(R) whose norm is naturally given by [|f|| g ®) = supeer [f(§)]-
Obviously, Cp(R) is included in B*(R). We define (o, 3,7) as the solution of
(2.19) in [B*(R)]* N [LQ(IR)}‘3 with initial data as given above. Thus, strictly
speaking, this is a different definition than the one given in the lemma but we
will see that they are in fact equivalent. We note that the system (2.19) is affine
(it consists of a sum of a linear transformation and a constant) and therefore it
is not hard to prove, by using a contraction argument in [B>(R)]* N [L2(R)}3,
the short-time existence of solutions. Moreover, the solution exists on [0, 7],
the interval on which (¢,U, H) is defined. Let us assume the opposite. Then,
Z1(t) = llalt, )l pe@)nrz@ T 18E I pe@nrz@ + 17 ) pe@)nrz@ has
to blow up when ¢ approaches some time strictly smaller than 7. We rewrite
(2.19) in integral form:

a(t) = a(0) + / 8(r) dr,
B(t) = B(0) +/O (%7 + (%UQ - P)1+ a)) (1) dr, (2.21)
~(t) = v(0) + /0 (—2Q U(l+4a) + (3U% — 2P)ﬁ) (1) dr.

Note that in (2.21) all the terms belong to B*(R) N L?(R) and the equalities
hold in this space. After taking the norms on both sides of the three equations
in (2.21) and adding them term by term, we obtain the following inequality

Z(t) < Z1(0) +C’T+C/Ot Zy(7)dr

where C is a constant which depends on the C([0,T], H!(R))-norms of U, P
and @, which, by assumption, are bounded. From Gronwall’s lemma, we get
Z1(t) < (Z1(0) + CT)eC”T and therefore Z;(t) cannot blow up and «, 3 and v
belong to C1([0,T], B>°(R) N L?(R)). For any given &, the map f — f(&) from
B>(R) to R is linear and continuous. Hence, after applying this map to each
term in (2.21) and using Proposition 2.5, we recover the original definition of
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a, f and ~ as solutions, for any given £ € R, of the system (2.19) of ordinary
differential equations in R3. The derivation map J¢ is continuous from V and
HY(R) into L?(R). We can apply it to each term in (2.10) written in integral
from and, by Proposition 2.5, this map commutes with the integral. We end up
with, after using (2.13) and (2.14),

Celt) = Ge + / Ue(r) dr,

Ug(t) :UE+/0 <%H§+(%U2—P)(1+CE)) (r)dr, (2.22)

He(t) = A + / (“2QU(L + ¢) + (3U* — 2P)UE) (r) dr.

The injection map from B> (R) N L?*(R) to L*(R) is of course continuous, we can
apply it to (2.21) and again use Proposition 2.5. Then, we can subtract each equa-
tion in (2.22) from the corresponding one in (2.21), take the norm and add them.
After introducing Z5(t) = [[a(t, -) = Ce(t, )l pomy + 18t -) = Ue(t, M 2wy +
[v(t, -) = He(t, )|l 12 (g)> we end up with the following equation

ZQ(f)ﬁZQ(O)-FC/O ZQ(’T)dT

where C is a constant which, again, only depends on the C([0, T, H'(R))-norms,
of U, P and ). By assumption on the initial conditions, we have Z5(0) = 0
because a(0) = (¢, 3(0) = Ug, v(0) = He almost everywhere and therefore, by
Gronwall’s lemma, we get Z2(t) = 0 for all ¢ € [0, T]. This is just a reformulation
of (2.20), and this concludes the proof of the lemma. O

It is possible to carry out the contraction argument of Theorem 2.3 in the
Banach space [W1°°(IR)]® but the topology on [W1°(R)]3 turns out to be too
strong for our purpose and that is why we prefer E whose topology is in some
sense weaker. Our goal is to find solutions of (1.4) with initial data % in H*
because H! is the natural space for the equation. Theorem 2.3 gives us the
existence of solutions to (2.10) for initial data in E. Therefore we have to find
initial conditions that match the initial data @ and belong to E. A natural choice
would be to use %(¢) = y(0,£) = € and U(€) = u(§). Then y(t,¢) gives the
position of the particle which is at & at time ¢t = 0. But, if we make this choice,
then He = 4% + 42 and He¢ does not belong to L(R) in general. We consider
instead (, U, H) given by the relations

7(8) _ _ ¥
£ = / (@® 4+ u2)dr +g(¢), U =uoy, and H :/ (@® +u2) de. (2.23)

Later (see Remark 3.10), we will prove that (7 — Id, U, H) belongs to G where G
is defined as follows.
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Definition 2.6. The set G is composed of all (¢,U, H) € E such that

(¢, U, H) € [Wh>(R)]?, (2.24a)
ye > 0,He > 0,ye + He > 0 almost everywhere, and ) lim H({) =0, (2.24b)

yeHe = y¢ 2U% + U& almost everywhere, (2.24c)
where we denote y(§) = ((&) + &.

Note that if all functions are smooth and y¢ > 0, we have u, oy = [y]—: and

condition (2.24¢) is equivalent to (2.4). For initial data in G, the solution of
(2.10) exists globally.

Lemma 2.7. Given initial data X = ((,U, H) in G, let X(t) = (C(t),U(t), H(t))
be the short-time solution of (2.10) in C([0,T], E) for some T > 0 with initial
data ((,U, H). Then,

(1) X (t) belongs to G for all t € [0,T],

(i) for almost every t € [0,T], ye(t,&) > 0 for almost every £ € R,

(itt) For allt € [0,T], limg_+o0 H(t,&) exists and is independent of time.

We denote by A the set where the absolute values of (¢(€), He(€), and Ug(€) all
are smaller than ||X'H[W1 oo (R)]3 and where the inequalities in (2.24b) and (2.24c¢)

are satisfied for ye, Us and He. By assumption, we have meas(A°) = 0 and we
set (Ug, He, (¢) equal to zero on A°. Thus, as allowed by Lemma 2.4, we choose
a special representative for (((¢,&),Ul(t, 5) H(t,€)) which satisfies (2 12) as an
ordinary differential equation, for every £ € R.

Proof. (i) We already proved in Lemma 2.4 that the space [IW1°(R)]? is pre-
served and therefore X (t) satisfies (2.24a) for all ¢t € [0,7]. Let us prove that
(2.24c) and the inequalities in (2.24b) hold for any £ € A and therefore almost
everywhere. We consider a fixed £ in A and drop it in the notations when there
is no ambiguity. From (2.12), we have, on the one hand,

(yeHe)r = yer He + Hevye = UeHe + (3U2Ug — 2yeQU — 2PU¢)ye,
and, on the other hand,
(WeU? + U2 = 2yeryeU? + 292 UU + 2U¢g, U
= 3U:U%ye — 2PUcye + HeUe — 2y QU.
Thus, (yeHe — y?UQ - Ug)t = 0, and since y:H¢(0) = (y?UQ + UEQ)(O)7 we have

yeHe(t) = (ygU2 + Ug)(t) for all t € [0,T]. We have proved (2.24c). Let us
introduce t* given by

t* =sup{t € [0,T] | ye(t') > 0 for all ¢’ € [0,¢]}.

Here we recall that we consider a fixed £ € A and dropped it in the notation.
Assume that t* < T'. Since ye(t) is continuous with respect to time, we have

ye(t") = 0. (2.25)
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Hence, from (2.24c) that we just proved, Ue(t*) = 0 and, by (2.12),
yer(t7) = Ue(t") = 0. (2.26)
From (2.12), since y¢(t*) = Ug(t*) = 0, we get
1

Yeur (t°) = Uat(t™) = 5

If He(t*) = 0, then (ye, U, He)(t*) = (0,0,0) and, by the uniqueness of the
solution of (2.12), seen as a system of ordinary differential equations, we must
have (ye, Ug, He)(t) = 0 for all t € [0, T]. This contradicts the fact that y¢(0) and
H¢(0) cannot vanish at the same time (g¢ + He > 0 for all £ € A). If He(t*) <0,
then yer (t*) < 0 and, because of (2.25) and (2.26), there exists a neighborhood
U of t* such that y(t) < 0 for all ¢t € U\ {t*}. This contradicts the definition of ¢*.
Hence, H¢(t*) > 0 and, since we now have ye (t*) = ye (t*) = 0 and yeu (¢*) > 0,
there exists a neighborhood of ¢* that we again denote U such that ye(t) > 0
for all t € U \ {¢t*}. This contradicts the fact that t* < T, and we have proved
the first inequality in (2.24b), namely that y¢(¢) > 0 for all ¢ € [0,T]. Let us
prove that He(t) > 0 for all ¢ € [0, T]. This follows from (2.24c) when y¢(t) > 0.
Now, if ye(t) = 0, then Ug(t) = 0 from (2.24c) and we have seen that He(t) <0
would imply that y¢(¢') < 0 for some ¢’ in a punctured neighborhood of ¢, which
is impossible. Hence, H¢(t) > 0 and we have proved the second inequality in
(2.24b). Assume that the third inequality in (2.24c) does not hold. Then, by
continuity, there exists a time ¢ € [0,T] such that (ye + He)(t) = 0. Since ye
and H¢ are positive, we must have y¢(t) = He(t) = 0 and, by (2.24c), Ue(t) = 0.
Since zero is a solution of (2.12), this implies that y¢(0) = Ug(0) = H¢(0), which
contradicts (ye + He)(0) > 0. The fact that lime_,_o H(¢,£) = 0 will be proved
below in (iii).
(#5) We define the set
N =A{(¢) € [0, T xR [ ye(t,§) = 0}

Fubini’s theorem gives us

meas(N) = /Rmeas(./\/g) d¢ = meas(N;) di (2.28)

(0,77

He(tY). (2.27)

where N and NV, are the &-section and ¢-section of AV, respectively, that is,
Ne={t €[0,T]| ye(t,§) =0} and Ny = {{ € R | ye(t,€) = 0}

Let us prove that, for all { € A, meas(Ng) = 0. If we consider the sets N defined
as
NE={te[0,T]| ye(t, &) =0 and ye(t',€) > 0 for all ' € [t—1/n,t+1/n]\ {t}},
then

Ne=|J Mg (2.29)

neN

Indeed, for all t € Ng, we have ye(t,£) = 0, yg(t,€) = 0 from (2.24c) and
(2.12) and yeu(t,€) = $He(t,€) > 0 from (2.12) and (2.24b) (ye and He cannot
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vanish at the same time for £ € A). This implies that, on a small punctured
neighborhood of ¢, y¢ is strictly positive. Hence, ¢ belongs to some Ngl for n
large enough. This proves (2.29). The set N consists of isolated points that are
countable since, by definition, they are separated by a distance larger than 1/n
from one another. This means that meas(VN, ¢ ) = 0 and, by the subadditivity of
the measure, meas(Ng) = 0. It follows from (2.28) and since meas(.A®) = 0 that

meas(N;) = 0 for almost every ¢ € [0, T]. (2.30)
We denote by K the set of times such that meas(N;) > 0, i.e.,
K ={t €Rs | meas(N;) > 0}. (2.31)

By (2.30), meas(K) = 0. For all t € K¢, y¢ > 0 almost everywhere and, therefore,
y(t, &) is strictly increasing and invertible (with respect to &).

(411) For any givent € [0, T, since H¢(¢,£) > 0, H(¢,€) is an increasing function
with respect to £ and therefore, as H(t, -) € L (R), H(t,€) has a limit when
¢ — 4o0o. We denote those limits H(t,4+00). Since U(t, -) € H'(R), we have
lime 100 U(¢,€) =0 for all ¢t € [0,T]. We have

H(t, &) = H(0,&) + /O [U? — 2PU] (r,€) dr. (2.32)

We let € tend to £oo. Since U and P are bounded in L*°([0,7] x R), we can
apply the Lebesgue dominated convergence theorem and it follows from (2.32), as
limg 100 U(t, &) = 0, that H(t,400) = H(0,400) for all t € [0, T]. Since X € G,
H(0,—00) = 0 and therefore H(t, —oco) =0 for all t € [0, T]. O

We are now ready to prove global existence of solutions to (2.10).

Theorem 2.8. For any X = (y,U, H) € G, the system (2.10) admits a unique
global solution X (t) = (y(t),U(t),H(t)) in CY (R4, E) with initial data X =
(y,U,H). We have X(t) € G for all times. If we equip G with the topology
inducted by the E-norm, then the mapping S: G x Ry — G defined as

Si(X) = X (t)
1S a continuous semigroup.

Proof. The solution has a finite time of existence T only if ||({,U, H)(t, -)|| g
blows up when t tends to T" because, otherwise, by Theorem 2.3, the solution can
be prolongated by a small time interval beyond T'. Let (¢, U, H) be a solution of
(2.10) in C([0,T), E) with initial data ({,U, H). We want to prove that

sup ”(C(tv : )7 U<ta ')vH(t’ : ))HE < 0. (233)
tE[O,T)

We have already seen that H(t,&) is an increasing function in £ for all ¢ and,
from Lemma 2.7, we have lim¢ o H(t,§) = limeoo H(0,£). This shows that
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sup;efo,r) 1H (t, )|l oo gy is bounded by ||I?||Lx(R) and therefore is finite. To
simplify the notation we suppress the dependence in ¢ for the moment. We have

206y — ¢ _
U=(§) =2 U(n)Ue(n) dn =2 U(n)Ue(n) dn (2.34)

—o0 {n<&lye(n)>0}
since, from (2.24c), Ug(€) = 0 when y¢(§) = 0. For almost every £ such that

ye(€) > 0, we have
Uf(f) l 2 UEQ(@ _ l

from (2.24c). Inserting this inequality in (2.34), we obtain U?(¢) < H(£) and
supsefo,7) [U(t; )|l o (i) is therefore finite. Then, from the governing equation
(2.10), it follows that

€& < 16(0, )+ sup (U ) oo m) T
t€[0,T)

U©Ue(©)] = ‘\/%U(é)

and supye o, 7y [IC(Z; )| oo () < 00. Let us prove that sup,cio 1 [|Q(L, -) || o (r) < 00
After one integration by parts, Q can be rewritten as

Qt.6) = 7 [ OO () [sen(e ~ U )* = )] dy— 5 (1.E).

Hence, we get, after a change of variable,

Qe <C [ e MO0y + 0 < 30,
R

where the constant C'is a constant which depends only on sup, (o 1) [H (t, )|l o (g)
and supyejo, 7y [|U(¢, - )| oo (r)- Similarly, one proves that that [[P(¢, - )|| o gy < 0.
We denote

Cr= sup {|U(t, )l pww) + IHE )l o)
te[0,T)

HCE I poe @y + 1PE I oo @y + N1QE: )l oo @y }-

We have just proved that Cy < co. Let t € [0,T). Looking back at (2.16) and
the definition of R, we obtain that

IR oy < CUUE gz + 16t g + 1Helt )l agm)

for some constant C' depending only on Cy. Since A is a continuous linear map-
ping from L?(R) to H(R), we get

A0 R, )l 2y < CUUE )l g2y +1Se (s )l L2 gy + 1He (s )l 12 (r))

for another constant C' which again only depends on C;. From now on, we
denote generically by C such constants that only depends on Cy. From (2.16),

as ||e’<(t")HLx(R) < C, we obtain that

1Q1(t )2y < CUUE )l 2@y + 16t ) 2y + 1 He(ts )l 2wy
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The same bound holds for Q2 and therefore
1QE, 2@y < CUUE 2@y + 6@ 2wy + 1 He(t, )l 2wy (2:35)

Similarly, one proves
1P ey < CUUE Mz + It Mg + I1He(t, )l gy (2:36)

Let Z(8) = U )l a6t )l oo +HITe(Es )l oy He(ts -l o gy then
the theorem will be proved once we have established that sup,co ) Z(t) < oc.
From the integrated version of (2.10) and (2.22), after taking the L?(R)-norms
on both sides, adding the relevant terms and using (2.36), we obtain

Z(t) < Z(0) +C/tZ(T)dT.
0

Hence, Gronwall’s lemma gives us that sup,cjo ) Z(t) < co. From standard
ordinary differential equation theory, we infer that S; is a continuous semi-group.
O

3. FROM EULERIAN TO LAGRANGIAN COORDINATES AND VICE VERSA

As noted in [4], even if H'(R) is a natural space for the equation, there is no
hope to obtain a semigroup of solutions by only considering H'(R). Thus, we
introduce the following space D, which characterizes the solutions in FEulerian
coordinates:

Definition 3.1. The set D is composed of all pairs (u, u) such that u belongs to
HY(R) and p is a positive finite Radon measure whose absolute continuous part,
hac, satisfies

Hac = (U2 + ui) dx. (31)

We derived the equivalent system (2.10) by using characteristics. Since y
satisfies (2.2), y, for a given &, can also be seen as the position of a particle
evolving in the velocity field u, where u is the solution of the Camassa—Holm
equation. We are then working in Lagrangian coordinates. In [13], the Camassa—
Holm equation is derived as a geodesic equation on the group of diffeomorphism
equipped with a right-invariant metric. In the present paper, the geodesic curves
correspond to y(t, -). Note that y does not remain a diffeomorphism since it
can become non invertible, which agrees with the fact that the solutions of the
geodesic equation may break down, see [11]. The right-invariance of the metric
can be interpreted as an invariance with respect to relabeling as noted in [2]. This
is a property that we also observe in our setting. We denote by G the subgroup
of the group of homeomorphisms from R to R such that

f—1Id and f~! —1Id both belong to W*°(R) (3.2)

where Id denotes the identity function. The set G can be interpreted as the set
of relabeling functions. For any a > 1, we introduce the subsets G, of G defined
by
_ -1
Ga - {f eG | ”f - Id”WlsOO(]R) + Hf - Idel,oo(]R) é Oé}.
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The subsets G, do not possess the group structure of G. The next lemma provides
a useful characterization of G,.

Lemma 3.2. Let a > 0. If f belongs to Go, then 1/(1+a) < fe <14+ a almost
everywhere. Conversely, if [ is absolutely continuous, f —Id € L*°(R) and there
exists ¢ > 1 such that 1/c < fe < ¢ almost everywhere, then f € G, for some «
depending only on c and || f —1d| poc -

Proof. Given f € G, let B be the set of points where f~! is differentiable.
Rademacher’s theorem says that meas(B¢) = 0. For any £ € f~1(B), we have

fTNAE) =)
El’lin.f FE =1 = (f)e(f(9)

because f is continuous and f~! is differentiable at f(£). On the other hand, we

have
[UE) - IE) & ¢
f(&) = f(§) fE&) = 1&)
Hence, f is differentiable for any ¢ € f~1(B) and
fe(§) > ! ! (3.3)

> .
I el poo @y — 1+a

The estimate (3.3) holds only on f~1(B) but, since meas(B¢) = 0 and f~1! is
Lipschitz and one-to-one, meas(f~1(B¢)) = 0 (see, e.g., [1, Remark 2.72]), and
therefore (3.3) holds almost everywhere. We have fe < 1+||fe = 1| poc () < 1+

Let us now consider a function f which is absolutely continuous and such that
f—1d € L*°(R) and 1/c < fe < ¢ almost everywhere for some ¢ > 1. Since
fe is bounded, f and therefore f — Id are Lipschitz and f —Id € WhH(R).
Since fe > 1/c almost everywhere, f is strictly increasing and, since it is also
continuous, it is invertible. As f is Lipschitz, we can make the following change
of variables (see, for example, [1]) and get that, for all &, & in R such that

51 < 527

e - e = | %d& < (& — &),
[f=2 (&), f~1(€2)] /€

Hence, f~! is Lipschitz and (f~!)¢ < ¢. We have f~1(¢') — & = & — f(&) for
¢ = f(€) and therefore ||f —1d|| oo () = (K IdHLOO(R)~ Finally, we get
1 = Td ey + 177 = 1]y gy < 215 = Tdllpr.ce gy + 2

+ ”fEHLOO(]R) + H(f_l)énmo(R)
<2|f = Wd|| poo gy + 2+ 2¢.

We define the subsets F, and F of G as follows
Fo={X=wUH)eG|y+HecG.},
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and

F={X=(y,UH)cG|y+HeG}.
For o = 0, Gy = {Id}. As we will see, the space Fy will play a special role. These
sets are relevant only because they are in some sense preserved by the governing
equation (2.10) as the next lemma shows.

Lemma 3.3. The space F is preserved by the governing equation (2.10). More
precisely, given o, T > 0 and X € F,, we have

Si(X) € Fur
for all t € [0,T) where o only depends on T, o and ||)_(||E

Proof. Let X = (y,U, H) € F,, we denote X (t) = (y(t),U(t), H(t)) the solution
of (2.10) with initial data X and set h(t,&) = y(t, &)+ H(t, &), h(&) = 5(€)+ H(€).
By definition, we have h € G, and, from Lemma 3.2, 1/e < 715 < ¢ almost
everywhere, for some constant ¢ > 1 depending only «. We consider a fixed &
and drop it in the notation. Applying Gronwall’s inequality backward in time to
(2.12), we obtain

19 (0)] + [He(0)] + |Ue(0)] < e (lye()] + [He(O] + [Ue(t)])  (3.4)

for some constant C' which depends on || X (¢)| (.77, ), Which itself depends only
on HX'HE and T. From (2.24c), we have

Ue(t)] < \/ye(t) He (1) < %(yg(t) + He (1))

Hence, since ye and H are positive, (3.4) gives us
1 _ 3
= e+ He < 5e% (ye(t) + He(1)),

and he(t) = ye () +He(t) > %e‘CT. Similarly, by applying Gronwall’s lemma for-
ward in time, we obtain ye (t)+He (t) < 2ce“T. We have ||(y + H)(t) — £||Lx(]1§) <
Xl e(o,7),m) < € for another constant C' which also only depends on ||X||E
and T. Hence, applying Lemma 3.2, we obtain that y(¢, -) + H(, - ) € G and

therefore X (t) € F, for some o/ depending only on «, T’ and || X O

|-
For the sake of simplicity, for any X = (y,U, H) € F and any function f € G,
we denote (yo f,Uo f,Ho f) by Xo f.

Proposition 3.4. The map from G x F to F given by (f,X) — X o f defines
an action of the group G on F.

Proof. We have to prove that X o f belongs to F for any X = (y,U,H) € F and
f € G. We denote X = (y,U,H) = X o f. As compositions of two Lipschitz
maps, ¥, U and H are Lipschitz. We have
19 =1d]l ooy S N1T 0 f = Fllpoomy + I1f — 1Al oo gy
<Ny = 1dl poo gy + 1/ = Td[| poo () < o0
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Hence, (§ —1Id, U, H) € [W1°°(R)]?. Let us prove that
Ve =yeof fe, Ue = Ugof fe and He = Heof fe (3-5)

almost everywhere. Let B; be the set where y is differentiable and Bs the set
where § and f are differentiable. Using Radamacher’s theorem, we get that
meas(B$) = meas(BS) = 0. For £ € B3 = BoN f~1(By), we consider a sequence
&; converging to £ (&; # &). We have

y(f (&) —y(f(§) f(&) = f(&) _ 9(&) = 5(§)
f(&) = f(§) & —¢ &—-¢

(3.6)

Since f is continuous, f(&;) converges to f(£) and, as y is differentiable at f(£),
the left-hand side of (3.6) tends to yeo f(§) fe(§). The right-hand side of (3.6)
tends to g¢(€), and we get that

Ye(f(8)) fe(€) = ye(§) (3.7)

for all £ € Bs. Since f~! is Lipschitz, one-to-one and meas(B{) = 0, we have
meas(f~1(B1)¢) = 0 and therefore (3.7) holds everywhere. One proves the two
other identities in (3.5) similarly. From Lemma 3.2, we have that f¢ > 0 al-
most everywhere. Then, using (3.5) we easily check that (2.24b) and (2.24c) are
fulfilled. Thus, we have proved that (7 — Id, U, H) fulfills (2.24). It remains to
prove that (§ — Id,U, H) € E. Since f € G, f € G, for some large enough o
and, by Lemma 3.2, there exists a constant ¢ > 0 such that 1/c < f¢ < ¢ almost
everywhere. We have, after a change of variables,

[0 sy = [[Wor Pde < [(WorPrede = U1,

Hence, U € L*(R). Similarly, one proves that y¢ — 1, Ug and H belong to L%(R)
and therefore (y,U, H) € G. We have y + H = (y + H) o f which implies, since
y + H and f belongs to G and G is a group, that j + H € G. Therefore X € F
and the proposition is proved. O

Since G is acting on F, we can consider the quotient space F/G of F with
respect to the action of the group G. The equivalence relation on F is defined
as follows: For any X, X’ € F, X and X’ are equivalent if there exists f € G
such that X’ = X o f. We denote by II(X) = [X] the projection of F into the
quotient space F/G. We introduce the mapping I': F — Fy given by

I(X) = Xo(y+H)™

for any X = (y,U, H) € F. We have I'(X) = X when X € Fy. It is not hard to
prove I is invariant under the G action, that is, I'(X o f) = I'(X) for any X € F

and f € G. Hence, there corresponds to I' a mapping I' from the quotient space
F/G to Fy given by I'([X]) = I'(X) where [X] € F/G denotes the equivalence
class of X € F. For any X € Fy, we have T o II(X) = I'(X) = X. Hence,
T'o Iz, = Id|£,. Any topology defined on Fj is naturally transported into F/G

by this isomorphism. We equip Fy with the metric induced by the E-norm, i.e.,
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dr, (X, X') = || X — X'|| for all X, X' € Fy. Since Fy is closed in E, this metric
is complete. We define the metric on F/G as

drc(X], [X']) = |T(X) = (Xl »
for any [X], [X'] € F/G. Then, F/G is isometrically isomorphic with Fo and the

metric dr,g is complete.

Lemma 3.5. Given a > 0. The restriction of I' to F, is a continuous mapping
from Fq to Fy.

Remark 3.6. The mapping I' is not continuous from F to Fy. The spaces F,
were precisely introduced in order to make the mapping I' continuous.

Proof. As for Fy, we equip F, with the topology induced by the E-norm. Let
Xn = (Yn,Un, Hn) € Fo be a sequence that converges to X = (y,U, H) in F,.
We denote X,, = (9, Un, H,) = T'(X,) and X = (3, U, H) = ['(X). By definition
of Fo, we have H,, = —(, (recall that (,, = y,, — Id). Let us prove first that H,
tends to H in L>®°(R). We denote f, = y, + H,, f = y + H, and we have
fo,f €Go. Thus H, — H = (H, — H)o f," '+ Ho fo f,~' — H and we have

| Hn — H||LM(R) < | Hn = HI| oo gy + |Hof—Ho anLw(R) (3.8)

From the definition of Fy, we know that H is Lipschitz with Lipschitz constant
smaller than one. Hence,

Since H,, and f, converges to H and f, respectively, in L>°(R), from (3.8) and
(3.9), we get that H,, converges to H in LOO(R). Let us prove now that Hi, ¢

tend to He in L?(R). We have H,, ¢ — He = =*£ o f,~! — Z£ o f~1 which can be
decomposed into

_ _ Hng—H§> .. He , ., H
Hpe—He= |22 Loty Lop, =5
o < Fue f Foc oY fe

Since f,, € G, there exists a constant ¢ > 0 independent of n such that 1/¢ >

fn,e > c almost everywhere, see Lemma 3.2. We have
o 1 2
= R(Hn,g — He) . d§ < c||Hne — HEHL2(]R) )

H( an >f"1 n,
(3.11)

where we have made the change of variables £ = fn’l(f) Hence, the left-hand

of L. (3.10)

L2 (R)

side of (3.11) converges to zero. If we can prove that - £ of, 1 — ﬂ oflin

L%(R), then, using (3.10), we get that H, ¢ — Hg in L ( ), which is the desired
result. We have

=S 5 — s JJJS
fn,.f fn7§
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where g, = f o f,”!. Let us prove that lim, oo ||gn,e — 1||L2(]R) = 0. We have,
after using a change of variables,

f B 2
Hgn,E - 1||2L2(]R) = / (f s © fn -1 d§¢ =c¢ ”fE - fn,E”i?(]R) . (3'12)
R n,§

Hence, since f,¢ — fe in L2(R), limy—oo ||gn,e — | p2(gy = 0. We have

| He © gngn.c — H€||L2(R) < || e Og”HLOO(]R) lgn.c — 1||L2(R)+HH€ ©9n — H§||L2(]R) :

(3.13)
We have ||IY£ o g"||L°°(]R) < 1 since, as we already noted, H is Lipschitz with
Lipschitz constant smaller than one. Hence, the first term in the sum in (3.13)
converges to zero. As far as the second term is concerned, one can always ap-
proximate H¢ in L?(R) by a continuous function h with compact support. After
observing that 1/c¢? < g, ¢ < ¢? almost everywhere, we can prove, as we have done
several times now, that ||H¢ 0 g, — h o gnHiz(R) < c*||He - h||2LQ(R) and hog, can
be chosen arbitrarily close to He o g, in L*(R) independently of n, that is, for all
€ > 0, there exists h such that

9 9
[ He © gn — hogn”L2(R) < 3 and ||He — h||L2(]R) < 3 (3.14)

for all n. Since f,, — f in L®°(R), g, — Id in L*°(R) and there exists a com-
pact K independent of n such that supp(h o g,) C K. Then, by the Lebesgue
dominated convergence theorem, we obtain that ho g, — h in L?(R). Hence, for
n large enough, we have ||ho g, — h||L2(R) £ which, together with (3.14), im-

plies HH€ O gn — H§||L2(]R) < e, and He o g, — He in L*(R). From (3.10), (3.11),

(3.12) and (3.13), we obtain that H, ¢ — He in L*(R). It follows that (¢ — Ce
in L2(R) and, similarly, one proves that U, ¢ — Ug in L2(R). It remains to prove
that U,, — U in L?(R). We write

Uy —U=U, U)o f *+Uof, P —Uo fh (3.15)
We have, after a change of variable,

1112
=)0 £ ey = [ = 0P Fude < eV, = Vo). (336)

We also have, after the same change of variable, that

[Uofu ™t =Uof 1||L2(R) /(U Uo f= o f,)? de. (3.17)

By approximating U by continuous functions with compact support as we did
before, we prove that [L(U —Uo f~'o f,)? tends to zero. Hence, by (3.15),
(3.16) and (3.17), we get that U, — U in L?(R), which concludes the proof of
the lemma. O
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3.1. Continuous semigroup of solutions in F/G. We denote by S: F x
R, — F the continuous semigroup which to any initial data X € F associates
the solution X (¢) of the system of differential equation (2.10) at time t. As
we indicated earlier, the Camassa—Holm equation is invariant with respect to
relabeling, more precisely, using our terminology, we have the following result.

Theorem 3.7. For anyt > 0, the mapping Sy: F — F is G-equivariant, that is,

Si(Xof)=S5¢(X)of (3.18)
for any X € F and f € G. Hence, the mapping Sy from F/G to F|G given by
Se([X]) = [S:X]

is well-defined. It generates a continuous semigroup.

Proof. For any X = (yo,Uo, Hy) € F and f € G, we denote Xo = (%o, Ug, Ho) =
Xoof, X(t) = S¢(Xo) and X(t) = Si¢(Xo). We claim that X(t) o f satis-
fies (2.10) and therefore, since X (t) o f and X (t) satisfy the same system of
differential equation with the same initial data, they are equal. We denote
X(t) = (4(t), U(t), H(t)) = X (t) o f. We have

v = 7 | sene = myexp (= sen€ =n)(3(9) — v(m) [VPve(o) + He(r)]
(3.19)

We have §¢(€) = ye(f(€)fe(€) and He(€) = He(f(€)fe(€) for almost every
¢ € R. Hence, after the change of variable n = f(n’), we get from (3.19) that

v = 7 [ ssnlé —n)exp (= sen¢ = ma(€) - 5(0) [0 de(n) + Hen)] dn,
R

We treat similarly the other terms in (2.10), and it follows that (g, U,ﬁ) is
a solution of (2.10). Since (7, U,H’) and (y,U, H) satisfy the same system of
ordinary differential equations with the same initial data, they are equal, i.e.,
X(t) = X(t)of and (3.18) is proved. We have the following diagram:

Fo—2F/G (3.20)
|
|

Fo—>F|G

on a bounded domain of Fy whose diameter together with ¢ determines the con-
stant «, see Lemma 3.3. By the definition of the metric on F/G, the mapping
IT is an isometry from Fy to F/G. Hence, from the diagram (3.20), we see that
S, F/G — F/G is continuous if and only if T o S;: Fy — Fp is continuous. Let
us prove that I'o S;: Fg — Fy is sequentially continuous. We consider a sequence
Xn € Fo that converges to X € Fy in Fy, that is, lim, .« || Xr, — X||p = 0. From
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Theorem 2.8, we get that lim, o ||S¢(Xn) — S¢(X)||g = 0. Since X,, - X in E,
there exists a constant C' > 0 such that || X,| < C for all n. Lemma 3.3 gives us
that S¢(X,,) € Fy for some a which depends on C and ¢. Hence, S;(X,,) — S¢(X)
in F,. Then, by Lemma 3.5, we obtain that I' 0 S;(X,,) = T'o Sy(X) in Fp. O

3.2. Mappings between the two coordinate systems. Our next task is to
derive the correspondence between Eulerian coordinates (functions in D) and
Lagrangian coordinates (functions in F/G). Earlier we considered initial data
in D with a special structure: The energy density p was given by (u? + u2) dx
and therefore p did not have any singular part. The set D however allows the
energy density to have a singular part and a positive amount of energy can
concentrate on a set of Lebesgue measure zero. We constructed corresponding
initial data in Fy by the means of (2.23). This construction can be generalized
in the following way. Let us denote by L: D — F/G the mapping transforming
Eulerian coordinates into Lagrangian coordinates whose definition is contained
in the following theorem.

Theorem 3.8. For any (u, ) in D, let
y(€) = sup{y | p((=00,y)) +y < &}, (3.21a)
H(&) =& —y(&), (3.21b)
U = uoy(£)~ (3.21¢)

Then (y,U,H) € Fo. We define L(u,pn) € F/G to be the equivalence class of
(y, U, H).

Proof. Clearly (3.21a) implies that y is increasing and lim¢_, +00 y(§) = fo00. For
any z > y(§), we have & < z 4 p((—o0,2)). Hence, £ — z < p(R) and, since we
can choose z arbitrarily close to y(&), we get £ — y(§) < p(R). It is not hard to
check that y(§) < €. Hence,

ly(§) =&l < u(R) (3.22)

and ||y — Id|| o ) < p(R) and y —Id € L>(R). Let us prove that y is Lipschitz
with Lipschitz constant at most one. We consider £, £ in R such that £ < ¢
and y(&) < y(&') (the case y(&) = y(¢') is straightforward). It follows from the
definition that there exists an increasing sequence, z, and a decreasing one, z;
such that lim; oo z; = y(€), lim;_0o } = y(&') with p((—o0,z})) + 2 < & and
w((—o0,x;)) + x; > £. Subtracting the these two inequalities one to the other,
we obtain

((=00,2)) — (=00, 21)) + 2! — 7 < € — €. (3.23)
For i large enough, since by assumption y(§) < y(¢'), we have z; < ) and
therefore p((—o0,2})) — u((—o0, ;) = p([zi, x})) > 0. Hence, 2} —z; < & —&.
Letting 4 tend to infinity, we get y(&') — y(&) < & — £. Hence, y is Lipschitz with
Lipschitz constant bounded by one and, by Rademacher’s theorem, differentiable
almost everywhere. Following [19], we decompose p into its absolute continuous,
singular continuous and singular part, denoted piac, psc and pg, respectively. Here,
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since (u, ) € D, we have poc = (u? + u2)dz. The support of s consists of a
countable set of points. Let F(z) = u((—o0,z)), then F is lower semi-continuous
and its points of continuity exactly coincide with the support of us (see [19]). Let
A denote the complement of y~!(supp(us)). We claim that for any £ € A, we
have

pu((=00,9(8))) +y(&) =& (3.24)

From the definition of y(&) follows the existence of an increasing sequence x; which
converges to y(§) and such that F(z;)+x; < £. Since F is lower semi-continuous,
lim; o0 F(2;) = F(y(€)) and therefore

F(y(&) +y(&) <¢. (3.25)

Let us assume that F'(y(£)) + y(§) < £. Since y(&) is a point of continuity of F,
we can then find an x such that > y(¢) and F(z)+x < &. This contradicts the
definition of y(§) and proves our claim (3.24). In order to check that (2.24c) is
satisfied, we have to compute y¢ and Us. We define the set B, as

By = {x ER| limiu((fc—p,x+p)) = (u? +ui)(m)}

Since (u? + u2)dx is the absolutely continuous part of u, we have, from Besi-
covitch’s derivation theorem (see [1]), that meas(B$) = 0. Given & € y~1(By),
we denote x = y(£). We claim that for all ¢ € N, there exists 0 < p < % such
that  — p and x + p both belong to supp(us)¢. Assume namely the opposite.
Then for any z € (z — %,x + %) \ supp(us), we have that 2z’ = 2z — z belongs
to supp(us). Thus we can construct an injection between the uncountable set
(x—1,2+ 1)\ supp(ps) and the countable set supp(ys). This is impossible, and
our claim is proved. Hence, since y is surjective, we can find two sequences &;
and & in A such that 3(y(&) 4+ y(&))) = y(€) and y(&]) — y(&) < 2. We have, by
(3.24), since y(&;) and y(&) belong to A,

p(ly (&), y(€D)) +y(&) —y(&) =& — & (3.26)

Since y(&) & supp(us), p({y(&:)}) = 0 and p([y(&), y(&)) = w((y(&), y(&)))-
Dividing (3.26) by &} — &; and letting i tend to oo, we obtain

ye(€)(u? +uz)(y(€)) +ye(§) = 1 (3.27)

where y is differentiable in y~!(Bj), that is, almost everywhere in y~1(B;). We
now derive a short lemma which will be useful several times in this proof.

Lemma 3.9. Given a Lipschitz function f: R — R, for any set B of measure
zero, we have f¢ =0 almost everywhere in f~(B).

Proof of Lemma 3.9. The Lemma follows directly from the area formula:

/ fe(€) de = / HO (1B N 1 ({x))) da (3.28)
f=Y(B)

where H? is the multiplicity function, see [1] for the formula and the precise
definition of H°. The function H® (f~*(B) N f~*({})) is Lebesgue measurable
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(see [1]) and it vanishes on B¢. Hence, ff_l(B) fedé = 0 and therefore, since
fe >0, fe =0 almost everywhere in f~1(B). O

We apply Lemma 3.9 to Bf and get, since meas(Bf) = 0, that y¢ = 0 almost
everywhere on y~1(B¢). On y~!(Bj), we proved that y¢ satisfies (3.27). It follows
that 0 < y¢ < 1 almost everywhere, which implies, since H¢ = 1—yg, that He > 0.
In the same way as we proved that y was Lipschitz with Lipschitz constant at
most one, we can prove that the function & — f v 2 2 dx is also Lipschitz with
Lipschitz constant at most one. Indeed, from (3. 23) for i large enough, we have

’

/x ’U, dx < Mac([xza 1,)) < /.L([.%‘“ z)) <€ €.

Since lim; o 2 = y(¢') and lim; oo @ = y(£), letting ¢ tend to infinity, we
obtain fy(g ) u2dr < & — ¢ and the function & — fi’((i) u2 dz is Lipchitz with

y(€)
Lipschitz coefficient at most one. For all (£,¢’) € R2?, we have, after using the

Cauchy—Schwarz inequality,

y(€")
U(E) —U ()| = / up da
y

y(&)
< Vi@ —5®) / u2 di (3.29)

©
< ¢ —¢

because y and fi(}i) u2 dz are Lipschitz with Lipschitz constant at most one.
Hence, U is also Lipschitz and therefore differentiable almost everywhere. We
denote by By the set of Lebesgue points of u, in By, i.e.,

1 z+p
By ={x € By | lin%) - Uug(t) dt = uy(x)}.
—0 p

z—p
We have meas(B5) = 0. We choose a sequence & and & such that 1 (y(&) +
y(&i) = = and (&) — y(&) < 7. Thus

UE) - UE) _ Je vt () - y(c)
g6 ) - (51) g

Hence, letting i tend to infinity, we get that for every & in y~!(Bz) where U and
y are differentiable, that is, almost everywhere on y~!(Bzy),

Ue(§) = ye(§ua(y(§))- (3.30)

From (3.29) and using the fact that fi’fi) u2 dx is Lipschitz with Lipschitz con-
stant at most one, we get

‘M‘s y(&) = y(e)

§=¢
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Hence, for almost every £ in y~1(BS), we have

[Ue(O)] < 4/ye () (3.31)

Since meas(BS) = 0, we have by Lemma 3.9, that y¢ = 0 almost everywhere on
y~1(BS). Hence, Ug = 0 almost everywhere on y ! (BS). Thus, we have computed
Ue almost everywhere. It remains to verify (2.24c). We have, after using (3.27)
and (3.30), that ye He = ye(1—ye) = yg(uQ—l—ui)oy and, finally, ye He = ygUQ—i—Ug2
almost everywhere on y~!(Bz2). On y~'(BS), we have y¢ = Us = 0 almost
everywhere. Therefore (2.24c) is satisfied almost everywhere. Up to now we
have proved that X = (y,U, H) satisfies (2.24a), (2.24c), the three inequalities
in (2.24b) and, by definition, y + H = Id. It remains to prove that X € E
and lime,_ oo H(§) = 0. From (3.24), we have H(§) = p((—oo,y(§))) for any
& € A. We can find a sequence & € A such that lim; ., £ = —oo and we have
lim; oo H(&) = 0. Since H is monotone, it implies that lime,_ o H(&) = 0.
From (3.22) and (3.21b), we obtain [|H||;« &) < u(R). We have, since He > 0,

2 2
||H£||L2(]R) < ||H§||Lac(]R) ||H§||L1(]R) < ”H”LOO(]R) < u(R)
and H € V. Since ( = —H, we have ¢ € V. From (2.24c) we obtain

2
1Uellzoey < lyeHell by < (U4 ICell oo ) IHH | Lo ) -

Hence, Ug € L*(R). Let By = {{ € R | y¢ < 3}. Since (¢ = y¢ — 1 and y¢ > 0,

B3 = {£ € R| |¢| > 3} and, after using the Chebychev inequality, as (¢ € L*(R),

we obtain meas(B3) < co. Hence,

/ v de = [ UP(e)de + / U2(€) de
R

B B

< meas(Bs) ||u||%x(]R) + 2/}3 (uoy)’ye d€

c

3

2 2
< meas(Bs) UL @) + 2 [ullz2m) »

after a change of variables. Hence, U € L?(R) and, finally, we have (y—Id, U, H) €
E. ]

Remark 3.10. If g is absolutely continuous, then y = (u? + u2)dx and, from
(3.24), we get

y(&)
|ty —¢
for all £ € R.

At the very beginning, H (¢, £) was introduced as the energy contained in a strip
between —oo and y(t, £), see (2.4). This interpretation still holds. We obtain p,
the energy density in Eulerian coordinates, by pushing forward by y the energy
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density in Lagrangian coordinates, H¢ d§. We recall that the push-forward of a
measure v by a measurable function f is the measure fxv defined as

fav(B) =v(f~H(B))
for all Borel set B. We are led to the mapping M which transforms Lagrangian

coordinates into Eulerian coordinates and whose definition is contained in the
following theorem.

Theorem 3.11. Given any element [X] in F/G. Then, (u, p) defined as follows

u(z) = U(&) for any & such that x = y(§), (3.32a)
=y (He d€) (3.32b)
belongs to D and is independent of the representative X = (y,U,H) € F we

choose for [X]. We denote by M : F/G — D the mapping which to any [X] in
F /G associates (u, i) as given by (3.32).

Proof. First we have to prove that the definition of u makes sense. Since y is
surjective, there exists &, which may not be unique, such that z = y(¢). It
remains to prove that, given & and & such that © = y(&1) = y(&2), we have

U(&1) = U(&). (3.33)
Since y(€) is an increasing function in &, we must have y(§) = x for all £ € [¢1, &)
and therefore y¢(§) = 0 in [£1,£2]. From (2.24c), we get that Us(§) = 0 for all
€ € [&1,&) and (3.33) follows.

Since y is proper and H d¢ is a Radon measure, we have, see [1, Remark 1.71],
that y is also a Radon measure. For any X = (y,U, H) € F which is equivalent
to X, we denote (u, i) the pair given by (3.32) when we replace X by X. There
exists f € G such that X = X o f. For any z, there exists & such that = = g(¢’)
and u(x) = U(¢). Let & = f71(¢). As z = g(&') = y(&), by (3.32a), we get
u(z) = U(€) and, since U(&) = U(¢'), we finally obtain @(x) = u(x). For any
function ¢ € Cy(R), we have

[ odn= [ oouemte(c)ae
R R
see [1]. Hence, after making the change of variables ¢’ = f(€), we obtain
[ odn= [ ooue (e feo £(6) £e(©)de
R R

and, since He = H¢ o f fe almost everywhere,

A¢dﬂ=4¢oy(§>ﬂg<§>d£=/RMM.

Since ¢ was arbitrary in C,(R), we get i = p. This proves that X and X give raise
to the same pair (u, pt), which therefore does not depend on the representative of
[X] we choose.
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Let us prove that u € H*(R). We start by proving that u, € L?(R). For any
smooth function ¢, we have, using the change of variable = = y(¢),

/ (@) () di = / V()6 (4(E) e (€) dE = — / Ue(©)(doy)(€) e, (3.34)
R R R

after integrating by parts. Let By = {{ € R | y¢(§) > 0}. Because of (2.24c),
and since y¢ > 0 almost everywhere, we have Ug = 0 almost everywhere on BY.
Hence, we can restrict the integration domain in (3.34) to B;. We divide and
multiply by ,/J¢ the integrand in (3.34) and obtain, after using the Cauchy—
Schwarz inequality,

/Ruqu dx . 5_

By (2.24c), we have Z—: < H¢. Hence, after another change of variables, we get

/R ugy dz| < \/H(00) |l 2z

which implies that u, € L?(R). Similarly, taking again a smooth function ¢, we
have

[ woda| = \ [ o ds\ < 1612 1 | U0 < V) 160
R R R

because U?ys < H¢ from (2.24c). Hence, u € L*(R).
Let us prove that the absolute continuous part of p is equal to (u? + u2) du.
We introduce the sets Z and B defined as follows

7 = {§ € R | y is differentiable at £ and y¢(§) =0

U2
(oy\/_dﬁ‘ |t

By Y¢

or y or U are not differentiable at & }

and
B ={x € y(Z)° | u is differentiable at x} .

Since u belongs to H(R), it is differentiable almost everywhere. We have, since
y is Lipschitz and by the definition of Z, that meas(y(Z)) = [, ye(§)dé = 0.
Hence, meas(B¢) = 0. For any ¢ € y~1(B), we denote z = y(£). By necessity,
we have £ € Z¢. Let & be a sequence converging to £ such that &; # £ for all 4.
We write x; = y(&;). Since y¢(§) > 0, for ¢ large enough, x; # x. The following
quantity is well-defined

UG) - UE) _ ulwi) —ul@) z -
&—¢ zi—r  &G—§&
Since u is differentiable at  and £ belongs to Z¢, we obtain, after letting i tend
to infinity, that

Ue(§) = ua(y(&))ye (£)- (3.35)
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For all subsets B’ of B, we have

/ 2 U§2
w(B') = He d¢ = U? + — | ye de.
y=1(B) y=1(B") Ye

We can divide by y in the integrand above because y¢ does not vanish on y~*(B).
After a change of variables and using (3.35), we obtain

w(B') = / (u? + u?) da. (3.36)
Since (3.36) holds for any set B’ C B and meas(B°) = 0, we have . = (u? +
u2) dx. O

The next theorem shows that the transformation from Eulerian to Lagrangian
coordinates is a bijection.

Theorem 3.12. The mapping M and L are invertible. We have
LoM =1dg/q and M oL =1dp.

Proof. Given [X]in F/G, we choose X = (y,U, H) = I'([X]) as a representative
of [X] and consider (u, u) given by (3.32) for this particular X. Note that, from
the definition of I', we have X € F,. Let X = (y,U, H) be the representative of
L(u, u) in Fo given by the formulas (3.21). We claim that (y,U, H) = (y,U, H)
and therefore L o M = Idr,q. Let

g(x) =sup{¢ € R | y(§) <} (3.37)
It is not hard to prove, using the fact that y is increasing and continuous, that
y(g(z)) == (3.38)

and y~1((—o0, 7)) = (=00, g(z)). For any z € R, we have, by (3.32b), that
g9(z)
pioeay= [ Heae= [ deds = HGg@)
y~1((—o0,x —o0

because H(—o0) = 0. Since X € Fy, y + H = Id and we get

ul((=00,2)) + o = g(a). (3.39)
From the definition of y, we then obtain that
y(&) = sup{z € R | g(x) <&} (3.40)

For any given ¢ € R, let us consider an increasing sequence z; tending to %(€)
such that g(z;) < & such sequence exists by (3.40). Since y is increasing and
using (3.38), it follows that z; < y(£). Letting ¢ tend to co, we obtain g(§) < y(£).
Assume that (&) < y(£). Then, there exists x such that g(¢) < z < y(&) and
equation (3.40) then implies that g(z) > & On the other hand, z = y(g(z)) <
y(&) implies g(z) < & because y is increasing, which gives us a contradiction.
Hence, we have § = y. It follows directly from the definitions, since y + H = 1d,
that H = H and U = U and we have proved that Lo M = ldz/q.
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Given (u, p) in D, we denote by (y, U, H) the representative of L(u,u) in Fo
given by (3.21). Then, let (a,) = M o L(u, ). We claim that (@, i) = (u, p).
Let g be the function defined as before by (3.37). The same computation that
leads to (3.39) now gives

(=00, 2)) + = = g(z). (3.41)

Given ¢ € R, we consider an increasing sequence x; which converges to y(§) and
such that p((—o0,z;)) + 2; < £ The existence of such sequence is guaranteed
by (3.21a). Passing to the limit and since F'(z) = pu((—o0,x)) is lower semi-
continuous, we obtain pu((—oo,y(£))) + y(&) < &. We take £ = g(z) and get

p((=00,2)) + = < g(). (3.42)

From the definition of g, there exists an increasing sequence &; which converges to
g(x) such that y(&;) < x. The definition (3.21a) of y tells us that p((—oo,x))+z >
&;. Letting ¢ tend to infinity, we obtain u((—oo,z)) + x > g(x) which, together
with (3.42), yields

u((—o0,2)) + 3 = g(a). (3.43)
Comparing (3.43) and (3.41) we get that y = fi. It is clear from the definitions
that @ = u. Hence, (4, ) = (u,pu) and M o L = Idp. O

4. CONTINUOUS SEMIGROUP OF SOLUTIONS ON D

Now comes the justification of all the analysis done in the previous section. The
fact that we have been able to establish a bijection between the two coordinate
systems, /G and D, enables us now to transport the topology defined in F/G
into D. On D we define the distance dp which makes the bijection L between D
and F /G into an isometry:

dD((%M)a (ﬂvﬂ)) = d]—'/G(L(uvu)7 L(’I],ﬂ))

Since F /G equipped with dr /¢ is a complete metric space, we have the following
theorem.

Theorem 4.1. D equipped with the metric dp is a complete metric space.
For each t € R, we define the mapping T} from D to D as
Ty = MS,L.
We have the following commutative diagram:
p<L F/G (4.1)
T T Tﬁt
D —L>F/G

Our main theorem reads as follows.
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Theorem 4.2. T: D xRy — D (where D is defined by Definition 3.1) defines a
continuous semigroup of solutions of the Camassa—Holm equation, that is, given
(4, 1) € D, if we denote t — (u(t), u(t)) = Tt (u, i) the corresponding trajectory,
then u is a weak solution of the Camassa—Holm equation (1.4). Moreover u is a
weak solution of the following transport equation for the energy density

w4 (up)y = (u® — 2Pu),. (4.2)
Furthermore, we have that
u()(R) = p(0)(R) for all ¢ (4.3)
and
HOR) = fac(®)(R) = @)% = p(O)(R) for almost all t.  (4.4)

Remark 4.3. We denote the unique solution described in the theorem as a
conservative weak solution of the Camassa—Holm equation.

Proof. We want to prove that, for all ¢ € C*°(R; x R) with compact support,

/ [u(t, 2)bu(t, 2) + ult, 2)ua(t, 2)o(t, 2)] dudt — / Py (t 2)o(t, ) dadt
Ry xR

Ry xR
(4.5)
where P is given by (1.4b) or equivalently (2.6). Let (y(t),U(¢t), H(t)) be a
representative of L(u(t), u(t)) which is solution of (2.10). Since y is Lipschitz in
¢ and invertible for ¢ € K¢ (see (2.31) for the definition of K, in particular, we
have meas(K) = 0), we can use the change of variables © = y(¢,&) and, using
(3.30), we get

/ [ty 2)be(t, ) + ult, s (b, 2)(t, 7)) dad
Ry xR

- / U et Dot y(4,) + (L UL )00, y(1.€)) d. (46)

Using the fact that y; = U and y¢; = Uy, one easily check that

(Uyepoy)e — (U?@)e = Uyer oy — UUgp oy + Upyep o y. (4.7)

After integrating (4.7) over Ry x R, the left-hand side of (4.7) vanishes and we
obtain

/ [—Uye proy + UUe poy] dédt
Ry xR

_1 /}R . [sgn(g_n)e*{sgn@fn)(y(g)w(n)}X(UzyE ) (e (€)(e) | dnded

4
(4.8)

by (2.10). Again, to simplify the notation, we deliberately omitted the ¢ variable.
On the other hand, by using the change of variables z = y(t,£) and z = y(t,n)
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when ¢ € K¢, we have

1

_/ P,(t,x)o(t, x) dedt = 5/ [sgn(y(f) —y(n))e~ VO -yl
R+ xR Ry xR2

x (w2 (1, () + 5ot () 800, w(€) e (n)ye (€)] dnder

Since, from Lemma 2.7, y¢ is strictly positive for ¢ € K¢ and almost every &,
we can replace ug(t,y(t, 1)) by Ue(t,n)/ye(t,n), see (3.30), in the equation above
and, using the fact that y is an increasing function and the identity (2.24c), we
obtain

[ Pwsttaydeit =g [ [se-n)exp (~sea(e-m(u(©)-y(m)
Ry xR Ry xR2

% (U2 + He) (mye(€)0(t,y(€))| dndsdt. (4.9)

Thus, comparing (4.8) and (4.9), we get

/ [~Uye ¢u(t,y) + UUe ¢] dédt = — / P, (t,)¢(t, ) dadt
Ry xR

]R+ xR

and (4.5) follows from (4.6). Similarly, one proves that u(t) is solution of (4.2).
From (3.32a), we obtain

H(O®) = [ Heds = )

which is constant in time, see Lemma 2.7 (iii). Hence, (4.3) is proved. We
know from Lemma 2.7 (ii) that, for ¢ € K¢, ye(¢,€) > 0 for almost every £ € R.
Given ¢t € K¢ (the time variable is suppressed in the notation when there is no
ambiguity), we have, for any Borel set B,

U2
B) = He dé — U? 4+ =& d 4.10
uom) = [ nede L-1<B>< +y§>yff (1.10)

from (2.24c) and because y¢(t,&) > 0 almost everywhere for ¢ € K°. Since y is
one-to-one when ¢ € K¢ and u, o yye = Ue almost everywhere, we obtain from
(4.10) that

W(OB) = [ @+ i) (t,3) da.
B
Hence, as meas(K) = 0, (4.4) is proved. O

5. THE TOPOLOGY ON D

The metric dp gives to D the structure of a complete metric space while it
makes continuous the semigroup T} of conservative solutions for the Camassa—
Holm equation as defined in Theorem 4.2. In that respect, it is a suitable metric
for the Camassa—Holm equation. However, as the definition of dp is not straight-
forward, this metric is not so easy to manipulate and in this section we compare it
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with more standard topologies. More precisely, we establish that convergence in
H'(R) implies convergence in (D, dp), which itself implies convergence in L>°(R).

Proposition 5.1. The mapping
wis (u, (02 + u2)da)
is continuous from H'(R) into D. In other words, given a sequence u, € H'(R)

converging to u in HY(R), then (uy, (u +u2,)dz) converges to (u, (u® + u2)dz)
in D.

Proof. We write g, = ul +uZ , and g = u® +u2. Let X,, = (yn,Un, Hy) and

X = (y,U, H) be the representatives in Fy given by (3.21) of L(up, (u2 +u2,)dz)
and L(u, (u? + u2)dx), respectively. Following Remark 3.10, we have

y(&) Yn (§)
/ o) do +y(&) = € / o () o + () = € (5.1)

— 00

and, after taking the difference between the two equations, we obtain

y(§) y(§)
/ (9 — gn)() dz + / gn(@)de +y(€) —yn(€) = 0. (5.2)

-0 yn(§)

Since g, is positive, |y — yn + fyy gn () df)‘ =y — yn|+ ‘fyy gn () df)‘ and (5.2)

implies

y(&)
() — yn(E)] < / 19— 9l 45 < g — Gl ey -

— 0o
Since u,, — u in H*(R), g, — ¢ in L'(R) and it follows that ¢, — ¢ and H,, — H
in L>(R). We recall that ¢(¢) = y(§) — & and H = —( (as X, X,, € Fp). The
measures (u? +u2)dx and (u2 + u%x)dx have, by definition, no singular part and
in that case (3.27) holds almost everywhere, that is,
! PR
Tgoy 1 I oy

almost everywhere. Hence,

Ye (5.3)

Cng —Ce = (90U~ gn ©Yn)Yn.cYe
= (g °cy—go yn)yn,ﬁyﬁ + (g OYn —Ggn © yn)yn,éyé- (5-4)
Since 0 < y¢ < 1, we have

/ |90yn — dn Oyn|yn,£y£ df S / |90yn — dn Oyn|yn,£ dé' = ||g _gnHLl(]R) .
R R

(5.5)
For any ¢ > 0, there exists a continuous function h with compact support such
that [|g — h[| ;1 ) < /3. We can decompose the first term in the right-hand side

of (5.4) into

(9oYy—9goyn)yneye = (90y —hoy)yneye
+ (hOy— hoyn)yn,£y§ + (hoyn _goyn)yn,§y£~ (56)
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Then, we have
/ngoy—hoylyn,sygdéé/Igoy—hoylygd€= g = hllprw < /3

and, similarly, we obtain fR |g0yn —hoyn|yneyedl < €/3. Since y, — y in
L>°(R) and h is continuous with compact support, by applying Lebesgue domi-
nated convergence theorem, we obtain hoy, — hoy in L*(R) and we can choose
n big enough so that

[ oy houlvncveds < hoy = hoynll g < /3
R

Hence, from (5.6), we get that [; [goy — g0 yn|yn,eye d§ < e so that

lim [ |goy—goyn|ynecyeds =0,
n—oo R

and, from (5.4) and (5.5), it follows that ¢, ¢ — (¢ in L'(R). Since X,, € Fo,
Cn.e is bounded in L*°(R) and we finally get that ¢, ¢ — (¢ in L*(R) and, by
(3.21b), H, ¢ — H¢ in L*(R). It remains to prove that U, — U in H'(R). Let
Cn = {z € R| gn(x) > 1}. Chebychev’s inequality yields meas(Cy) < [|gnll 11 (x)-
Let B, = {£ € R | yne(§) < 3}. Since yne(gn 0 yn + 1) = 1 almost everywhere,
gn ©Yn > 1 on B, and therefore y,(B,) C Cp. From (5.1), we get that

meas(yn (B)) + / gn(€) d€ = meas(B) (5.7)

yn(B)

for any set B equal to a countable union of disjoint open intervals. Any Borel set
B can be “approximated” by such countable union of disjoint open intervals and
therefore, using the fact that y, is Lipschitz and one-to-one, we infer that (5.7)
holds for any Borel set B. After taking B = B, (5.7) yields
meas(By) < meas(yn(Bn)) + [|gnll 11 )
< meas(Cn) + |gnll 11 (r)

and therefore meas(Bn) < 2||gnl| 1 g)- For any function fi, f2 € HY(R), we have

110 9n — F2 0 9l = / (f109n—faoyn)? dé+ / (fr09n—faoyn)? d€ (5.8)

B, B

c
n

and, as y,,¢ > 0 on B¢,

J

Hence,

(froyn — f2oyn)?dé < 2/3 (f1oYn = f2 o yn) Une dE < 2|11 = fol fogm)

c c
n n

110 yn — f2 0 ynll 3oy < meas(By) [ f1 — follte ) + 211 — Foll72gm
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and, since meas(Bn) < 2||gn 11 (g):

2 2 2
/1 0yn = f20 Unllp2my < 2lgnll 1f1 = follpoe ) + 2 1f1 = f2llz2m
2

SCHfl_fQHHl(]R) (59)

for some constant C' which is independent of n. We have
1Un — U||L2(]R) < unoyn —uo yn||L2(]R) +luoyn —uo ZU||L2(1R) . (5.10)
After using (5.9) for fi = w, and fo = w and since, by assumption, w, — u
in H'(R), we obtain that lim, .o [[tn 0 yn — w0 Yn|lp2 = 0. We can find
continuous functions with compact support A which are arbitrarily close to u in
H!(R). Then, from (5.9), hoy, and hoy are arbitrarily closed in L?(R) to uoyy,
and u o y, respectively, and independently of n. By the Lebesgue dominated

convergence theorem, as y, — y in L>(R), we get that hoy, — hoy in L*(R).
Hence,

[woyn —uwoyllpam < lluweyn —hoynllpa g
Flhoyn —hoyll o +llhoy —uoyl
implies that lim, e ||[uoyn, —uo y||L2(R) = 0 and, finally, from (5.10), we con-
clude that U, — U in L?(R). It remains to prove that U, ¢ — Ug in L*(R). Since
Hy,e=1—ynge, (2.24c) can be rewritten as

Ul¢=Hne—H.c—U+HU: (5.11)

n
and there holds the corresponding identity holds for Ue. We have ||Un || o g) =
[unll o ) and therefore |[Un||;o ) is uniformly bounded in n. Hence, since
U, — U in L*(R), H, — H in V and 1Unll oo my> |1 Hn gl
bounded in n, we get from (5.11) that

Loo(R) BT€ uniformly

nhjf;o HUné”L?(R) = ||U£HL2(1R)' (5.12)

Once we have proved that U, ¢ converges weakly to Ug, then (5.11) will imply
that U, ¢ — Ug strongly in L?(R), see, for example, [27, section V.1]. For any
continuous function ¢ with compact support, we have

/RUmgqb d¢ = /Rum 0 YnYn chdE = /Rum oy, Lde. (5.13)

By assumption, we have u,, , — u, in L?(R). Since y,, — y in L>(R), the support
of ¢ oy, ! is contained in some compact that can be chosen to be independent
of n. Thus, after using Lebesgue’s dominated convergence theorem, we obtain
that ¢ oy, ! — ¢oy~!in L?(R) and therefore

i = oy ld¢ = . .
lim RUn,EQsdf*/]RUIQS y T dé /RUEQSd{ (5.14)

n—oo

From (5.12), we have that U, ¢ is bounded and therefore, by a density argument,
(5.14) holds for any function ¢ in L*(R) and U,, ¢ — Us weakly in L*(R). O
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Proposition 5.2. Let (un, tin) be a sequence in D that converges to (u, ) in D.
Then

Up — u in L2(R) and j, = p.
Proof. We denote by X,, = (yn,Un, Hn) and X = (y,U, H) the representative
of L(un, pn) and L(u, ) given by (3.21). For any x € R, there exists &, and &,

which may not be unique, such that x = y,,(&,) and x = y(&). We set z,, = yn(§).
We have

and

&n
/g U, (1) dn

[Un (7) — un(zn)| =

. 1/2
< Vén —¢ </ U? . dn) (Cauchy-Schwarz)
3

¢ 1/2
<Vén—¢ (/5 Yn,eHn e dn) (from (2.24c¢))

S \/gn - f\/|yn(£n) - yn(£)| (Since Hn,.f S ]-)
= \/fn - 6\/y(§) - yn(f)
<Vé&n _§||y_yn||2/j(]g) . (5'16)

From (3.22), we get
€0 = &1 < 200 (R) + [yn(§n) = yn(€)] = 2 Jim Hn (&) + [y(§) — yn(€)]

and, therefore, since H, — H and y, — y in L®(R), |£, — &| is bounded by a
constant C' independent of n. Then, (5.16) implies

Jtn () = ()] < Clly = yall12 2, - (5.17)

Since y, — y and U,, — U in L*°(R), it follows from (5.15) and (5.17) that
un, — u in L°(R). By weak-star convergence, we mean that

lim qﬁdun:/qﬁdu (5.18)
R R

n—oo

for all continuous functions with compact support. It follows from (3.32b) that

/qudun:/Rcﬁoynngdf and /quduz/woyffgdg (5.19)

see [1, definition 1.70]. Since y,, — y in L°°(R), the support of ¢ oy, is contained
in some compact which can be chosen independently of n and, from Lebesgue’s



GLOBAL CONSERVATIVE SOLUTIONS OF THE CAMASSA-HOLM EQUATION 37

dominated convergence theorem, we have that ¢ oy, — ¢ oy in L?(R). Hence,
since H, ¢ — H¢ in L*(R),

lim [ ¢oynHyede = / 6 0 yHe de,
R R

n—oo

and (5.18) follows from (5.19).
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GLOBAL CONSERVATIVE MULTIPEAKON SOLUTIONS OF
THE CAMASSA-HOLM EQUATION

HELGE HOLDEN AND XAVIER RAYNAUD

ABSTRACT. We show how to construct globally defined multipeakon solu-
tions of the Camassa—Holm equation. The construction includes in particu-
lar the case with peakon-antipeakon collisions. The solutions are conserva-
tive in the sense that the associated energy is constant for almost all times.
Furthermore, we construct a new set of ordinary differential equations that
determines the multipeakons globally. The system remains globally well-
defined.

1. INTRODUCTION
The Cauchy problem for the Camassa—Holm equation [8, 9]

Ut — Uggt + 2KUz + BUly — 2UglUpy — Ulgey = 0,  ult—g = uo, (1.1)

has received considerable attention the last decade. With k positive it models, see
[19], propagation of unidirectional gravitational waves in a shallow water approx-
imation, with u representing the fluid velocity. The Camassa—Holm equation has
a bi-Hamiltonian structure and is completely integrable. It has infinitely many
conserved quantities. In particular, for smooth solutions the quantities

/udx, /(u2 +u?) dz, /(u3 + uu?) dx (1.2)
are all time independent.
In this article we consider the case x = 0 on the real line, that is,
Up — Ugpt + ULy — 2UgpUzy — Ulgzre = 0, (1.3)

and henceforth we refer to (1.3) as the Camassa—Holm equation.

Solutions of the Camassa—Holm equation may experience wave breaking in the
sense that the solution develops singularities in finite time, while keeping the H*
norm finite. Continuation of the solution beyond the time of wave breaking is a
challenging problem. It is most easily explained in the context of multipeakons,
which are special solutions of the Camassa—Holm equation of the form

u(t,z) = zn:pi(t)e_lx_q"(t)‘, (1.4)

Key words and phrases. Camassa—Holm equation, multipeakons, conservative solutions.

1
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where the (p;(t), ¢;(t)) satisfy the explicit system of ordinary differential equations

n n
G =Y pie 15l p =" pip;sen(q — g;)e 1,
j=1 j=1
Observe that the solution (1.4) is not smooth even with continuous functions
(pi(t), qi(t)); one possible way to interpret (1.4) as a weak solution of (1.3) is to
rewrite Eq. (1.3) as
up + (%u2 +(1—03) Hu?+ %“i))x =0.

Peakons interact in a way similar to that of solitons of the Korteweg—de Vries
equation, and wave breaking may appear when at least two of the ¢;’s coincide.
If all the p;(0) have the same sign, the peakons move in the same direction.
Furthermore, in that case the solution experiences no wave breaking, and one
has a unique global solution. Higher peakons move faster than the smaller ones,
and when a higher peakon overtakes a smaller, there is an exchange of mass,
but no wave breaking takes place. Furthermore, the ¢;(¢) remain distinct, and
thus there is no collision. However, if some of p;(0) have opposite sign, wave
breaking or collision may incur, see, e.g., [4, 20]. For simplicity, consider the case
with n = 2 and one peakon p;(0) > 0 (moving to the right) and one antipeakon
p2(0) < 0 (moving to the left). In the symmetric case (p1(0) = —p2(0) and
q1(0) = —g2(0) < 0) the solution will vanish pointwise at the collision time ¢*
when ¢ (t*) = g2(t*), that is, u(t*,z) = 0 for all z € R, see Fig. 1. Clearly, at
least two scenarios are possible; one is to let u(t,z) vanish identically for ¢ > ¢*,
and the other possibility is to let the peakon and antipeakon “pass through”
each other in a way that is consistent with the Camassa—Holm equation. In the
first case the energy [(u? 4+ u2)dz decreases to zero at ¢*, while in the second
case, the energy remains constant except at t*. Clearly, the well-posedness of the
equation is a delicate matter in this case. The first solution could be denoted a
dissipative solution, while the second one could be called conservative, which is
the class of solutions we study here. Other solutions are also possible. Global
dissipative solutions of a more general class of equations were derived by Coclite,
Holden, and Karlsen [12, 13]. In their approach the solution was obtained by first
regularizing the equation by adding a small diffusion term eu,, to the equation,
and subsequently analyzing the vanishing viscosity limit € — 0.

Global conservative solutions of the Camassa—Holm were recently studied by
using a completely new approach, see [5, 6, 15, 18]. In this approach the Camassa—
Holm equation is reformulated as a system of ordinary differential equations tak-
ing values in a Banach space, see Sect. 2. This allows for the construction of
a global and stable solution. To obtain a well-posed initial-value problem it is
necessary to introduce the associated energy as an additional variable.

We here study in detail this construction in the context of multipeakons, fol-
lowing [18] where the transformation into new variables can be interpreted as a
transformation from Eulerian into Lagrangian coordinates. The explicit nature
of multipeakons make them very interesting objects to study in a relation to wave
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breaking. In particular, the singularity corresponds to a focusing of the energy
into a Dirac delta-function.

The general construction in [18] is rather complicated, making the case of mul-
tipeakons involved. We show that multipeakons are given as continuous solutions
u that on intervals [y;(t), yi+1(t)] satisfy

U — Uy = 0 with boundary conditions w(t, y;(t)) = w;(t), u(t, yit1(t)) = wir1(t).

The (y;,u;) are given by a set of ordinary differential equations, which in addition
includes a third variable that measures the energy of the system. The variables
y; and u; denote the location of the point (for fixed time) where the solution u
has a discontinuous spatial derivative (the “peak”), and the value of u at that
point, respectively. The system of ordinary differential equations, which is new,
remains globally well-defined.

In addition to allowing for a detailed study of the property of solutions near
wave breaking, multipeakons are important as building blocks for general solu-
tions. Indeed, if the initial data ug is in H! and mg := ug — uf is a positive
Radon measure, then it can proved, see [17], that one can construct a sequence
of multipeakons that converges in L (R; H. .(R)) to the unique global solution
of the Camassa—Holm equation. See also [6, 15].

The method is illustrated by explicit calculations in the cases n = 1 and n = 2
(see also [2, 3, 20]) and by numerical computations in the case n = 4 with and
without wave breaking.

Furthermore, the methods presented in this paper can be used to derive nu-
merical methods that converge to conservative solutions rather than dissipative
solutions. This contrasts finite difference methods that normally converge to
dissipative solutions, see [16]. See also [17]. Results will be presented separately.

2. GLOBAL CONSERVATIVE SOLUTIONS

The goal of this section is to introduce the results obtained in [18], namely
the construction of the continuous semigroup of conservative solutions of the
Camassa—Holm equation with a change of variable to Lagrangian coordinates.
The equation can be rewritten as the following system

U + Uty + Py =0, (2.1a)
1
P — Py, = u® 4+ —u2. (2.1b)

It is not hard to check that the energy density u? + w2 fulfills the following
transport equation

(u? +u2)s + (w(u? + ), = (u® — 2Pu),. (2.2)
We denote y(t,&) = u(t, y(t,€)) the characteristics and set
y(,6)

U(t€) = ult,y(t.£)) and H(t,€) = / (u? + u2) d,

—0o0
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which corresponds to the Lagrangian velocity and the Lagrangian cumulative
energy distribution, respectively. We set ((§) = y(§) — &. From the definition of
the characteristics, it follows that

Ut(taf) = ut(tvy) + yt(taf)u:c(tvy) = —P,oy (t,f). (23)

This last term can be expressed uniquely in term of U, y, and H. From (2.1b),
we obtain the following explicit expression for P,

1 1
P(t,x) = 3 / e—\x—z\(uﬁ(t,z) + §u92€(t,z)) dz. (2.4)
R
Thus we have
1 1
Pxoy (t7€) = _5 / Sgn(y(tvg) - Z)eily(t{)iz' (uz(ta Z) + Eui(ta Z)) dZ,
R

and, after the change of variables z = y(¢,7),
1 — J—
Ppoy(t,§) = —5/ [sgn(y(t@) —y(t,n))e ly(t,£)—y(t.n)]
R

x@%wmm+

Finally, since He = (u? + u2)oy ye,

Proy(€) = =7 [ senu(€) = yn) exp(= u(6) — u)) (U + He) () iy (2:)

%Ui(t,y(t, n))) Ye(t, n)} dn.

where the ¢t variable has been dropped to simplify the notation. It turns out that
ye(t,€) > 0 for all ¢ and almost every &, see Definition 2.1 and [18, Theorem 2.8].
Thus, P,oy is can be replaced by @) where

Qt, &) = —i/ﬂ%sgn(f—n) exp (—sgn(&—n)(y(€)—y())) (U ye+He) (n) dn, (2.6)

and, slightly abusing the notation, we write

P(6) = 1 [ exp (= senls = n)ul€) = yn) (Ve + H) . (27)

Thus P,oy and Poy can be replaced by equivalent expressions given by (2.6)
and (2.7) which only depend on our new variables U, H, and y. From (2.2), i
follows that

y y
Ht:/ (u2+ui)tda:+ytoy(uz—l—ui)oy:/ (u® = 2Pu), dx = U3 — 2PU.

2.8
Finally, from (2.3) and (2.8), we infer that the Camassa—Holm equation is for-
mally equivalent to the following system

Ct = Ua
U =-Q, (2.9)
H, =U?® - 2PU.
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We look at (2.9) as a system of ordinary differential equations in the Banach
space

E=VxH'R)xV
where V = {f € C,(R) | fec € L>(R)}. By a contraction argument we establish
the short-time existence of solutions ([18, Theorem 2.3]). We have

1 1
Qe =—5He - <§U2—P> ye and Pe = Que, (2.10)

and, differentiating (2.9) yields

Cet = Ug (or ygr = Ug),
1

1
Uge = 5 He + <§U2 — P) Ye, (2.11)

Hey = —2Q Uye + (3U% — 2P) Ue.

The system (2.11) is semilinear with respect to the variables y¢, Us and He.

Global solutions of (2.9) may not exist for all initial data in E. However they
exist when the initial data X = (7, U, H) belongs to the set G ([18, Theorem 2.8])
where G is defined as follows:

Definition 2.1. The set G is composed of all (¢,U, H) € E such that

(¢.UH) € [Wh=(R))”, (2.12a)
ye > 0,He > 0,ye + He > 0 almost everywhere, and c lim H(£) =0, (2.12b)

yeHe = y‘?U2 + U52 almost everywhere, (2.12¢)
where we denote y(§) = ¢(§) + &.

The proof of the global existence of the solution for initial data in G ([18,
Theorem 2.8]) relies essentially on the fact that the set G is preserved by the
flow, that is, if X(0) € G, then X (t) € G for all time ¢, for any solution X (¥)
of (2.9) with initial data in G ([18, Lemma 2.7]). We also have that, for almost
every t, ye(t,§) > 0 for almost every &, which implies that for almost every ¢,
& y(t, &) is invertible [18].

To obtain a semigroup of solution for (2.1), we have to consider the space D,
which characterizes the solutions in Eulerian coordinates:

Definition 2.2. The set D is composed of all pairs (u, 1) such that « belongs to
H'(R) and p is a positive finite Radon measure whose absolute continuous part,
Mac, satisfies

fac = (u? +u2) da. (2.13)

The set D allows the energy density to have a singular part and a positive
amount of energy can concentrate on a set of Lebesgue measure zero. In [14],
the Camassa—Holm equation is derived as a geodesic equation on the group of
diffeomorphism equipped with a right-invariant metric. The right-invariance of
the metric can be interpreted as an invariance with respect to relabeling as noted
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in [1]. This is a property that we also observe in our setting. We denote by G
the subgroup of the group of homeomorphisms from R to R such that

f—1Id and f~! —1Id both belong to W*(R) (2.14)

where Id denotes the identity function. The set G can be interpreted as the set
of relabeling functions. Let F be the following subset of G

F={X=(UH)€eG|y+HeG}

For the sake of simplicity, for any X = (y,U, H) € F and any function f € G,
we denote (yo f,Uo f,H o f) by X o f. The map (f,X) — X o f defines an
action of the group G on F ([18, Proposition 3.4]), and we denote by F/G the
quotient space of F with respect to the action of the group G. The equivalence
relation on F is defined as follows: For any X, X’ € F, X and X’ are equivalent
if there exists f € G such that X’ = X o f, that is, if X and X’ are equal up to
a relabeling.

As proved in [18, Lemma 3.3], F is preserved by the flow. Let us denote by
S: F x Ry — F the continuous semigroup which to any initial data X € F
associates the solution X (¢) of the system of differential equation (2.9) at time ¢.
The Camassa—Holm equation is invariant with respect to relabeling, that is,

Si(X o f)=5(X)of (2.15)

for any initial data X € F, any time ¢ and any f € F. Thus the map S,
from F/G to F/G given by S;([X]) = [S;X] is well-defined and it generates a
continuous semigroup. The topology on F/G is defined by a complete metric
which is derived from the F-norm restricted to F.

In order to transport the continuous semigroup obtained in the Lagrangian
framework (solutions in /@) into the Eulerian framework (solutions in D), we
want to establish a bijection between F/G and D. Let us denote by L: D — F/G
the map transforming Eulerian coordinates into Lagrangian coordinates defined
as follows: For any (u, ) in D, let

y(§) =sup{y | u((—o0,y)) +y < &}, (2.16a)
H(&) = ¢ —y(&), (2.16b)
U(€) = uoy(§) . (2.16¢)

We define L(u, ) € F/G to be the equivalence class of (y,U, H). In the other
direction, we obtain p, the energy density in Eulerian coordinates, by pushing
forward by y the energy density in Lagrangian coordinates, H¢ d{. Recall that
the push-forward of a measure v by a measurable function f is the measure fuv
defined as

fav(B) = v(f~1(B))
for all Borel sets B. Given any element [X] in F/G, let (u, p) be
u(z) = U(€) for any & such that = = y(§), (2.17a)

=y (He de). (2.17b)
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Then (u, ) belongs to D and is independent of the representative X = (y, U, H) €
F we choose for [X]. We denote by M: F/G — D the map which to any [X]
in F/G associates (u, ) as given by (2.17). The map M corresponds to the
transformation from Lagrangian to Eulerian coordinates. In [18, Theorems 3.8,
3.11], it is proven that the maps L and M are well-defined and that L= = M,
see [18, Theorem 3.12].

We define the metric dp on D as

dp ((u, ), (4, 1)) = dgjc(L(u, p), L1, ).

Since F/G equipped with dz /¢ is a complete metric space, D equipped with the
metric dp is a complete metric space. For each t € R, we define the map T} from
D to D as

Tt = MStL

We have the following commutative diagram:

p<L F/G (2.18)

s

p—tF/G
Finally, we have the following main result from [18].

Theorem 2.3. T: D xRy — D (where D is defined by Definition 2.2) defines a
continuous semigroup of solutions of the Camassa—Holm equation, that is, given
(u, 1) € D, if we denote t — (u(t), pu(t)) = Ti(u, @) the corresponding trajectory,
then u is a weak solution of the Camassa—Holm equation (2.1). Moreover u is a
weak solution of the following transport equation for the energy density

pe + (upt)e = (u® — 2Pu),. (2.19)
Furthermore, we have that
u(t)(R) = pu(0)(R) for all t (2.20)
and
() (R) = prac(t)(R) = [[u(t)| 7 = p(0)(R) for almost all t. (2.21)

Remark 2.4. We denote the unique solution described in the theorem as a
conservative weak solution of the Camassa—Holm equation.

3. CHARACTERIZATION OF MULTIPEAKON SOLUTIONS

Peakons are given by

n

u(t,z) = Zpi(t)e_lx_q"'(t)‘ (3.1)

=1
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where p;, ¢; satisfy the system of ordinary differential equations

n
i = ije—lqi—m’ (3.2a)
j=1

n
pi =) pipjsen(q — g;)e” 147, (3.2b)
j=1

Note that (3.2) is a Hamiltonian system, viz.,

OH(p,q) .  0H(p.q)

o " oq;

3

with Hamiltonian

n
H(p,q) = % Z pipje 1491,
i,j=1
Clearly, if the ¢; remain distinct, the system (3.2) allows for a global smooth
solution. By inserting that solution into (3.1) we find that u is a global weak
solution of the Camassa—Holm equation. See, e.g., [17] for details. In the case
where p;(0) have the same sign for all ¢ € {1,...,n}, then the ¢;(t) remain
distinct, and (3.2) admits a unique global solution, see [7, 11, 10, 17]. In this
case, the peakons are traveling in the same direction. However, when two peakons
have opposite signs, see, e.g., [5, 6], collisions may occur, and if so, the system
(3.2) blows up, or, more precisely, some of the p; blow up.

Our aim is to use the variables (y, U, H) to characterize multipeakons in a way
that avoids the problems related to blow up. In particular, we will derive a new
system of ordinary differential equations for the multipeakon solutions which is
well-posed even when collisions occur.

We consider initial data u given by

u(z) = Zpie_‘x_é"'l. (3.3)

Without loss of generality, we assume that the p; are all nonzero, and that the &;
are all distinct. From Theorem 2.3 we know that there exists a unique and global
weak solution with initial data (3.3), and the aim is to characterize this solution
explicitly. The most natural way to define a multipeakon is to say that, given a
time ¢, there exist p; and &; such that u can be expressed in the form given in (3.1).
However, the variables p; are not appropriate since they blow up at collisions.
That is why we will prefer the following characterization of multipeakons. Given
the position of the peaks x; and the values u; of u at the peaks, u is defined on
each interval [z;, z;41] as the solution of the Dirichlet problem

U— Uz = 0, u(x;) =wuy, w(Tigr) = uigr.

Clearly, the function (3.1) satisfies this for each fixed time ¢, but we will now
show that this property persists for conservative solutions.
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A multipeakon is piecewise C'*® with discontinuous first derivative at the peaks.
From (3.2a), we infer that

¢ = u(g:)
which means that the peaks and therefore the discontinuities follow the charac-
teristics. In this case, the Lagrangian point of view becomes very convenient, as
the location of the peaks is known a priori. Let us prove that X = (g,U, H)
given by

U(¢) = a(9), (3.4b)
B ¢
7O = [ty (3.4c)

is a representative of u in Lagrangian coordinates, that is, [X] = L(a, (a®+u2)dz).
First we have to check that X € F. Since 4 is a multipeakon, from (3.3), we have
that a € WH(R) N HY(R). Hence, U and H both belong to W1>°(R) while
y—1d is identically zero. Due to the exponential decay of # and @, and since ﬁf €
L>®(R), we have H¢ € L?(R). The properties (2.12) are straightforward to check.
Furthermore, it is not hard to check that M([X]) = (4, (u? + u2)dz). Hence,
since L o M = 1d, we get [X] = L(a, (a® + u2)dz). We set A =R\ {&1,...,&0 )
The functions U and H belong to C?(A) (they even belong to C*>°(A)). This
property is preserved by the equation, as the next proposition shows.

Proposition 3.1. Given X = (3,U, H) € F such that X € [C*(A)]*, the solu-
tion X = (y,U, H) of (2.9) with X as initial data belongs to C1 (R, [C%(A)]?).

Proof. We prove this proposition by repeating the contraction argument of [18,
Theorem 2.3], replacing E by

E=En[C*A)>.
The norm on E is given by
XMz = [1X[lz +lly = Tdllwe.co gy + U llwze (a) + 1H 2.0 )

We have to prove that P : X — P and Q : X — (@ are Lipschitz maps from
bounded sets of E into H'(R) N C*(A). Given a bounded set B = {X €
E | | X||g < Cp} where Cp is a positive constant we have, from [18, Lemma
2.1], that

1Q(X) = QX[ ooy < CIIX = Xl < C[X = X[

for a constant C which only depends on C'g. The derivative of @ is given by (2.10).
When a map is Lipschitz on bounded sets, we will say that it is B-Lipschitz. It is
not hard to prove that the products of two B-Lipschitz maps from E into C(A) is
also a B-Lipschitz map from E into C(A). Hence, from (2.10), Q is B-Lipschitz
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from E into C1(A). In the same way, we obtain the same result for P. We can
compute the derivative of P and Q¢ on A, and we obtain

1 1
Qee = —5Hee — (UUe — Que)ye — (QUZ — P)yee, (3.5)
1 1
Pee = Quee — 5 Heye — (§U2 — P)yZ. (3.6)

Since Q¢¢ and P are given as sums and products of B-Lipschitz maps from
E into C(A), we have that Q and P are B-Lipschitz from E into C?(A). The
system of equation (2.9) can be written in the condensed form

X, = F(X)

where F: E — E is given by F(X) = [U,—Q, U? — 2PU]. We can see that each
component of F consist of products and sums of B-Lipschitz maps from E into
C?(A). Hence, F is B-Lipschitz from E to E and, by the standard contraction
argument, we obtain the short-time existence of solutions in E. As far as global
existence is concerned, we know that, for initial data in W% (R), X Moo )

does not blow up, see [18, Lemma 2.4]. For the second derivative, we have, for
any £ € A, that

Yeer = Uge,
1 1, )
Uset = 5 Hee + | 5U° = P| yee + [UUeye — Qug]
Heer = [-2QU] yee + [3U% — 2P] U
+ [UyeHe + UPye — 2PUyE + 6UUZ — 4QUeye] .

(3.7)

The system (3.7) is affine (it equals the sum of a linear transformation and a
constant) with respect to yee, Uge and Hee. Hence, on any time interval [0,T),
we have

t
([ Xee(t, ')”Loo(A) < [[ Xee (0, ')”Loo(A) +C+C/0 ([ Xee (T, ')”Loo(A) dr

where C'is a constant that only depends on sup,c(o 1) | X (¢, *)|lyy1.00 (), Which
is bounded. Gronwall’s lemma allows us to conclude that || X (¢, - )||y2.0c (1) does
not blow up, and therefore the solution is globally defined in F. O

Next we want to prove that the solution given by Theorem 2.3 with initial
data (3.3) satisfies u — ugz; = 0 between the peaks. Assuming that ye(¢,&) # 0,
we formally have

Ug
UgpOY = —
Ye
and
U, 1 U, — yeeU
Ye ) ¢ Ye ye



MULTIPEAKON SOLUTIONS OF THE CAMASSA-HOLM EQUATION 11

Hence,
Uy — Ugeye + yeeUs
(U — Ugy)oy = 3 3 , (3.8)
Ye
and we are naturally led to analyze the quantity
A= Uy¢ — Ugeye + yeeUe. (3.9)

For a given fized £ € A, we differentiate (3.9) with respect to time and, after
using (2.9), (2.11), and (3.7), we obtain

% = 3UUey; — Qy¢ — UeUge — y&(%Hés + UUgye + %Usts — Quf — Pyee)
+ (%Ha + (%UQ - P)yg) Yee + UeUse
, 1 1
= 2UeUy; — yeHee + 5 Heyee (3.10)
We differentiate (2.12¢) with respect to £ and get
yee He + yeHee = 2yeyecU” + 2y UUg + 2U¢Uge. (3.11)

After inserting the value of y¢ Hee given by (3.11) into (3.10) and multiplying the
equation by ye¢, we get

dA
Ve = YeUeU + (Heyeyee — y2veeU?) — UeyeUse.
Hence, by (2.12c¢),

dA
ygﬁ = UEA
or, since yg = Ug, "
ygE = yftA- (3.12)

Let us prove that % is C! in time (we recall that we keep ¢ fixed in A). We have

A y££U§

— =Uy? —Uge + 2225 3.13

" e Vet = (3.13)
U, HU,

veete  YeeTert (3.14)

Ye + He  (ye + He)ye

After multiplying (3.11) by (yj—j, we obtain

:Uyg—Ugg-l-

2

HeU, U
YSeTeE  _ HeelUs + 29ecUUy + 29eUU2 + 2y—EU§§ (3.15)
3

Ye
= —HeeUe + 2yecUUe + 2yeUUZ + 2(He — yeU?)Use
2
because Z—: = H¢ + yeU?, from (2.12c). Hence, we can rewrite (3.14) as
A J(X, Xe, Xee)

Ye  Ye+ He
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for some polynomial J. Since X € C*(R, E), we have X, X¢ and X¢¢ are C! in
time. Since X (¢) remains in G for all ¢, from (2.12b), we have y¢ + H¢ > 0 and
therefore 1/(ye + He) is C! in time. Hence, A/ye is C' in time. For any time ¢
such that ye(¢) # 0, that is, for almost every ¢ (see [18, Lemma 2.7]) we have

i (é) _ Ay —yaAd 0

dt \ ye Ye

from (3.12). Hence, ﬁ is constant in time, i.e.,

A(t, ) = K(&)ye(t,€), (3.16)
for some constant K (£) independent of time. This leads to

yE(u— uge)oy = K(§)
which corresponds to the conservation of spatial angular momentum as defined

in [1], see [14]. For the multipeakons at time ¢ = 0, we have y(0,£) = £ and

(u — ugy)(0,€) = for all € € A. Hence,
A
Ao =0 (3.17)
Ye

for all time ¢t and all £ € A.

Proposition 3.2. The energy p admits a singular part ps only when two peaks
collide and the support of ps corresponds to the points of collision of the peaks.
Moreover, no more than two peaks can collide at the same time.

Proof. Let x be a singular point of . We claim that y~({z}) then is a closed
interval of length us({z}). Let us prove this. For any £, from the definition
(2.16a) of y, there exists an increasing sequence z; such that lim; .. z; = y(§)
and
(=00, 1)) + i < € (3.18)
Since (—o0, z;) is an increasing sequence of sets and (—oo, y(&)) = Usen(—o00, ;),
we have lim;_,o p((—00,2;)) = p((—o00,y(£))), and it follows from (3.18) that
p((=00,y(£))) +y(&) <& (3.19)

We set & = pu((—o0,x)) 4+ and, using (3.19), it is not hard to prove that ¢ is the
smallest element of y~1({z}). Let £ € y~1({z}), by definition of y, there exists a
decreasing sequence x; which converges to x such that

(=00, ;) + i > €.
Letting ¢ tend to infinity, we obtain
€ < p((—o0, z])
< (=00, 7)) + ps({z}) + =
< €+ ps({a}).

Hence, ¢ € [£,€ + ps({z})] and y~1({z}) C [£,€ + pus({z})]. Conversely, let us
consider £ € [€, &+ us({2})]. Since y is increasing, y(&) > y(€) = z. Assume that

a]) +x
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y(€) > x. Then, it follows from the definition of y that there exists ' > x such
that

Since ' > x, we have

p((=o00,2")) = p((—o0, )
= p((=00,2)) + ps({z})
=& —a+ ps({z}).
Hence, & —z + ps({z}) + 2’ < & which implies €+ us({x}) < & This contradicts
the fact that £ € [£,€ + pus({z})]. Our claim is proved. This claim is a general

result and does not depend on the multipeakon structure of the initial data. For
solutions with multipeakon initial data, we have the following result.

Lemma 3.3. If y¢(t,€) vanishes at some point € in the interval (&;,&41), then
ye(t, &) vanishes everywhere in (&;,&it1).

Proof of Lemma 3.3. Let B be the set

B ={¢€ (&, &i+1) | ye(t,§) =0}.

The set B is not empty as £ € B. Since y¢(t, -) € C(A), B is closed (relatively
in (&,&+1)). Let us prove that B is also open. Take a point §; € B. We have
ye(t, &) = 0 and, by (2.12b), it implies He(t,&) > 0. Since He(t, -) € C(A),
there exists an open interval I around & such that He(¢,£) > 0 for all £ € I.
After multiplying (3.17) by Ue and using (2.12¢), we obtain

UUgyg — UeUse + yeeHe — yeeyeU* = 0. (3.20)
We differentiate (2.12¢) with respect to ¢ and obtain
1
UecUe = 5 (ee He + Heeye) — yeyeeU” — ygUeU. (3.21)
Inserting this into (3.20), we end up with an equation of the form
YeeHe = F(&)ye (3.22)
where f(£) is a continuous function of . Since H¢ # 0 on I, we obtain
f(&)
Yee(§) = 7= we(§),
¢ He(€)™
Ye(&o) = 0.

The unique solution of this ordinary differential equation where y¢(§) plays the
role of the unknown, is y¢(§) = 0. Hence, y¢(§) = 0 for all £ € I. This implies
that I C B and therefore B is open. Thus B is an open and closed set, relatively
in (&,&+1). Since (&;,&+1) is a connected set, it implies that B = (&,&i+1),
which concludes the proof of the lemma. O
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Let us consider a time 7" when p admits a singular point that we denote
{z}. Then, the interval of strictly positive length y~*({z}) intersects A and
there exists a point € € (&, &+1) for some i € {1,...,n} such that y¢(T,€) = 0
(with the convention & = —oo and &,4+1 = 00). From Lemma 3.3, we get that
(&, &i+1) € y~1({z}). In particular, y(&;) = y(&+1) = 2, which means that the
point z where the energy concentrates, is located at the collision point between
two peaks. We claim that

(&, &) =y~ ({2)), (3.23)
which in particular means that no other peak than the ones originating from §&;

and &;41 can be found at . Assume that (3.23) is not true, then, due to Lemma
3.3, y~1({x}) must take the form

vy ({z}) = [, &)
where j <4, k > i+ 1and k —j > 2. We introduce X = (§,U, H) defined as
§(&) =y(T,8), U(&) = U(T,¢), and

V& —¢ E—¢ . |
() = H(Tafj)fk_gj+H(Tafk)£k_£j when ¢ € (&5, &),

H(T,§) otherwise,

so that H is linear in (¢;,&) and continuous. Since y¢ (T, &) = Ue(T,€) = 0 and
He(T,€) > 0 in (&,&;), it is not hard to check that all the conditions (2.12)
are fulfilled and X € F. Let us look at X (T) and X in Eulerian coordinates.
We write (u,p) = M([X(T)]) and (@, 1) = M([X]). Since §(¢) = y(T,&) and
U(&) = U(T,€), it is clear that @ = u. We have, using (2.17b),

z}) = Hed¢ = H(&) — H(&) = He d¢ = a({z}).
u({z}) /[gjm cde = H(&) — H(E) /[5 | ede= i)

Hence, for any Borel set A,

1(A) = w(A\A{z}) + p({z}) = p(A\{z}) + p({z}) = a(A)
and fi = pi. Since M is injective, we have [X (T')] = [X], which means that X (T)
and X are equivalent and there exists f € F such that
X(T)o f=X. (3.24)

The point is that X is linear in (&5,&k), and therefore it possesses a priori more
regularity than X (7') on this interval. Introduce A=R N8558k, -5 En )
We can solve (2.9) backward in time and, slightly abusing the notation, we denote
X (t) the solution which satisfies X(T') = X at time 7. Proposition 3.1 gives us
that X (t) € [C?(A)]? for all time t. Since X(T') and X (T) are equivalent and
satisfy (3.24), by (2.15), we obtain that X (t) o f = X(¢) for all time ¢. At time
t =0, it yields
f(&) =4(0,¢)

because y(0,&) = &. Since §(0,€) € C?((&,&)), f € C*((&5,&k)). By definition,
see (2.14), the derivative of f~! is bounded. It implies that f¢ is bounded strictly
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away from zero, see [18, Lemma 3.2] for a detailed proof of this result. Hence, f¢ >
0 in (¢;,&) and, by the implicit function theorem, f~! belongs to C?((&;,&k))-
Hence,

u(0,6) = U(0,8) = U(0, f1(¢))

also belongs to C?((&;,&)). This contradicts the fact that (&5, &) contains either
& or &.41, which are points where the derivative of «(0, &) is discontinuous. [

Given (t,z) € Ry x R, there exists &, which may not be unique, such that
x=y(t,§). If £ € A then z corresponds to the position of a peak. For £ € A,
if ye(t,£) = 0, then, by Lemma 3.3, ye(t,&') = 0 for all £ € (&, &i+1) where ¢
is such that § € (&;,&+1), and x again corresponds to a peak. If ye(¢,&) # 0
then, using again Lemma 3.3, we have ye(t,€&’) # 0 for all £’ € (&,&+1). By the
implicit function theorem, we obtain that y(¢, - ) is invertible in (&;,&+1) and its
inverse is C2. Tt follows that u(t,z) = U(t,y~1(¢,2")) is C? with respect to the
spatial variable and the quantity (u — uz,)(t, ) is defined in the classical sense.
Moreover, by (3.17) and (3.8), we have

(U' - u;c:c)(t; Z‘) = M =0. (325)

vt &)
We summarize our results in the following theorem.

Theorem 3.4. Given an initial multipeakon solution u(z) = >, pie”|1*=%l et
(y,U, H) be the solution of the system (2.9) with initial data (y,U,H) given by
(3.4). Between adjacent peaks, say x; = y(t,&;) # xiv1 = y(t,&i+1), the solution
u(t, x) is twice differentiable with respect to the space variable, and we have

(u— ugy)(t,x) =0 for © € (x4, Tit1).

We are now in position to start the derivation of a system of ordinary differ-
ential equations for multipeakons.

4. A SYSTEM OF ORDINARY DIFFERENTIAL EQUATIONS FOR MULTIPEAKONS

For each i € {1,...,n}, we have, from (2.9),

dyi
dt

dus
dt

dH;
dt

where Yi, U,y Hi7 P’L and Qz denote y(tvg’i)a U(ta€1)7 H(t7§’i)a P(tafz) and Q(t7€1)7
respectively. For almost every ¢, the function y(¢, -) is invertible. We can make

= Uq,

ey (1.1)

3
u; — 2Pu,



16 H. HOLDEN AND X. RAYNAUD

the change of variables = y(t, ) so that P; and @; can be rewritten as

1 1
P== / e"“”’“"(u2 + —ui)dm, (4.2)
2 Ju 2
1 lyi—al2 Lo
Qi = -3 sgn(y; — x)e Vi (u® + 5%) dx. (4.3)
R

Theorem 3.4 gives us a priori the shape of u and allows us to express P; and Q;
as a function of the variables u;, H; and y; only, thereby transforming (4.1) into
a well-posed 3n-dimensional system of ordinary differential equations.

For almost every time ¢, ye(¢,£) > 0 for almost every £ and £ — y(¢,€) is
invertible, see Sect. 2 . From now on, we will consider such time ¢ and omit
it in the notation when there is no ambiguity. For such time, by Theorem 3.4,
no peak coincide. From the same theorem, we know that between two adjacent
peaks located at y; and y; i1, u satisfies u — uz, = 0 and therefore u can be
written as

u(z) = A;e” 4+ Bie * for © € [y;, yiy1], t=1,...,n—1. (4.4)
The constants A; and B; depend on u;, u4;+1, ¥; and ;41 and read
e Yi Us; n ou;
2 |cosh(dy;)  sinh(dy;) |’

Yi 7. .
Bi—e—[ L ou; ] (4.6)

A=

(4.5)

2 |cosh(dy;)  sinh(dy;)

where we for convenience have introduced the variables

_ 1 1
Ui = E(yi +yir1), Oy = 5(y1+1 — i), (4.7)
1

1
E(Uz +uit1), Ou; = E(ui-i-l — ;).

The constants A; and B; uniquely determine u on the interval [y;, y;+1]. Thus,
we can compute

U =

Yi+1
5Hi :Hi+1 —Hi = (u2+ui) dx
Yi
= 2u7 tanh(dy;) + 20u3 coth(dy;). (4.8)

At this point, we can get some more understanding of what is happening at a
time of collision. Let ¢* be a time when the two peaks located at y; and ;41
collide, i.e., such that lims+ 6y;(¢) = 0. Since the solution u remains in H' for
all time, the function u remains continuous so that we have lim;y4« du; = 0. Still,
A; and B; may have a finite limit when ¢ tends to t*. However, we know that the
first derivative blows up (see [5]), and this implies limyj B; = — limgge- A; = 00.
Thus du; tends to zero but slower than dy;. We can now be more precise: Letting
t tend to t* in (4.8), we obtain, to first order in dy;, that

[0H;
(57.1@ = B vV 5yz + 0(5y1)
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Recall that H and y are increasing functions, and therefore dH; and Jy; are
positive (0H; is even strictly positive in this case). Hence, we see that du,; tends
to zero at the same rate as \/0y;. Let us now turn to the computation of P; as
given by (4.2). This computation is quite long but not difficult. We will not give
all the intermediate steps but enough so that a courageous reader will have no
problems filling in the gaps. We start by writing u as

n

u(t, ) = Z(Aje” + Bje™ )Xy, y540) (®)-
j=0

We have set yg = —00, Yn+1 = 00, Ug = Up+1 = 0, and Ay = uie ¥, By = 0,
A, =0, B, = upe¥~. We have

n

1 3 3 _
5%25 = Z <§A?62x +A;B; + 5312‘6 QI) X(y;y541)° (4.9)
=0

Introduce
-1 ifj >4,
Kij = .
1 otherwise.
Inserting (4.9) into (4.2), we obtain
Yji+1

1 3 3
P = B Z/ e~riWize) <§A§62x + A;B; + 3 jze_zx) dx. (4.10)
=0vYi

We have

/ P i) 220 gy e g2 €I B (4.11)
Y; ’ ! 2+ Kij
iy _ 2sinh ((2 + kij)dq4)
=e "‘”y"A? exp ((2 + K4j)P;) I mj” I7
From (4.5) and (4.8), we get
27
A? = sinleW 5 sinh®(Jy;) + 21;0u; sinh(dy;) cosh(dy;) + u? cosh®(dy;)]
and
A= GH 4 dus 4.12
j—m[ j +4uzou;] . (4.12)
Similarly, we obtain
B’ N 5H, - dugs 413
j*m[ j — 4ujduy], (4.13)
and
1
A;jBj = —————— [4a2 tanh(0y;) — 6 H,] . 4.14
777 4sinh(20y;) [ Uy vt (9y;) ]} ( )
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Hence, inserting (4.12) into (4.11), we get

Yi+1
/ e_“"ﬂ(‘1”"_”)141?62;’C dx
Y

J

e HiiYiehijYj
~ 2(2+ kij) sinh(26y;)

In the same way we find

Yji+1 iy (yi—a) e FijYi e"iuyj . 5
/yj e i Wim®) A B da = Ssmb(20g;) sinh(dy;)[4u; tanh(dy;) — 6H;)],

(4.16)

and

Yji+1

/ e*"‘”(yi*“’)B?e*Q“’ dx
Yj

L, 2)6y,) [§H; — 411, 417

- 2(/4}” — 2) smh(?dyj) SH1 ((K”L‘j - ) yj)[ ] U’j]' ( . )

After collecting (4.15), (4.16) and (4.17), we can rewrite P; in (4.10) as

—RijYiphij Yj

Fi= Z 4sinh(2dy;) (4.18)

y lé H, [g (smh ((2+ rig)dy)  simh (i — 2>6yj)) - Smh(éyj)}

2+’§ij Kij -2
inh (2 + K )dus inh (ki — 2)8u.
i 6’(]]'511,]' |:Sln ((2 jlfz]) yj) _ s (E:/'Lj_ 2) yj):|
ij ij

+ 41]? sinh(dy;) tanh(&yj)] .

By using only trigonometric manipulations and the fact that /ifj =1, we get the
following two identities

§(sinh ((2 + Kij)0y;) n sinh ((ki; — 2)5yj))
2 24+ Kij Kij — 2

—sinh(dy;) = 2sinh(Jy;) cosh? (dy;)
and ) )
sinh (2 + k45)0y;)  sinh ((kiy; — 2)dy;) _ 4%13 b (6y)
2+ Kij Kij — 2 3 Yi
that we use to simplify (4.18). We end up with

e RijYiphij Yj
P, = - -
Z 8 cosh(dy;)

or

[20H; cosh®(8y;) + 8t 0u; sinh? (8y;) + 43 2 tanh(dy;)] ,

P=) Py (4.19)
§=0
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with
e(yl—yi)“% for 7 =0,
g "9lies Y f95H  cosh?(Sy;
Py ={ Seoh(u) [20H; cosh™(3y;) forj=1,....,n—1, (4.20)

+8;1;0u; sinh? (8y;) + 4u? tanh(dy;)]
e(yifyn)ufi fOr j =N.

The term @; can be computed in the same way. We have

0 z”: 1 [y ( e~ i) 2 | 2) 4
i = —= sgn(q; — x)e” "NV u” + -uy)de
"2, 2

- Yitr 3 50 3. 0 o
= _/‘Dij/ e rii(yi—a) §Aj6 “ 4+ A;Bj+ iBje_ ) d,
=0 Yi

so that we end up with
n
Qi=—Y ki;Py, (4.21)
§=0

where P;; is given by (4.20).
We summarize the result in the following theorem.

Theorem 4.1. Given a multipeakon initial data @, as given by (3.3), let §; = &;,
w; = u(&;) and H; = ffoo(z_ﬁ—i-ﬂﬁ) dx fori=1,...,n. Then, there exists a global

in time solution (y;,u;, H;) of (4.1), (4.19)—(4.21) with initial data (g;,a;, H;).
For each time t, we define u(t,x) as the solution of the Dirichlet problem

U — Ugy = 0 with boundary conditions u(t,y;(t)) = ui(t), w(t,yi+1(t)) = wiy1(t)

on each interval [y;(t), yir1(t)]. Then, u is a conservative solution of the Camassa—
Holm equation, and we denote it the multipeakon solution.

The simplest cases can be computed explicitly, and for completeness we include
the cases n = 1,2. In addition we present the case n = 4 numerically (with and
without collisions).

Example 4.2. (i) Let n = 1. Here we find that P, = uf and @; = 0. Thus
u1 = c and y; = ct + a for constants a,c, and we finally find the familiar one
peakon u(t,x) = ce~17=c¢t=al  Note that H; = ¢? is constant. However, we did
not use the energy to compute the solution. This is a general result; when there
is no collision, the first two equations in (4.1) decouple from the last one, and
the energy equation is not needed.

(ii) Let n = 2. We will solve analytically the case of an antisymmetric pair
of peakons when the two peakons collide. In this case, at the collision point the
energy concentrates in a single point, see [5]. We take the origin of time equal to
the time of collision. The initial conditions are

y1(0) = y2(0) = u1(0) = ug(0) = §Hp(0) = 6Ho(0) =0, 6H,(0) = E?
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where E& > 0 corresponds to the energy of the system. The solution remains
antisymmetric. Let us assume this for the moment and write

Yy=Y2= Y1,
U= uz = —ui, (4.22)
h =46H;,

and, since the total energy is preserved (H(t,00) is constant), we have dHy =
§Hy = £(E* — h). We compute P; and Q; using (4.19) and (4.21). After some
calculations, we obtain that, whenever the solution is antisymmetric, P, = P» =
P and Q1 = —Q2 = —Q where

14e 2
P=(2u?+h)—C
LS , (4.23)
Q—qu_e_y— 1+e ¥
N 4 8
We are led to the following system of ordinary differential equations
Yt = u,
up = —Q, (4.24)

hy = 2(u® — 2Pu),

with initial conditions y(0) = u(0) = 0 and h(0) = E?. This system can be
solved and, after retrieving the original variables by (4.22), since the identities
P, = Py and Q1 = —Q2 hold, (y1,y2,u1,us, Hi, Hy) is the unique solution of
(4.1) and therefore it is antisymmetric. From (4.23), we get Q = fu® — P.
Hence, hy = 4u@Q) = —4uwu,; and, after integration,

h = —2u®+ E2.

We insert this in (4.24) which yields the following second-order differential equa-
tion ) )
v _E -2
At Yy
Yu + 5 3 (I+e)
with initial data y(0) = y,(0) = 0. We can get rid of the factor E? by rescaling

the time variable, t — Et, and the equation we have to solve is

Y + y—j = é(l + e %), (4.25)
y(0) = 3:(0) = 0. (4.26)

By a phase-plane analysis, one can prove that y;(t) < 0 for ¢t < 0, y.(¢t) > 0 for
t >0 and y(t) > 0 for all ¢t # 0. We make the change of variables z = e~2¥ and
(4.25) becomes
—dzzy + 522 = 22(1 + 2). (4.27)
We multiply the equation by z%z; where « is a constant to be determined and
get
—42°M gz + 5232% = 2271 4 2) . (4.28)
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The term on the left is the derivative of %27 if & = —35. Taking this value for

a, (4.28) can be integrated and we obtain, after some calculations,
22 =22(1 - 2). (4.29)

Hence,
2= —e€zV1—z (4.30)

where € = sgn(t). We use the change of variables v = /1 — z and obtain v; =
—&/2(1 —v?), which can be integrated and gives v(t) = e tanh(%). Finally, going
back to the original variables, we obtain

y(t) =1In cosh(%),

E Et
t) = — tanh(—).
u(t) = 5 tanh(=)
Note that the ordinary differential equation (4.30) does not satisfy the Lipschitz
condition and therefore does not have a unique solution. However, the solution
we are looking for is in fact the solution of the second-order ordinary differential
equation
3
Ztt = % — 522 (431)
which is obtained from (4.27) by inserting (4.29), which is perfectly well-posed.
It is not hard to check that the solution z(¢) we obtained indeed satisfies (4.31).
In Fig. 1c, we plot 6Hy, 6H1, and d Ho which represent the energy contained
between —oo and y1, y1 and yo, y2 and +00, respectively. We see how the energy
concentrates at collision time.
The case with two peakons has been computed by Wahlén [20] (see also [2, 3,
4]). For completeness, we reproduce his results here. We have!

s =1In c1 — ¢y o = In c1ef1t — coec2t
1 = 2 _—
cre—t — cge—c2t )7 €1 — C2 ’

2 — cpelcr—ea)t 2 — creler—e2)t (4.32)
UG = Uo =
LT = cgeleimea)t’ 2

2 2 2 _ 2
Hy = uj, Hy = 2¢] + 2¢5 — us,

co — crelei—ea)t’

where c¢1, co denotes the speed of the peaks y; and ys, respectively, when ¢ tends
to infinity. The initial data is set so that, if there is a collision, it occurs at time
t=0.

IThe expressions in (4.32) differ slightly from [20] where two different expressions are given
for positive and negative time. This is due to the fact that a relabeling of the solution is
implicitly made at collision time so that the two peaks interchange their role at that time. This
has no consequence in the Eulerian picture and the resulting function u in Eulerian coordinates
is in both cases a conservative solution of the Camassa—Holm equation.
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(a) Positions of the peaks.

u
SH,
I
OH,

SH

time

X

(c) Redistribution of the energy between (d) Plot of the solution at different times
the peaks.

Figure 1: antisymmetric multipeakon collision

(iii) Let n = 4. Consider first the case where there is no wave breaking with
all p;(0) positive for ¢ = 1,2, 3,4. We take
yl(o) = _1Oa yQ(O) = _57 ZUB(O) = 07 y4(0) = 57
u1(0) =4, u2(0) = u3(0) = ua(0) = 2.
The results are plotted in Fig. 2. Note that the characteristics do not intersect.
Consider finally the case when p;(0) is positive for ¢ = 1,2,3, but ps(0) is
negative. The system (4.1) of ordinary differential equations can be solved nu-
merically. We use the explicit Runge—Kutta solver ode45 for ordinary differential
equations from MATLAB. In Fig. 3, we present the results obtained for the initial
data
yl(o) = _103 yQ(O) = _57 y3(0) = 0) y4(0) = 53
ul(O) = UQ(O) = U3(0) = 2, U4(0) = -2.
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Figure 2: Example of multipeakon without collision.
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Figure 3: Example of multipeakon with collision
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GLOBAL CONSERVATIVE SOLUTIONS OF THE
GENERALIZED HYPERELASTIC-ROD WAVE EQUATION

HELGE HOLDEN AND XAVIER RAYNAUD

ABSTRACT. We prove existence of global and conservative solutions of the
Cauchy problem for the nonlinear partial differential equation u¢ — ugzt +
fwz — f(W)zzz + (g(u) + %f”(u)(um)Q)z = 0 where f is strictly convex or
concave and g is locally uniformly Lipschitz. This includes the Camassa—
Holm equation (f(u) = u2/2 and g(u) = xku-+u?) as well as the hyperelastic-
rod wave equation (f(u) = yu?/2 and g(u) = (3 — v)u?/2) as special cases.
It is shown that the problem is well-posed for initial data in H'(R) if one
includes a Radon measure that corresponds to the energy of the system with
the initial data. The solution is energy preserving. Stability is proved both
with respect to initial data and the functions f and g. The proof uses an
equivalent reformulation of the equation in terms of Lagrangian coordinates.

1. INTRODUCTION

We solve the Cauchy problem on the line for the equation

e =ty (W) — f(@)ans + (90) + 2 W) =0 (L)

for strictly convex or concave functions f and locally uniformly Lipschitz func-
tions g with initial data in H'(R). This equation includes the Camassa—Holm
equation [4], the hyperelastic-rod wave equation [11] and its generalization [6, 7]
as special cases.

For f(u) = %2 and g(u) = ku + u?, we obtain the Camassa-Holm equation:

Ut — Ugat + KUy + 3Uly — 2Uplpy — Ulgge = 0,  Ul=0 = T, (1.2)

which has been extensively studied the last decade [4, 5]. It was first intro-
duced as a model describing propagation of unidirectional gravitational waves in
a shallow water approximation, with u representing the fluid velocity, see [18].
The Camassa—Holm equation has a bi-Hamiltonian structure, it is completely
integrable, and it has infinitely many conserved quantities.

2000 Mathematics Subject Classification. Primary: 65M06, 65M12; Secondary: 35B10,
35Q53.

Key words and phrases. Generalized hyperelastic-rod wave equation, Camassa—Holm equa-
tion, conservative solutions.
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For f(u) = 77"2 and g(u) = ?’_Tﬁyzﬁ7 we obtain the hyperelastic-rod wave equa-
tion:
Up — Utgg + FUUg — ’Y(QU;cuxx + uuch) =0,
which was introduced by Dai [11, 10, 12] in 1998. It describes far-field, finite

length, finite amplitude radial deformation waves in cylindrical compressible hy-
perelastic rods, and u represents the radial stretch relative to a pre-stressed state.

Furthermore, for f(u) = 77“2 we find the generalized hyperelastic-rod equation
1

which was recently studied by Coclite, Holden, and Karlsen [6, 7], extending
earlier results for the Camassa—Holm equation by Xin and Zhang, see [20]. They
analyzed the initial value problem for this equation, using an approach based on
a certain viscous regularization. By carefully studying the behavior of the limit of
vanishing viscosity they derived the existence of a solution of (1.3). This solution
could be called a diffusive solution, and will be distinct from the solutions studied
here. We will discuss this in more detail below.

We will not try to cover the extensive body of results regarding various aspects
of the Camassa—Holm equation. Suffice it here to note that in the case with kK =0
the solution may experience wave breaking in finite time in the sense that the
function remains bounded while the spatial derivative becomes unbounded with
finite H!'-norm. Various mechanisms and conditions are known as to when and
if wave breaking occurs. Specifically we mention that Constantin, Escher, and
Molinet [8, 9] showed the following result: If the initial data ul;—o = u € H*(R)
and m := 4 — @” is a positive Radon measure, then equation (1.2) with x = 0
has a unique global weak solution u € C([0,T], H*(R)), for any T positive, with
initial data . However, any solution with odd initial data u in H3(R) such that
Uz(0) < 0 blows up in a finite time.

The problem of continuation of the solution beyond wave breaking is intricate.
It can be illustrated in the context of a peakon—antipeakon solution. The one
peakon is given by u(t,x) = cexp(— |z —ct|). If ¢ is positive, the solution is
called a peakon, and with ¢ negative it is called an antipeakon. One can construct
solutions that consist of finitely many peakons and antipeakons. Peakons move
to the right, antipeakons to the left. If initial data are given appropriately, one
can have a peakon colliding with an antipeakon. In a particular symmetric case
they exactly annihilate each other at collision time t*, thus w(¢*,2) = 0. This
immediately raises the question about well-posedness of the equation and allows
for several distinct ways to continue the solution beyond collision time. For an
extensive discussion of this case, we refer to [17] and references therein. We here
consider solutions, called conservative, that preserve the energy. In the example
just mentioned this corresponds to the peakon and antipeakon passing through
each other, and the energy accumulating as a Dirac delta-function at the origin
at the time of collision. Thus the problem cannot be well-posed by considering
the solution w only. Our approach for the general equation (1.1) is based on the
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inclusion of the energy, in the form of a (non-negative Radon) measure, together
with the function u as initial data. We have seen that singularities occur in
these variables. Therefore we transform to a different set of variables, which
corresponds to a Lagrangian formulation of the flow, where the singularities do
not occur.

Let us comment on the approach in [6, 7]. The equation (1.3) is rewritten as

web g+ P =0, P P = o) — ) £ o)’ (14)
By adding the term eu,, to the first equation, it is first shown that the modified
system has a unique solution.! Subsequently, it is proved that the vanishing
viscosity limit € — 0 exists. The limit is shown to be weak solution of (1.3).
In particular, that means that |u(t, - )| ;2 < ||u(0, - )| 4 and that the solution
satisfies an entropy condition u,(¢,2) < K + 2/(vt) for some constant K. The
solution described above with a peakon and an antipeakon “passing through”
each other will not satisfy this entropy condition. Thus the solution concept is
different in the two approaches.

Here we take a rather different approach. Based on recent techniques developed
for the Camassa—Holm equation, see [1, 2, 15, 16], we prove that (1.1) possesses
a global weak and conservative solution. Furthermore, we show that the problem
is well-posed. In particular we show stability with respect to both perturbations
in the initial data and the functions f and ¢ in a suitable topology.

The present approach is based on the fact that the equation can be reformu-
lated as a system of ordinary differential equations taking values in a Banach
space. It turns out to be advantageous first to rewrite the equation as

ut"‘f(“)z + P =0, (1'53)
P — P, = g(u)+ %f”(u)ui (1.5b)

where we assume?

{ FeEWPZ(R), f"(u) #0, u€R, 16

1,

9 € Wigo" (R), g(0) = 0.

We will use this assumption throughout the paper.
Specifically, the characteristics are given by

ye(t,€) = f(u(t, y(t,€)).

n fact, it it is proved that a more general parabolic-elliptic system, allowing, e.g., for
explicit spatial and temporal dependence in the various functions, has a solution.

2Without loss of generality we may and will assume that g(0) = 0. Otherwise, (1.5b) should
be replaced by P — Pz = g(u) — g(0) + %f”(u)ui
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Define subsequently

U(t,€) = ult,y(t,€)),

y(t,€)
He9= [ (@) o

— 00

where U and H correspond to the Lagrangian velocity and the Lagrangian cu-
mulative energy distribution, respectively. It turns out that one can derive the
following system of ordinary differential equations taking values in an appropri-
ately chosen Banach space, viz.

Yt = Ua
Ut = _Q7
H, = G(U) — 2PU,

where the quantities G, @, and P can be expressed in terms of the unknowns
(y,U, H). Short-term existence is derived by a contraction argument. Global
existence as well as stability with respect to both initial data and functions f
and g, is obtained for a class of initial data that includes initial data u|;—¢p = @ in
H'(R), see Theorem 2.8. The transition of this result back to Eulerian variables
is complicated by several factors, one being the reduction of three Lagrangian
variables to two Eulerian variables. There is a certain redundancy in the Lagra-
gian formulation which is identified, and we rather study equivalence classes that
correspond to relabeling of the same Eulerian flow. The main existence result is
Theorem 2.9. It is shown that the flow is well-posed on this space of equivalence
classes in the Lagrangian variables, see Theorem 3.6. A bijection is constructed
between Lagrangian and Eulerian variables, see Theorems 3.8-3.11. On the set D
of Eulerian variables we introduce a metric that turns D into a complete metric
space, see Theorem 3.12.

The main result, Theorem 3.13, states the following: There exists a contin-
uous semigroup on D which to any initial data (@, 1) € D associates the pair
(u(t), u(t)) € D such that u(t) is a weak solution of (1.5) and the measure
w = p(t) with p(0) = [, evolves according to the linear transport equation
pe + (up)y = (G(u) — 2Pu), where the functions G and P are explicitly given.
Continuity with respect to all variables, including f and g, is proved. The total
energy as measured by pu is preserved, i.e., u(t)(R) = a(R) for all ¢t.

The abstract construction is illustrated on the one and two peakon solutions
for the Camassa—Holm equation.

The paper is organized as follows. In Section 2 the equation is reformulated
in terms of Lagrangian variables, and existence is first proved in Lagrangian
variables before the results are transformed back to the original Eulerian vari-
ables. Stability of the semigroup is provided in Section 3, and the construction
is illustrated on concrete examples in Section 4.
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2. EXISTENCE OF SOLUTIONS

2.1. Transport equation for the energy density and reformulation in
terms of Lagrangian variables. In (1.5b), P can be written in explicit form:

P(t,z) = %/Re"””’z‘(g ou+ %f” ouul)(t,z)de. (2.1)

We will derive a transport equation for the energy density u? + u2. Assuming

that u is smooth, we get, after differentiating (1.5a) with respect to x and using
(1.5b), that

et + 5 1 (W2 + ()t + P gl) = 0. (22)
Multiply (1.5a) by u, (2.2) by s, add the two to find the following equation
(2 )0 + () + 02))e = ~2(Pu)e + (2g(0) + [ (@) (23)
Define G(v) as

60) = [ (2a2) + ")) d (2.4
then (2.3) can be rewritten as
(w? +ul)e + (f' (W) (u® + u3))e = (G(u) — 2Pu)a, (2.5)

which is transport equation for the energy density u? + u2.
Let us introduce the characteristics y(t, ) defined as the solutions of

with y(0, ) given. Equation (2.5) gives us information about the evolution of the
amount of energy contained between two characteristics. Indeed, given £1,&s in
R, let

y(t,€2)

H(t) = / (u® +u2) do
y(t,€1)

be the energy contained between the two characteristic curves y(¢,£1) and y(¢, £2).

Then, we have

dH 9 o & y(t,62) y

E = [yt(tag)(u +ux)oy(t,§)}£l + (U +u;c)t dx. (27)
y(t,€1)

We use (2.5) and integrate by parts. The first term on the right-hand side of

(2.7) cancels because of (2.6) and we end up with

% = [(G(u) — 2Pu) o y]gf . (2.8)

We now derive a system equivalent to (1.5). The calculations here are formal and
will be justified later. Let y still denote the characteristics. We introduce two
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other variables, the Lagrangian velocity U and cumulative energy distribution H
defined by

U(t,8) = u(t, y(t,£)), (2.9)
y(t,€)
H(t, &) = /_ (u® +u2) da, (2.10)

respectively. From the definition of the characteristics, it follows from (1.5a) that

Ut(tv 5) = ut(ta y) + yt(ta g)uz (tv y)
= (ur + f'(u)ua) o y(t,€)
= —P,oy(t,¢). (2.11)

This last term can be expressed uniquely in term of U, y, and H. Namely, we
have

1 1
Proy(t.6) = = [ smn(y(t.6) = 2)e M9 gout 2 o uud)(t,2) dz

and, after the change of variables z = y(¢,7),

Pypoy(t,§) = —% / [sgn(y(i; €) — y(t,n))e WOyt
R

1
X (g ou+tf"o UUi) (&, y(tm))ye(t, n)} dn).
Finally, since He = (u? + u2)oy ye,

Proy(€) = = [ sen(u(&) = ylm)e O~

1 1

% ((90) = 1"V ye + 3 £"(U) He ) () dy - (2.12)

where the ¢ variable has been dropped to simplify the notation. Later we will

prove that y is an increasing function for any fixed time t. If, for the moment,
we take this for granted, then P,oy is equivalent to () where

Qt.€) = =3 [ sen(s = mexp (= sen(€ ~n)(u(©) - v(n)

1 1
< ((9U) = 517Uy + 3 £"(U) He ) () d, - (2.13)
and, slightly abusing the notation, we write

P(16) = 5 [ exp (= sen€ = )ul&) = ()

< ((6(0) = 37" W)0)e + 50" W) ) dn. - (2.14)
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Thus P,oy and Poy can be replaced by equivalent expressions given by (2.13)
and (2.14) which only depend on our new variables U, H, and y. We introduce
yet another variable, {(¢,&), simply defined as

¢(t,8) = y(t,§) =&

It will turn out that ¢ € L°°(R). We have now derived a new system of equations,
formally equivalent (1.5). Equations (2.11), (2.8) and (2.6) give us

Ct = Ua
Uy =-0Q, (2.15)
H,=GU)-2PU.

Detailed analysis will reveal that the system (2.15) of ordinary differential equa-

tions for ((,U,H): [0,T] — E is well-posed, where E is a Banach space to be
defined in the next section. We have

Qc = —%f”(U)HE +(P+ %f”(U)U2 —9(0))e,

and P; = Que. Hence, differentiating (2.15) yields
Cee = ["(U)Ug (or yer = f"(U)Ue),
Uei = 5 /(O e = (P+ 5/ O0 = g@)ge, (210
Hyy = ~2QUye + (29(U) ~ J"(U)U ~ 2P)U

The system (2.16) is semilinear with respect to the variables y¢, Us and He.

2.2. Existence and uniqueness of solutions in Lagrangian variables. In
this section, we focus our attention on the system of equations (2.15) and prove,
by a contraction argument, that it admits a unique solution. Let V be the Banach
space defined by

V={feCR)|fe € L*(R)}
where Cy(R) = C(R) N L>(R) and the norm of V' is given by || flly, = I f[| o g +
HngLQ(R). Of course HY(R) C V but the converse is not true as V contains

functions that do not vanish at infinity. We will employ the Banach space E
defined by

E=VxH'R)xV

to carry out the contraction map argument. For any X = ((,U,H) € E, the
norm on F is given by

1Xllg = ISy + 11Ul g gy + 1 HIly -
The following lemma gives the Lipschitz bounds we need on @) and P.

Lemma 2.1. For any X = ((,U,H) in E, we define the maps Q and P as
Q(X) = Q and P(X) = P where Q and P are given by (2.13) and (2.14),
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respectively. Then, P and Q are Lipschitz maps on bounded sets from E to
HY(R). Moreover, we have

Qe =5/ O He + (P+ L f" (007 — @)1+ &), (217)
Pe = Q(1+ Ce). (2.18)
Proof. We rewrite Q as
—¢(€)
Q(xX)(6) = - /]R Nineey (e E s
< ((90) = S F" U1+ ) + 57" (V) H ) ()
¢(&)
L8 . /RX{WE}(U)G(E—n)e—C(n)
x ((6U) = 55" @) (1 +Ge) + 57" (V) H ) (n) o, (2.19)

where xp denotes the indicator function of a given set B. We decompose Q into
the sum Q; + Qs where Q; and Qs are the operators corresponding to the two
terms on the right-hand side of (2.19). Let h(£) = X{e>03(§)e™ and A be the
map defined by A: v — hxv. Then, Q1 can be rewritten as

e*C(f)
Qu(X)(§) = ——5—40R(C U, H)(§) (2.20)
where R is the operator from E to L?(R) given by

R(GU,H)(©) = €O (1) = 57/ (001 +Ge) + 5 /" (O)H)©).  (221)

We claim that A is continuous from L?(R) into H'(R). The Fourier transform
of h can easily be computed, and we obtain

1

i) = [ e e ds =

. 2.22
2imn ( )

The H'(R) norm can be expressed in term of the Fourier transform as follows,
see, e.g., [14],

o0l sy = || (L 32) 2R

L2(R)

. — 7 A
Since h x v = hv, we have

1,
ol 1y = [ (14 m2) i

L2(R)

=C|[v]z2®) by Plancherel equality
for some constant C. Hence, A: L?(R) — H'(R) is continuous. We prove that
R(¢,U, H) belongs to L?(R) by using the assumption that g(0) = 0. Then,

AoR((,U, H) belongs to H!. Let us prove that R: E — L?(R) is locally Lipschitz.
For that purpose we will use the following short lemma.
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Lemma 2.2. Let Byy ={X € E | | X||zp < M} be a bounded set of E.

(i) If g1 is Lipschitz from By to L>°(R) and g2 Lipschitz from By to L*(R),
then the product g1g2 is Lipschitz from By to LQ(R).

(i) If g1, g2 are two Lipschitz maps from By to L°(R), then the product g1g2
is Lipschitz from By to L (R).

Proof of Lemma 2.2. Let X and X be in By, and assume that g; and g» satisfy
the assumptions of (7). We denote by L; and Lo, the Lipschitz constants of g4
and go, respectively. We have

||91(X)92(X) - gl(X)g2(X)||L2(R)
< Hgl(X) - gl(X)HLoo(]R) ”gQ(X)”LZ(]R) + Hgl(X)HLoo(R) ||92(X) - gZ(X)HLz(R)
< [2L1LoM + Ly [|92(0) || 2 gy + L2 191 (0) | oo ey ] [|X — X || 5

and (4) is proved. One proves () the same way. O

Let us consider a bounded set By = {X € E'| || X[z < M} of E. For X =
(C.U,H) and X = (¢, U, H) in By, we have [|[U|| pwz) < 51Ul g1y < 75 M,
because % is the constant of the Sobolev embedding from H!(R) into L>(R),

and, similarly, ||U||Lx(R) \/_M Let I = [— \}—M \/_M] and
Lar = [ fllws.ee (1) + 19llwr.oe (1) < 00 (2.23)

Then
l9@) = 9| 12y < N9llwro () 1T = Ull 2y < Lot [T = U 12

Hence, g1: X — g(U) is Lipschitz from By to L?(R). For X, X in By, we
have ([0 r) < M and HCHLW(R) < M. The function x — e* is Lipschitz on

{x € R| |z| < M}. Hence, g2: X ~ €S is Lipschitz from By to L>=(R). Thus,
the first term in (2.21), g1(X)g2(X) = eSg(U), is, by Lemma 2.2, Lipschitz from
By to L?(R). We look at the second term, that is, eSg(U){. For X, X in By,
we have

l9(U) —g(U)HLOO(R) 9l w0 (200 U~ UHLOO(]R) \/—LM U - UHHl(]R)'

Hence, X + g(U) is Lipschitz from B, to L>(R) and, by Lemma 2.2, as X s e¢
is also Lipschitz from By to L>(R), we have that the product X — e¢g(U) is
Lipschitz from Bjs to L*°(R). After using again Lemma 2.2, since X + (¢, being
linear, is obviously Lipschitz from By to L?(IR), we obtain, as claimed, that the
second term in (2.21), e¢g(U)(e, is Lipschitz from Bys to L%(R). We can handle
the other terms in (2.21) similarly and prove that R is Lipschitz from Bjs to
L?(R). Since A: L?(R) — H'(R) is linear and continuous, A4 o R is Lipschitz
from By to HY(R). Then, we use the following lemma whose proof is basically
the same as the proof of Lemma 2.2.
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Lemma 2.3. Let Ri: By — V, Ro: By — HY(R), and R3: By — V. be three
Lipschitz maps. Then, the products X — R1(X)R2(X) and X — R (X)R3(X)
are also Lipschitz maps from By to HY(R) and Bys to V., respectively.

Since the map X +— e~¢ is Lipschitz from Bj; to V, @ is the product of
two Lipschitz maps, one from By; to H'(R) and the other from Bj; to V, and
therefore it is Lipschitz map from Bj; to H'(R). Similarly, one proves that Qs
and therefore Q are Lipschitz on Bj;. Furthermore, P is Lipschitz on By;. The
formulas (2.17) and (2.18) are obtained by direct computation using the product
rule, see [13, p. 129]. O

In the next theorem, by using a contraction argument, we prove the short-time
existence of solutions to (2.15).

Theorem 2.4. Given X = (¢,U,H) in E, there exists a time T depending only
on ||XHE such that the system (2.15) admits a unique solution in C*([0,T], E)
with initial data X.

Proof. Solutions of (2.15) can be rewritten as
t
X(t) = )‘(+/ F(X(r))dr (2.24)
0

where F: E — E is given by F(X) = (f'(U),—Q(X),G(U) — 2P(X)U) where
X = (¢,U,H). The integrals are defined as Riemann integrals of continuous
functions on the Banach space E. Let Bj; and Lj; be defined as in the proof
of Lemma 2.1, see (2.23). We claim that X = ((,U,H) — f/(U) and X =
(¢,U,H) — G(U) are Lipschitz from Bjs to V. Then, using Lemma 2.1, we can
check that each component of F/(X) is a product of functions that satisfy one of
the assumptions of Lemma 2.3 and using this same lemma, we obtain that F(X)
is Lipchitz on Bps. Thus, F is Lipschitz on any bounded set of E. Since FE is a
Banach space, we use the standard contraction argument to show the existence
of short-time solutions and the theorem is proved. For any X = ({,U, H) and

X =(¢,U, H) in Bay, we have [|[U]| ) < 75 M and ||U||LW(R) < —5M. Then,

L
V2

and X — f/(U) is Lipschitz from By into L (R). Since f’is C* and U € H(R),
using [19, Appendix A.1], we obtain that f/'(U)¢ € L*(R) and

I (U)e = f"(U)Ug.

As before, it is not hard to prove that X — f”(U) is Lipschitz from By, into
L>*(R). It is clear that X + U is Lipschitz from B into L?(R). Hence, it
follows from Lemma 2.2 that X — f”(U)U; is Lipschitz from By into L*(R).
Therefore, X — f/(U) is Lipschitz from By into V. Similarly, one proves that
X — G(U) is Lipschitz from By into V' and our previous claim is proved. ([

Hf,(U) - f,(U)HLx(R) < ||f,||W1’°O(IJ\/I) HU - U||L°°(R) < Lu HX - X”E
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We now turn to the proof of existence of global solutions of (2.15). We are
interested in a particular class of initial data that we are going to make precise
later, see Definition 2.5. In particular, we will only consider initial data that
belong to E N [Ififl"x’(l&ﬂ3 where

Whe(R) = {f € Cy(R) | fe € L™(R)}.

Given (¢, U, H) € EN[WH*°(R)]?, we consider the short-time solution (¢, U, H) €
C(]0,T], E) of (2.15) given by Theorem 2.4. Using the fact that Q and P are
Lipschitz on bounded sets (Lemma 2.1) and, since X € C([0,T1], E), we can prove
that P and @ belongs to C([0,T], H*(R)). We now consider U, P and Q as given
function in C([0,T], H*(R)). Then, for any fived £ € R, we can solve the system
of ordinary differential equations

d 1"
%a(tv 5) = f (U)ﬁ(ta 5)7
LB = 51" UN 1.6 + (— 37" O +9(U) ~ P)(1 +0)(1,), (225)

LA(,6) = ~2QU)(1+a)(1,6) + (29(U) + f/(U)U ~ 2P)(1,€),

which is obtained by substituting (¢, Us and He in (2.16) by the unknowns «, 3,
and 7, respectively. Concerning the initial data, we set (a(0,¢), 8(0,£),7(0,£)) =
(Ce, Ue, He) if |Ce(§)] + |Ue(©)] + [He(€)| < oo and ((0,£),5(0,£),7(0,€)) =
(0,0,0) otherwise. In the same way as in [16, Lemma 2.4], see also Lemma 2.6
below, we can prove that solutions of (2.25) exist in [0, 7] and that, for all time
te0,T],

(Oé(f,, 5)7 B(tv f)a ’Y(tv f)) = (Cﬁ(f'a f)? Uf(tv g)a HE (t7 g))

for almost every £ € R. Thus, we can select a special representative for (¢, Ue, He)
given by (a, §,7), which is defined for all £ € R and which, for any given &, satis-
fies the ordinary differential equation (2.25) in R3. From now on we will of course
identify the two and set (¢, Ue, He) equal to (a, 3,7).

Our goal is to find solutions of (1.5) with initial data @ in H' because H'! is
the natural space for the equation. However, Theorem 2.4 gives us the existence
of solutions to (2.15) for initial data in E. Therefore we have to find initial
conditions that match the initial data u and belong to E. A natural choice would
be to use (€£) = y(0,€) = ¢ and U(&) = u(€). Then y(t, &) gives the position
of the particle which is at £ at time ¢ = 0. But, if we make this choice, then
H¢ = 4? + 42 and H¢ does not belong to L?(R) in general. We consider instead
y implicitly given by

7(&)
€= / (@ + a2) dx + 7€) (2.26a)
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and
U = w0y, (2.26b)
_ 7
H= (u® + u2) da. (2.26¢)

In the next lemma we prove that (7, U, H) belongs to the set G where G is defined
as follows.

Definition 2.5. The set G is consists of all (¢,U, H) € E such that

(C.UH) € [Wh=(R)]”, (2.27a)

ye > 0, He > 0,y¢ + He > 0 almost everywhere, and ) lim H({) =0, (2.27b)
——00

yeHe = ygU2 + UEQ almost everywhere, (2.27¢)

where we denote y(&) = ((&) + &.
Lemma 2.6. Given i € H'(R), then (y,U, H) as defined in (2.26) belongs to G.

Proof. The function k: z — [ (a?+u2)(z) dz + 2 is a strictly increasing continu-

ous function with lim, .+ k(z) = +oco. Hence, k is invertible and (¢) = k' (¢)
is well-defined. We have to check that (¢,U, H) belongs to E. It follows directly
from the definition that 7 is a strictly increasing function. We have

() = —/ (a® +u2) dz, (2.28)

and therefore, since @ € H', { is bounded. For any (¢,¢') € R?, we have

€&l =

(&)
/ (@ + ) dr + 9(6) — 3(E)
g(&")

7(&)
/ (@ + a2) da
7€)

because the two quantities inside the absolute values have the same sign. It
follows from (2.29) that ¢ is Lipschitz (with Lipschitz constant at most 1) and
therefore almost everywhere differentiable. From (2.28), we get that, for almost
every £ € R,

+19(6) — 9(&) (2.29)

(e = —(u + ;)07 Te
Since 7¢ = 1 + (g, it implies
u® + u2

Ce(§) = —mo

y(€). (2.30)

Therefore fg is bounded almost everywhere and ¢ belongs to W (R). We also

have 1
Yg = ———F——= 0y 2.31
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which implies that e > 0 almost everywhere. From (2.28), we see that H=-
and therefore H belongs to W1H°(R). Since H!(R) C L*(R), U = u
bounded. We have, for almost every £ € R,

He = (a® +u7)oy ge (2.32)
which, since UE = Uz oY y¢ almost everywhere, gives us
YeHe = y7U% + UZ. (2.33)

Hence, UZ < yeHe and Ug is bounded and U belongs to W>°(R). We have
(¢, U,H) € [WE>(R)]3. It remains to prove that U, (¢, Us and H¢ belong to
L?(R). By making the change of variable z = #(£) and using (2.31), we obtain

HUH;(R) = /R’L_‘Q(x)(l +a* + u2)(z) dx

2 2 2
<Nl + 1l 00 my 18l 70 @) -
Hence, U € L*(R). Since 0 < H¢ < 1, H is monotone and

el oy < el ey e sy < Jimm HC) = Il sy
Hence, He, and therefore (¢, belong to L2(R). From (2.33) we get

HU§||L2(1R) = HyéHﬁuLl(R) (1+ HQHLW(R) ||H||L°°(]R)
and Ug € L*(R). O

For initial data in G, the solution of (2.15) exists globally. To prove that we
will use the following lemma.

Lemma 2.7. Given initial data X = ((,U, H) in G, let X(t) = (C(t),U(t), H(t))
be the short-time solution of (2.15) in C([0,T], E) for some T > 0 with initial
data X = (,U, H). Then,

(i)  X(t) belongs to G for allt € [0,T], that is, G is preserved by the flow.

(it)  for almost every t € [0,T], ye(t,&) > 0 for almost every £ € R,

(itt) For allt € [0,T], limg_+o0 H(t,&) exists and is independent of time.

We denote by A the set of all £ € R for which [(e(€)| + ‘Ug )|+ ‘Hg )| < o0
and the relations in (2.27b) and (2.27c) are fulfilled for y¢, Us and He. Since
by assumption X € G, we have meas(A°¢) = 0, and we set (Ug, He, (¢) equal to
zero on A€. Then, as we explained earlier, we choose a special representative for
(C(t,8),U(t,€), H(t,&)) which satisfies (2.16) as an ordinary differential equation
in R3 for every ¢ € R.

Proof. (i) The fact that W1 (R) is preserved by the equation can be proved in
the same way as in [16, Lemma 2.4] and we now give only a sketch of this proof.
We look at (2.15) as a system of ordinay differential equations in £ N W1°(R).
We have already established the short-time existence of solutions in F, and, since
(2.16) is semilinear with respect to ye, Ue and He (and affine with respect to (g,
Ue and Hy), it is not hard to establish, by a contraction argument, the short-time
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existence of solutions in ENW'>(R). Let Cy = sup,cpo. 7 ([IU(2, M@ +

1Pt ) ooy TNQE: )l gy ) and Z(2) = Gt )| ooy + 1Ue(t )l e z) +
[He(t, )l poory- We have C1 < sup;ejo 1y | X (¢, -)[[p < co. Using again the
semi-linearity of (2.16), we get that

Z(t) < 2(0) + CT + c/t Z(r)dr
0

for a constant C' that only depends on C;. Hence, it follows from Gronwall’s
lemma that sup,c(o ) Z(t) < oo, which proves that the space Whe(R) is pre-
served by the flow of (2.15). Let us prove that (2.27¢) and the inequalities in
(2.27b) hold for any £ € A and therefore almost everywhere. We consider a fixed
¢ in A and drop it in the notations when there is no ambiguity. From (2.16), we
have, on the one hand,

(YeHe)t = yer He + Herye
= f"(U)UeHe + (G'(U)Ue — 2QUye — 2PUs) ye
= f"(U)UeHe + (29(U) + f"(U)U?)Ueye — 2QuzU — 2PUcye
and, on the other hand,
WU + UE)e = 2yeryeU? + 242 UsU + 2Ug U
= 2f"(U)UeyeU? - 242QU

2 (5 (U) e — & f(U)U e + 90 ) — Pye).

Thus, (ye He — y2U? — UZ); = 0, and since ye He(0) = (yZU? + UZ)(0), we have
yeHe(t) = (ygU2 + Ug)(t) for all t € [0,T]. We have proved (2.27c). Let us
introduce t* given by

t* =sup{t € [0,T] | ye(t') >0 for all ¢’ € [0,¢]}.

Recall that we consider a fixed £ € A, and drop it in the notation. Assume that
t* < T. Since y¢(t) is continuous with respect to time, we have

ye(t*) =0. (2.34)
Hence, from (2.27c) that we just proved, U¢(t*) = 0 and, by (2.16),
ye(t°) = f"(U)Ue (") = 0. (2.35)
From (2.16), since y¢(t*) = Ug(t*) = 0, we get
1
veu(t) = f"(U)Ua(t) = 5" (U)* He(t"). (2.36)

If He(t*) = 0, then (ye, U, He)(t*) = (0,0,0) and, by the uniqueness of the
solution of (2.16), seen as a system of ordinary differential equations, we must
have (ye, Ug, He)(t) = 0 for all t € [0, T]. This contradicts the fact that y¢(0) and
H¢(0) cannot vanish at the same time (¢ + He > 0 for all £ € A). If He(t*) <0,
then yeu(t*) < 0 because f does not vanish and, because of (2.34) and (2.35),
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there exists a neighborhood U of t* such that y(t) < 0 for all ¢t € U \ {¢t*}. This
contradicts the definition of ¢*. Hence,

He(t*) > 0, (2.37)

and, since we now have ye(t*) = yg(t*) = 0 and yeu(t*) > 0, there exists
a neighborhood of t* that we again denote by U such that ye(t) > 0 for all
t € U\ {t*}. This contradicts the fact that t* < T, and we have proved the first
inequality in (2.27b), namely that ye(t) > 0 for all ¢ € [0,T]. Let us prove that
He(t) > 0 for all ¢ € [0,7]. This follows from (2.27c) when y¢(¢) > 0. Now,
if ye(t) = 0, then Ug(t) = 0 from (2.27c), and we have seen that He(t) < 0
would imply that y¢(¢') < 0 for some ¢’ in a punctured neighborhood of ¢, which
is impossible. Hence, H¢(t) > 0, and we have proved the second inequality in
(2.27b). Assume that the third inequality in (2.27c¢) does not hold. Then, by
continuity, there exists a time ¢ € [0,7T] such that (ye + He)(t) = 0. Since ye
and He are positive, we must have ye(t) = He(¢) = 0 and, by (2.27c), Ug(t) = 0.
Since zero is a solution of (2.16), this implies that y¢(0) = U¢(0) = H¢(0), which
contradicts (ye¢ + He)(0) > 0. The fact that lime_,_ o H(¢,£) = 0 will be proved
below in ().
(i) We define the set

N ={(t€) € [0, T xR | y¢(t,£) = 0}

Fubini’s theorem gives us

meas(N) = /Rmeas(/\/g) d¢ = meas(N;) dt (2.38)

[0,T7]
where N and NV, are the ¢-section and ¢-section of AV, respectively, that is,
Ne ={t €[0,T] | ye(t,€) = 0}

and

Ne={§ €R | ye(t,€) =0}
Let us prove that, for all § € A, meas(Ng) = 0. If we consider the sets N defined
as

NE={t €0, T]] ye(t,€) = 0 and ye(t',€) > 0 for all ¢ € [t—1/n,t+1/n]\ {t}},

then

Ne=|J Mg (2.39)

neN

Indeed, for all ¢t € N¢, we have ye(t,£) = 0, yei(t,€) = 0 from (2.27¢) and (2.16)
and yeu (t,€) = 3/ (U)?He(t,€) > 0 from (2.16) and (2.27b) (ye and He cannot
vanish at the same time for £ € A). Since f” does not vanish, this implies that,
on a small punctured neighborhood of ¢, y, is strictly positive. Hence, ¢ belongs
to some an for n large enough. This proves (2.39). The set Ngn consists of
isolated points that are countable since, by definition, they are separated by a
distance larger than 1/n from one another. This means that meas(N¢') = 0 and,
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by the subadditivity of the measure, meas(N¢) = 0. It follows from (2.38) and
since meas(.A°) = 0 that

meas(N;) = 0 for almost every ¢ € [0, T. (2.40)
We denote by K the set of times such that meas(N;) > 0, i.e.,
K ={t € Ry | meas(N;) > 0}. (2.41)

By (2.40), meas(K) = 0. For all t € K¢, y¢ > 0 almost everywhere and, therefore,
y(t, &) is strictly increasing and invertible (with respect to ).

(1) For any given t € [0, T, since He(¢,€) > 0, H(t,€) is an increasing function
with respect to £ and therefore, as H(t, -) € L (R), H(t,€) has a limit when
¢ — 4o0o. We denote those limits H(t,4+00). Since U(t, -) € H'(R), we have
lime_, 400 U(t,€) =0 for all t € [0,T]. We have

H(t, &) = H(0,¢) +/0 [G(U) —2PU]| (7,&)dr (2.42)

and limg_ 4o G(U(%,€)) = 0 because limg_ 1o, U(t,€) = 0, G(0) = 0 and G is
continuous. As U, G(U) and P are bounded in L*([0,7] x R), we can let &
tend to oo and apply the Lebesgue dominated convergence theorem. We get
H(t,+00) = H(0,400) for all t € [0,T]. Since X € G, H(0,—o00) = 0 and
therefore H(t,—oc) = 0 for all ¢ € [0, T]. O

In the next theorem, we prove global existence of solutions to (2.15). We also
state that the solutions are continuous with respect to the functions (f,g) € &
(cf. (1.6)) that appear in (1.5). Therefore we need to specify the topology we
use on &. The space LS (R) is a locally convex linear topological space. Let K
be a given increasing sequence of compact sets such that R = U;en K, then the
topology of L5 (R) is defined by the sequence of semi-norms h — [|h|| ;o (g, )-
The space L2 (R) is metrizable, see [14, Proposition 5.16]. A subset B of L3, (R)
is bounded if, for all n > 1, there exists Cy, > 0 such that |[f[| <, ) < Cn
for all f € B, see [21, 1.7] for the general definition of bounded sets in a linear
topological space. The topologies of Wllf)’coo (R) follows naturally from the topology
of L (R) applied to the k first derivatives. We equip & with the topology

loc

induced W2>®(R) x L (R). We will also consider bounded subsets of £ in

loc loc
W22 (R) x Wb (R). A subset € of £ is bounded in W2™(R) x WL (R) if
for all n > 1, there exists Cy, such that || fllyy2.00(x, ) + 9w () < Cn for
all (f,g) € €. In the remaining, by bounded sets of £ we will always implicitly

mean bounded sets of € in W2 (R) x WL (R).

loc

Theorem 2.8. Assume (1.6). For any X = (y,U,H) € G, the system (2.15)
admits a unique global solution X (t) = (y(t),U(t), H(t)) in CY (R, E) with initial
data X = (y,U,H). We have X(t) € G for all times. If we equip G with the
topology induced by the E-norm, then the map S: G x € x Ry — G defined as

St(Xafag):X(t)
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is a semigroup which is continuous with respect to all variables, on any bounded

set of .

Proof. The solution has a finite time of existence T" only if || X (¢, -)||5 blows
up when t tends to T because, otherwise, by Theorem 2.4, the solution can be
extended by a small time interval beyond 7. Thus, We want to prove that
sup [|X (2, )l < oo.
te[O,T)

Since X (t) € G, He > 0, from (2.27b), and H(¢,§) is an increasing function in ¢
for all ¢ and, from Lemma 2.7, we have lim¢ . H(t,&) = lim¢e_.o H(0,§). Hence,
SUP¢eo,T) | H(t, ')HLOO(]R) = ||H||Lac(]R) and therefore SUP¢elo,T) | H (t, ')||Lac(1R) is
finite. To simplify the notation we suppress the dependence in ¢ for the moment
and denote h = HHHLOO(R). We have

206y — ¢ _
U=(§) =2 U(n)Ug(n) dn =2 U(n)Ue(n) dn (2.43)

—o0 {n<&lye(n)>0}
since, from (2.27c), Ue(n) = 0 when ye(n) = 0. For almost every £ such that
ye(€) > 0, we have

Ue(€) | 1 2 UVZ©Y\ 1
U)—=|<-|U —— | = -H,

from (2.27c). Inserting this inequality in (2.43), we obtain U?(£) < H(£) and we
have

U©Ue(©)] =

Ut &) eI :=[-vVh,Vh] (2.44)
for all t € [0,T) and £ € R. Hence, supcjo 1y [|U(¢, - )| o (r) < 00. The property
(2.44) is important as it says that the L>°(R)-norm of U is bounded by a constant
which does not depend on time. We set

&= | fllwaeecry T 19lweo(ry -
By using (2.44), we obtain

1 @) ooy < NF Nl poery < 5 (2.45)
Hence, from the governing equation (2.15), it follows that

€&, &) < [¢(0, ) + wT,

and sup; o 1) I<(t, - )”Lw(R) is finite. Next we prove that sup,c(o 1) lQ(t, - )||L°°(R)
is finite. We decompose @ into a sum of two integrals that we denote @, and
@y, respectively,

Q(t,€) = —% /ngn(f —n)e” WOy () (g(U) — %f”(U)UQ) dn

1
- / sgn( — n)e~ VOO (1) H
R

= Qa + Qb~
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Since y¢ > 0, we have

Qa(t,€)] < C1 / e WOVly () dy = Cy / e~ WO=2l gz — 20,
R R

where the constant C'; depends only on s and h. Since H¢ > 0, we have

K

@16 < 5 [ OO ()

4
kh
4 Jr

h
= % (after changing variables).

Hence, @ and therefore () are bounded by a constant that depends only on s
and h. Similarly, one proves that sup,cio 1) [[P(t, -1 (g) is bounded by such
constant. We denote

Co= sup {[|U(t, )z + 1HE )l Lo w)
te[0,T)

FCE M peewy + 1PE ooy + 1QE )l poory}- (2.46)

We have just proved that C5 is finite and only depends on ||)_( || g I'and K. Let
t €1[0,T). We have, as g(0) =0,

lg(U(t Dl 2@y < Ngllwroe ) 10N 2@y < KUl L2 gy - (2.47)
We use (2.47) and, from (2.21), we obtain that
1R 2@y < CUUE L2y + 1€t )l Lo@y + 1He® )l L2@))
for some constant C' depending only on C3, h and . From now on, we denote
generically by C such constants that are increasing functions of HX H 5 I and
k. Since A is a continuous linear map from L?*(R) to H!(R), it is a fortiori
continuous from L?(R) to L2(R), and we get

JAo R(t gy < CUUE iz + 16t Mz + 1Helts ) 2gey):
From (2.20), as He‘C(t")HLw(R) < C, we obtain that
1Q1(ts L2y < CUUE: L2y + 1<t )l 2y + 1 He (s )l 2 w))-
The same bound holds for Q2 and therefore
1QE, 2@ < CUUE llLomy + I o + 1Helts p2my)-  (2:48)
Similarly, one proves
1P gy < CUUE ey + 16t o + 1Helts ) pagmy)- (2:49)

Let Z(t) = U (t, )l oy Gt )y 1Ue(ts Moy 1 He(ts )l g then
the theorem will be proved once we have established that sup,cjo ) Z(t) < oo.

- / sgn(& — n)e WOV (1))ye(n) dy  (after integrating by parts)
R

e~ W@=vMly, (n) dn (as ye > 0)
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From the integrated version of (2.15) and (2.16), after taking the L?(R)-norms
on both sides and adding the relevant terms, we use (2.49), (2.47) and obtain

2() < Z(0) + C / 20y

Hence, Gronwall’s lemma gives us that sup,cjo ) Z(t) < co. Thus the solution
exists globally in time. Moreover we have that

sup [|X(t, )llg < C(|X] 5, T k) (2.50)
€[0,T7]

where Cl’ is an incr(fasing function and £ = || fllyys.c (1) + 9l () with I =
[— ||HH§°°(]R) , HHHEw(R)]' Note that in order to obtain (2.47), we needed a bound

on g in Wﬁ)fo (R), which explains why we are working on a bounded subset of £
in W2>2(R) x WU (R).

Wle?cnow turn lc‘ég the proof of the continuity of the semigroup. Let £’ be
a bounded set of & in W °(R) x W,-°(R). Since G and £ are metrizable,
it is enough to prove sequential continuity. Let X,, = (yn,U,, Hn) € G and
(fn,9n) € & be sequences that converge to X = (y,U, H) € Gand (f,g) € £'. We
denote X, (t) = S¢(Xn, fn, gn) and X (t) = Sy(X, f,g). Let M = sup,, ||X"HE’

we have HHnHLw(R) < M for all n > 1. Hence, from (2.44), it follows that

Un(t,8) € I:=[-VvM,VM] (2.51)
for all n > 1 and (¢,€) € Ry x R. Since &’ is a bounded set of £ in Wli’coo (R) x
WE(R) and (fn, gn) € £, there exists a constant £ > 0 such that

loc

[ fnllwzoery + lgnll w1y < &

for all n > 1. Hence, as I, :=[— HHnH%w(R) , | H”HEOO(R)] cl,
tin = [[fnllwzoo i,y + lgnllw e r,) < & (2.52)
for all n > 1. Given T > 0, it follows from (2.50) and (2.52) that, for all n > 1,
tes[l(l)pT] [Xn(t, Mg < CUXn| 5 T, kn) <C(M, T, k) = C’ (2.53)

and sup,¢jo, 77 [|[Xn(t, )|/ is bounded uniformly with respect to n. We have

1Xn(t) = X5 < [ Xn = X|| 5 +/0 1E(Xn, fr gn) = F(X, f,9)|| g (s) ds

(2.54)
where F' denotes the right-hand side of (2.15). We consider a fixed time ¢ € [0, T]
and drop the time dependence in the notation for the moment. We have

HF(Xnvfnagn) _F(X7 fvg)HE < ”F(menvgn) - F(Xnvag)HE
+IFXn, f,9) = F(X, f,9) - (2:55)
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The map X — F(X, f,g) is Lipschitz on any bounded set of E, see the proof of
Theorem 2.4. Hence, after denoting L the Lipschitz function of this map on the
ball {X € E | || X|| 5 < C'}, we get from (2.53) that

1E (X, f,9) = F(X, f,9)llg < L[ Xn — X5 - (2.56)

Denote by Q. and Q,, the expressions given by the definition (2.13) of @ where
we replace X, f, g by Xy, fn, gn and Xp, f, g, respectively. We use the same
notations and define P, and P, from (2.14), and G, and G,, from (2.4). For

example, we have

U, ) U
G = / (2gn(2) + f/(2)2?) dz and G,, = / (29(2) + f"(2)2?) dz.
0 0

Still using the same notations, we have, from (2.21),

(Rn - Rn)(f) = e (gn(Un) —g(Un) — %(frlz(Un) - fl(Un))UTQL))(l + Cn,&)
S (FUU)  F(U) e (2:57)

Let bn = I = Fllaery + 90 = gll o (ry- Since (fus ga) = (fg) in £ 6 — 0
as n — oo. Hence, from (2.57) and (2.51), we get

~ C/
[ = By = € Uln02) = 9028y + € 9 (Un) = 9(Un) 0
1
+ 50 1 U) = (Ul ey (M + D)
1
50 17U = U)oy ) (2.58)

Let 6;, = [|gn(U) = 9(U) |l p2(), We then have

lg(Un) — gn(Un)”L?(R) < lgn(Un) — gn(U)||L2(]R) + 05 + 9(Un) — g(U)||L2(]R)

Since gn — g in L>(I), gn(U) — gn(U) in L=(R). As |gn(U) — g(U)| < 2k |U]|
(because g(0) = 0 and ||g|[yy1.0(;y < &), We can apply the Lebesgue dominated
7, = 0. From (2.58) and (2.59),

convergence theorem and obtain that lim, . d],

we obtain that

HRn _Rn

!
poggy < COn 484 U = Ullpagey)

for some constant C' which depends on M, T and . Again, we denote generically
by C' such constants that are increasing functions of M, T and k, and are inde-
pendent on n. Since A in (2.20) is continuous from L?(R) to H(R), it follows

that HQ" —Qn < C(0n+0,+||Un — Ullz2m) ). Similarly, one proves that

H(R)
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P,— P,

. <C(6n+ 6, + U, — U||L2(R)). We have

fo. -], = -
Vv

"l oo (r)
+ [ (2090 (Un) = 9(U)) + (f1(Un) = £ Ua))U2) Unie| 2
< VM (21lgn(Un) = 9(Un) | ooy + M UE7Un) = £ (Un) | oy )

+2C|ga(Un) = 9(Un)ll oo gy + C'M [[f7(Un) = " (Un) |l oo gy
< Cép

by (2.59). Finally, we have
Gathering (2.54), (2.55), (2.56) and (2.60), we end up with

IXn(t) = X g < || Xn = X|| g + CT (00 +6,,) + (L+C)/O X5 = X[ (s) ds

and Gronwall’s lemma yields
1Xa(®) = X(®)ll g < (| Xn = K|, + CT(Gn + 7)) eFFOT.
Hence, X,, — X in E uniformly in [0, T]. O

The solutions are well-defined in our new sets of coordinates. Now we want to
go back to the original variable u. We define u(t, z) as

u(z,t) = U(&) for any & such that = y(¢). (2.61)

Let us prove that this definition is well-posed. Given z € R, since y is increasing,
continuous and lim¢_,+., ¥y = Fo00, y is surjective and there exists £ such that
x = y(&). Suppose we have & < & with © = y(&1) = y(£2). Then, since y is
monotone, y(§) = y(&1) = y(&) for all £ € (&1,&) and ye = 0 in this interval.
From (2.27c), it follows that Us = 0 on ({1, &2) and therefore U(&1) = U(&2).

Theorem 2.9 (Existence of weak solutions). For initial data u € H'(R), let
(y,U, H) be as given by (2.26) and (y,U, H) be the solution of (2.15) with ini-
tial data (3§,U,H). Then u as defined in (2.61) belongs to C(Ry, L>®(R)) N
L>®R,, H'(R)) and is a weak solution of (1.1).

Proof. Let us prove that u € L>°(R, H(R)). We consider a fix time ¢ and drop
it in the notation when there is no ambiguity. For any smooth function ¢, after
using the change of variable = y(&), we obtain

/uaﬁdw:/U(aﬁoy)ygdé:/U\/%((ﬁoy)\/%d&-
R R R

Hence, by Cauchy—Schwarz,

\ / udde| < 16l o) / U2ye de < /I 9]l ogey
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as U?ye < He from (2.27c). Therefore, u € L?(R) and
[Ju(t, ')||L2(R) < \/H(ta 00) = \/H(O, 00) = ||EHH1(]R) .
For any smooth function ¢, we have, after using the change of variable z = y(£),
[ u@)sala)da = [ U©0 €)@ d = - [ V) @on(©)de. (262)
R R R

Let B = {£ € R | ye(&§) > 0}. Because of (2.27c), and since y¢ > 0 almost
everywhere, we have Us = 0 almost everywhere on B¢. Hence, we can restrict
the integration domain in (2.62) to B. We divide and multiply by /y¢ the
integrand in (2.62) and obtain, after using the Cauchy—Schwarz inequality,

/umdx sboy\/_dé“' \/ yzdé,/ (6 0 y)2ye de.

y (2.27¢), we have Z—: < H¢. Hence, after another change of variables, we get

/R ugy dz| < \/H(00) |l 2z

which implies that u, € L?*(R) and ||u.(t, Mrzw < Ml gy Hence, u €
L>(R, H'(R)) and

[l oo, pr1 Yy < 2 [0 sy - (2.63)

Let us prove sequential convergence in C(R4, L>*(R)). Given ¢ € Ry and a
sequence t, € Ry with ¢, — ¢, converges to t, we set y,(§) = y(tn, &), Un(§) =
U(tn,§) and Hy(§)) = H(tn,§) and, slightly abusing notation, (y(£), U(§), H()) =
(y(t,8),U(t, &), H(t,&)). For any x € R, there exist &, and &, which may not be
unique, such that = y,(&,) and = = y(&). We set 2, = y,(§). We have

and

[u(tn, z) — u(tn, zn)| =

T
/ Uy (t, x") d2’
Tn
. 1/2
< V|zn — 2| </ Uy (tn, x')? dx') (Cauchy—Schwarz)
< V(&) =yl [ull poo r, 111 m))

_ 1/2
< 2[) 1 gy Iy = o 112 ) - (2.65)

by (2.63). Since y, — y and U,, — U in L*°(R), it follows from (2.64) and (2.65)
that u, — u in L>=(R).
Since u € L®(Ry, H'(R)), g(u) + 3 f"(uw)u? € L*(Ry,L'(R)) and, since
— (1 — Ozz) v is continuous from H~(R) to H(R), P € L>®(R,, H*(R)).
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We say that u is a weak solution of (1.5) if
/ (—udr + F(W)ud + o) (¢, 7) dtdz = 0 (2.66)
Ry xR

for all ¢ € C°(R; x R) with compact support. For ¢t € K¢, that is for almost
every ¢ (see (2.41) in Lemma 2.7), ye(¢,&) > 0 for almost every £ € R and y(¢, -)
is invertible, we have Us = u, o yye and, after using the change of variables

x=y(t,§), we get

/ [t 2)a (b 2) + f(ult, 2) g (£, ) (8, )] ddt
Ry xR

- /]R & [_U(t7 f)yﬁ (ta €)¢t (t7 y(t7 f)) + fl(U(ta f))UE (t7 §)¢(t7 y(t’ 5))] dgdt.
: (2.67)

Using the fact that y; = f/(U) and yer = f”(U)Ug, one easily check that

(Uygpoy)— (f(U)Upoy)e =Uyeproy — f'(U)Uepoy+ Uyepoy. (2.68)

After integrating (2.68) over Ry x R, the left-hand side of (2.68) vanishes and
we obtain

/HR+XR{_ Uye proy + f'(U)Us ¢Oy} dedt

1

- 5/ [sgn(f —n)e WO~y
R4 xR2?

x (o) = 5" OV0)we + 5" (U)He) (n)ye (€)bou(€) | dndeds
(2.69)

by (2.15). Again, to simplify the notation, we deliberately omitted the ¢ variable.
On the other hand, by using the change of variables z = y(t,£) and z = y(t,n)
when ¢ € K¢, we have

— /RMRPx(t,x)qﬁ(t,x) dxdt = %/]R+><]R2 [sgn(y(g) — y(n))e ¥©O -y
X (g ou+ %f// o uui) (t,y(n))o(t, y(f))yg (77)315 (©)| dndgdt.

For t € K¢, that is, for almost every ¢, ye(t, &) is strictly positive for almost every
¢, and we can replace ug(t,y(t,n)) by Ue(t,n)/ye(t,n) in the equation above.
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Using (2.27¢), we obtain

_ / Pu(t, 2)0(t, z) dudt (2.70)
Ry xR

N | =

/ [sgn({ _ p)elu©=uin|
]R+ xR2

X

(9(U) — 5 £ ()0 )y + 5 7" (V) He) (e () poy(€) | dndedt

2
(2.71)
Thus, comparing (2.69) and (2.71), we get
[ Ut + £ OWeo) dede = [ Pult,z)ot. o) doc
]R+ xR ]R+X]R
and (2.66) follows from (2.67). O

3. CONTINUOUS SEMI-GROUP OF SOLUTIONS

We denote by G the subgroup of the group of homeomorphisms from R to R

such that
f—1d and f~! —1Id both belong to W*°(R) (3.1)
where Id denotes the identity function. The set G can be interpreted as the set
of relabeling functions. For any a > 1, we introduce the subsets G,, of G defined
by
Ga = {f €G | ”f - Id”WL”(]R) + Hfil - IdHWl,oo(]R) < Oé}‘

The subsets G, do not possess the group structure of G. We have the following
characterization of G:

Lemma 3.1. [16, Lemma 3.2] Let o > 0. If f belongs to G, then 1/(1 +
a) < fe < 14 « almost everywhere. Conversely, if f is absolutely continuous,
f—1Id € L*(R) and there exists ¢ > 1 such that 1/c < fe < c almost everywhere,
then f € Go for some a depending only on ¢ and ||f —1d|| e g)-

We define the subsets F,, and F of G as follows
Fo={X=(y,U H)€G|y+HecG,},

and

F={X=(wUH)egG|y+HEeG}
For a = 0, we have Gy = {Id}. As we will see, the space Fy will play a special
role. These sets are relevant only because they are in some sense preserved by
the governing equation (2.15) as the next lemma shows.

Lemma 3.2. The space F is preserved by the governing equation (2.15). More
precisely, given o, T >0, a bounded set Byy ={X € E | || X||z < M} of E and
a bounded set E' of £, we have, for any t € [0,T], X € Fo N Buy and (f,g) € &,

St(Xafag) Gfa/
where o’ only depends on T, o, M and &’.
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Proof. Let X = (3,U, H) € F,, we denote X (t) = (y(t),U(t), H(t)) the solution
of (2.15) with initial data X. By definition, we have § + H € G, and, from
Lemma 3.1, 1/c < §e + f_Ig < ¢ almost everywhere, for some constant ¢ > 1
depending only a. Let h = H(oo) = H(t,o0). We have h < M and, from (2.44),
NU1 oo (ry xRy < Vh < VM. Let I = [—vV/M,v/M]. Since £ is bounded, there
exists £ > 0 such that || flly2.00 ) + [|9llyre(ry < & for all (f,g) € &' We
consider a fixed ¢ and drop it in the notation. Applying Gronwall’s inequality to
(2.16) to the function X (t — 7), we obtain

19¢ (0)] + |He (0)] + [Ue(0)] < e“T (|ye(t)] + [He(8)] + |Ue(t)]) (3:2)
for some constant C' which de,pends o || f"(U)ll ooy 1PNl Loomys 19U poo r)
QN L) UL () and [[G'(U)|poe(m)- In (2.46), we proved that ||P|,w g
and ||Q||LOO(R) only depend on M, k, T. Hence, the constant C' in (3.2) also only
depends on M, T and k. From (2.27¢c), we have

Ue(t)] < \/ye(t) He (1) < %(ys(t) + He ().

Hence, since ye and H are positive, (3.2) gives us

1 _ 3

= <+ He < e (ye(t) + He (1)),
and ye (t)+ He(t) > %e‘CT. Similarly, by applying Gronwall’s lemma, we obtain
ye(t) + He(t) < %CCCT~ We have [|(y + H)(t) _fHLoo(R) < ”X(t)”C([O,T],E) =
C(M,T,k), see (2.50). Hence, applying Lemma 3.1, we obtain that y(t, -) +
H(t, -) € G, and therefore X (t) € F,s for some o depending only on o, T'; M
and &’. |

For the sake of simplicity, for any X = (y,U, H) € F and any function r € G,
we denote (yor,Uor,Hor) by X or.

Proposition 3.3. [16, Proposition 3.4] The map from G x F to F given by
(r,X) — X or defines an action of the group G on F.

Since G is acting on F, we can consider the quotient space F/G of F with
respect to the action of the group G. The equivalence relation on F is defined
as follows: For any X, X’ € F, X and X’ are equivalent if there exists r € G
such that X’ = X o r. Heuristically it means that X’ and X are equivalent up
to a relabeling function. We denote by II(X) = [X] the projection of F into the
quotient space F/G. We introduce the map I': F — F given by

I'(X)=Xo(y+H)™*
for any X = (y,U,H) € F. We have I'(X) = X when X € Fy. It is not
hard to prove that T' is invariant under the G action, that is, I'(X or) = I'(X)
for any X € F and r € G. Hence, there corresponds to I' a map I' from the
quotient space F/G to Fy given by T'([X]) = I'(X) where [X] € F/G denotes the
equivalence class of X € F. For any X € Fp, we have T o I[(X) = I'(X) = X.
Hence, T o |z, = Id|£,- Any topology defined on Fy is naturally transported
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into /G by this isomorphism. We equip Fy with the metric induced by the
E-norm, i.e., dr,(X,X') = | X — X'||; for all X, X’ € Fy. Since Fy is closed in
E, this metric is complete. We define the metric on F/G as

dr/c([X], [X']) = IT(X) = T(X)lg ,

for any [X],[X'] € F/G. Then, F/G is isometrically isomorphic with Fo and the
metric dr/g is complete.

Lemma 3.4. [16, Lemma 3.5] Given o > 0. The restriction of T' to Fy is a
continuous map from F, to Fy.

Remark 3.5. The map I' is not continuous from F to Fy. The spaces F, were
precisely introduced in order to make the map I' continuous.

We denote by S: F x &€ x Ry — F the continuous semigroup which to any
initial data X € F associates the solution X (¢) of the system of differential
equation (2.15) at time ¢ as defined in Theorem 2.9. As we indicated earlier, the
generalized hyperelastic-rod wave equation is invariant with respect to relabeling,
more precisely, using our terminology, we have the following result.

Theorem 3.6. For any t > 0, the map Sy: F — F is G-equivariant (for f and
g given), that is,
Si(Xor) = S(X)or (3.3)

for any X € F and r € G. Hence, the map S : F/Gx E xRy — F/G given by
St([X];f,g) = [St(vavg)]

is well-defined. It generates a continuous semigroup with respect to all variables,
on any bounded set of £.

Proof. For any Xo = (yo,Uo, Ho) € F and r € G, we denote Xo = (%o, Ug, Ho) =
Xoor, X(t) = Si(Xo) and X(t) = S;(Xo). We claim that X(¢) o r satis-
fies (2.15) and therefore, since X(¢) o r and X(t) satisfy the same system of
differential equation with the same initial data, they are equal. We denote

X(t) = (4(t), U(t), H(t)) = X (t) or. We have

Ui =5 [ sen(€ = exp (= sen(€ = n)(3(O) - v(m)

x (o) = 3 /)y + 37" () He ) o). (3.4)

We have J¢ (€) = ye (r(€))re (€) and He(€) = He(r(€))re (€) for almost every € € R.
Hence, after the change of variables n = r(n’), we get from (3.4) that

0= 1 [ sen(€ =) exp (= sen(€ = n)(3() ~ i(n)
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We treat the other terms in (2.15) similarly, and it follows that (g, U H ) is

a solution of (2.15). Since (7, U,H’) and (y,U, H) satisfy the same system of

ordinary differential equations with the same initial data, they are equal, i.e.,
X(t) = X(t)or,

and (3.3) is proved. Let £ be a bounded set of £ and T' > 0. For t € [0,T], we

have the following diagram

II

Fo FIG (3.5)
|
Fa 5

|

Fox & —2sF/GxE

on a bounded domain of Fy whose diameter together with 7' and £’ determines
the constant «, see Lemma 3.2. By the definition of the metric on F/G, the
map I is an isometry from F/G to Fy. Hence, from the diagram (3.5), we see
that S;: F/G x & — F/G is continuous if and only if T' o S;: Fy x & — Fo
is continuous. Let us prove that I' o S;: Fy x & — Fy is sequentially continu-
ous. We consider a sequence X,, € Fy that converges to X € Fj in Fy, that is,
limy, 00 || Xn — X||p = 0 and a sequence (fn,gn) € £ that converges to (f,g) €
&' in €. From Theorem 2.8, we get that lim,, o0 ||St(Xn, fr, 9n) — St(X, £, 9)|p =
0. Since X,, — X in FE, there exists a constant C' > 0 such that || X,|| < C for
all n. Lemma 3.2 gives us that for t € [0,T], St(Xpn, fn,gn) € Fo for some o
which depends on C, T and £’ but is independent of n. Hence, S¢(Xy, fn, gn) —
Si(X, f,g) in F,. Then, by Lemma 3.4, we obtain that I' o S¢(X,, fn,gn) —
To Si(X, f,g) in Fo and uniformly in [0, T]. O

3.1. From Eulerian to Lagrangian coordinates and vice versa. As noted
in [1] in the case of the Camassa-Holm equation, even if H!(R) is a natural space
for the equation, there is no hope to obtain a semigroup of solutions by only
considering H*(R). Thus, we introduce the following space D, which characterizes
the solutions in Fulerian coordinates:

Definition 3.7. The set D is composed of all pairs (u, u) such that u belongs to
H'(R) and p is a positive finite Radon measure whose absolute continuous part,
Lhac, satisfies

Hac = (U2 + ui) dx. (36)

There exists a bijection between Eulerian coordinates (functions in D) and
Lagrangian coordinates (functions in F/G). Earlier we considered initial data
in D with a special structure: The energy density p was given by (u? + u2) dx
and therefore p did not have any singular part. The set D however allows the
energy density to have a singular part and a positive amount of energy can



28 H. HOLDEN AND X. RAYNAUD

concentrate on a set of Lebesgue measure zero. We constructed corresponding
initial data in Fo by the means of (2.26a), (2.26b), and (2.26¢). This construction
can be generalized in the following way. Let us denote by L: D — F/G the map
transforming Eulerian coordinates into Lagrangian coordinates whose definition
is contained in the following theorem.

Theorem 3.8. [16, Theorem 3.8] For any (u, ) in D, let

y(§) =sup{y | p((—o00,y)) +y <&}, (3.7a)
H(&) =& —y(8), (3.7b)
U(§) = uoy() . (3.7¢)

Then (y,U,H) € Fo. We define L(u,u) € F/G to be the equivalence class of
(y, U, H).

Remark 3.9. If p is absolutely continuous, then p = (u? + u2)dz and the
function y — p((—o0,y)) is continuous. From the definition (3.7a), we know that
there exist an increasing sequence z; and a decreasing sequence x; which both
converge to y(£) and such that

p((—o00, ;) +x; < & and p((—o0,z})) + i > &.

Since y — p((—o0,y)) is continuous, it implies, after letting 7 go to infinity, that
(=00, y(€))) +y(§) = & Hence,

y(&)
/ (W +u2)de +y(€) = €

— 00

for all £ € R and we recover definition (2.26a).

At the very beginning, H(t,£) was introduced as the energy contained in a
strip between —oo and y(¢,§), see (2.10). This interpretation still holds. We
obtain u, the energy density in Eulerian coordinates, by pushing forward by
y the energy density in Lagrangian coordinates, H¢ d§. Recall that the push-
forward of a measure v by a measurable function f is the measure fuv defined
as

Fav(B) = v(f7(B))
for all Borel sets B. We are led to the map M which transforms Lagrangian
coordinates into Eulerian coordinates and whose definition is contained in the
following theorem.

Theorem 3.10. [16, Theorem 3.11] Given any element [X] in F/G. Then, (u, u)
defined as follows

u(z) = U(&) for any & such that © = y(§), (3.8a)
p= Yy (He d€) (3.8b)

belongs to D and is independent of the representative X = (y,U, H) € F we
choose for [X]. We denote by M : F/G — D the map which to any [X] in F/G
associates (u, i) as given by (3.8).
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Of course, the definition of u coincides with the one given previously in (2.61).
The transformation from Eulerian to Lagrangian coordinates is a bijection, as
stated in the next theorem.

Theorem 3.11. [16, Theorem 3.12] The map M and L are invertible. We have
LoM =1dg/q and Mo L =Idp.

3.2. Continuous semigroup of solutions on D. On D we define the distance
dp which makes the bijection L between D and F/G into an isometry:

dp ((u, ), (4, 1)) = dgjc(L(u, p), L1, i)

Since /G equipped with dz /¢ is a complete metric space, we have the following
theorem.

Theorem 3.12. D equipped with the metric dp is a complete metric space.

For each t € R, we define the map T; from D x € to D as

Tt(')fag) :Mgt('7f7g)L7

for any (f,g) € €. For a given pair (f,g) € £, we have the following commutative
diagram:

p<L F/G (3.9)
S
D—L>F/G
Our main theorem reads as follows.

Theorem 3.13. Assume (1.6). T: D x & x Ry — D (where D is defined by
Definition 3.7) defines a continuous semigroup of solutions of (1.5), that is, given
(u, 1) € D, if we denote t — (u(t), u(t)) = Ti(u, @) the corresponding trajectory,
then u is a weak solution of (1.5). Moreover p is a weak solution of the following
transport equation for the energy density

e+ (up)z = (G(u) — 2Pu),. (3.10)

The map T is continuous with respect to all the variables, on any bounded set of
&. Furthermore, we have that

() (R) = p(0)(R) for all t (3.11)
and
HO(R) = ac()(R) = [u(t) |2 = p(O)(R) for almost all . (3.12)

Remark 3.14. We denote the unique solution described in the theorem as a
conservative weak solution of (1.5).
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Proof. From (3.12), it follows that u € L>° (R, H'(R)). The function u is a weak
solution of (1.5) if it satisfies (2.66) and p is a weak solution of (3.10) if

/ (b1 + ugy) (t, ) u(t, dz)dt = / ((G(u) — 2Pu)¢,) (t,z) dtdr (3.13)
Ry xR

Ry xR
for all ¢ € C*°(Ry x R) with compact support. We already proved in Theorem
2.9 that u(t) satisfies (2.66). We proceed the same way to prove that p satisfies
(3.13). We recall the proof of (3.11) and (3.12), which is the same as in [16].
From (3.8a), we obtain

H(t)(R) = / He dé = H(t, 0)

which is constant in time, see Lemma 2.7 (7). Hence, (3.11) is proved. We know
from Lemma 2.7 () that, for t € K¢, ye(t,€) > 0 for almost every £ € R (see
(2.41) for the definition of K, in particular, we have meas(K) = 0). Given t € K¢
(the time variable is suppressed in the notation when there is no ambiguity), we
have, for any Borel set B,

U2
B) = He d€ = U? + =5 ) yed 14
uom = [ /MB)< +y§>yg§ (314)

from (2.27c). Since y is one-to-one when t € K° and u, o yye = U almost
everywhere, we obtain from (3.14) that

W(OB) = [ (@ + )t d
B
which, as meas(K) = 0, proves (3.12). O

3.3. The topology on D. The metric dp gives to D the structure of a complete
metric space while it makes continuous the semigroup T} of conservative solutions
for the Camassa—Holm equation as defined in Theorem 3.13. In that respect, it
is a suitable metric for the equation. However, as the definition of dp is not
straightforward, this metric is not so easy to manipulate. That is why we recall
the results obtained in [16] where we compare the topology induced by dp with
more standard topologies. We have that convergence in H!(R) implies conver-
gence in (D, dp), which itself implies convergence in L>°(R). More precisely, we
have the following result.

Proposition 3.15. [16, Proposition 5.1] The map
ws (u, (u? + u2)do)

is continuous from H'(R) into D. In other words, given a sequence u, € H'(R)
converging to u in HY(R), then (uy,, (u +u2,)dz) converges to (u, (u® + u2)dz)
in D.

Proposition 3.16. [16, Proposition 5.2] Let (un, 1) be a sequence in D that
converges to (u, u) in D. Then

Up — u in L¥(R) and j, = p.
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FIGURE 1. Characteristics in the single peakon case.

4. EXAMPLES

We include two examples for the Camassa—Holm equation where f(u) = %uQ

and g(u) = u?.
(i) For initial data @(x) = ce~1*!, we have

u(t,z) = ce” 127t (4.1)

which is the familiar one peakon solution of the Camassa—Holm equation. The
characteristics are the solutions of

yt(tag) = U(t,y(t,g)), (42)
which can be integrated and, for initial data g(§) = &, yields

y(t, &) = sgn(€) In (eE82©D) 4 elel _ 1),

Some characteristics are plotted in Figure 1. We have U(t,§) = u(t, y(t,&)) =
ce” W=l Tt is easily checked that ye > 0 almost everywhere. In this case y
is invertible, there is no concentration of energy on a singular set, and we have

y(t,€)
H.o - [ Hedg = [ (0 +u2) e
Yy~ ((—o0,y(t,8))) —00
from (3.14).

(ii) The case with a peakon—antipeakon collision for the Camassa—Holm equa-
tion is considerably more complicated. In [17], we prove that the structure of the
multipeakons is preserved, even through collisions. In particular, for an n-peakon
u, it means that for almost all time the solution w(t,z) can be written as

u(t,) = 3 ity 0) @3)

for some functions p; and ¢; that satisfy a system of ordinary differential equation
that however experiences singularities at collisions. In [17] we also present a
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FIGURE 2. The colliding peakons case. Plot of the solution at
different times.

system of ordinary differential equation satisfied by y(t,&;), U(t,&;) and H(¢,&;)
with ¢ = 1,...,n where y(t,&;) and U(t,&;) correspond to the position and the
height of the ith peak, respectively, while H (¢, ;) represents the energy contained
between —oco and the ith peak. In the antisymmetric case, this system can be
solved explicitly, see [17], and we obtain

y(t.6) = —3(t, &) = In(eosh(5),

U(t.&) = ~Ut6) = 2 tann(Z), (4.4
2
H(t,6) ~ H(1,6) =~ tanb?(2]) + B2

The initial conditions were chosen so that the two peaks collide at time ¢t = 0.
From (4.3) and (4.4), we obtain

—Lsinh(£L)e®, for 2 < —In (cosh(£L)),

FE sinh E

u(t,z) = siih(g))’ for |z| < In (cosh(£l)), (4.5)

L sinh(£)e=®, for z > In (cosh(£L)).
See Figure 2. The formula holds for all x € R and ¢ nonzero. For ¢t = 0 we find
formally u(0,z) = 0. Here E denotes the total energy of the system, i.e.,

H(t,0) = /(u2 +ul)de = E* t#0. (4.6)
R
For all ¢ # 0 we find
p((=o0,1) = pacl(=oc)) = [ (402 (47)

Fort =0, H(0,&)— H(0,&;) = E?, all the energy accumulates at the origin, and
we find

w(z) = B25(x) dx,  jrac(z) = 0. (4.8)
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FiGURE 3. Characteristics in the colliding peakons case.

The function wu(t,z) is no longer Lipschitz in x, and (4.2) does not necessar-
ily admit a unique solution. Indeed, given T" > 0 and x( such that |z¢| <
In (cosh(=££)), the characteristic arising from (z, —T') can be continued past
the origin by any characteristic that goes through (x,T) where x satisfies |z| <
In (cosh(%)), and still be a solution of (4.2). However by taking into account
the energy, the system (2.15) selects one characteristic, and in that sense the
characteristics are uniquely defined. We can compute them analytically and ob-
tain
y(t) = 2tanh ™! (CtanhQ(%))

with |C| < 1, for the characteristics that collide, and
Et
y(t) =eln (C+ cosh(;))

with e = +1, C' > 1, for the others. See Figure 3.
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