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THE HYDRODYNAMICAL RELEVANCE OF THE
CAMASSA-HOLM AND DEGASPERIS-PROCESI EQUATIONS

ADRIAN CONSTANTIN AND DAVID LANNES

ABSTRACT. In recent years two nonlinear dispersive partial differential equa-
tions have attracted a lot of attention due to their integrable structure. We
prove that both equations arise in the modeling of the propagation of shal-
low water waves over a flat bed. The equations capture stronger nonlinear
effects than the classical nonlinear dispersive Benjamin-Bona-Mahoney and
Korteweg-de Vries equations. In particular, they accomodate wave breaking
phenomena.

1. INTRODUCTION

The study of water waves is a fascinating subject because the phenomena are
familiar and the mathematical problems are various cf. . Due to the relative
intractability of the governing equations for water waves in regard to inferring from
their direct study qualitative or quantitative conclusions about the propagation of
waves at the water’s surface, from the earliest days in the development of hydrody-
namics many competing models were suggested. Until the second half of the 20’th
century, the study of water waves was confined almost exclusively to linear theory
. While linearisation gives insight for small perturbations on water initially at
rest, its applicability fails for waves that are not small perturbations of a flat water
surface. For example, linear water wave theory gives no insight into the study of
phenomena which are manifestations of genuine nonlinear behaviour, like breaking
waves breaking and solitary waves [EI] Many nonlinear models for water waves
have been suggested to capture the existence of solitary water waves and the asso-
ciated phenomenon of soliton manifestation [@ The most prominent example is
the Korteweg-de Vries (KdV) equation [@], the only member of the wider family
of BBM-type equationﬁﬂ] that is integrable and relevant for the phenomenon of

]

soliton manifestation Another development of models for water waves was
initiated in order to gain insight into wave breaking, one of the most fundamental
aspects of water waves for which there appears to be no satisfactory mathematical
theory @] Starting from the observation that the strong dispersive effect incor-
porated into the KdV model prevents wave breaking, Whitham (see the discussion
in [@]) initiated the quest for equations that are simpler than the governing equa-
tions for water waves and which could model breaking waves. The physical validity
of the first proposed models is questionable but two recently derived nonlinear
integrable equations, the Camassa-Holm equation [ﬂ] and the Degasperis-Procesi
equation [@], possess smooth solutions that develop singularities in finite time via a
process that captures the essential features of breaking waves cf. [@] the solution
remains bounded but its slope becomes unbounded. Our aim is to prove the rele-
vance of these two equations as models for the propagation of shallow water waves,
1
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proving that both are valid approximations to the governing equations for water
waves. In our investigation we put earlier (formal) asymptotic procedures due to
Johnson [@] on a firm and mathematically rigorous basis. We also investigate in
what sense these two models give us insight into the wave breaking phenomenon
by some simple numerical computations.

1.1. Unidirectional asymptotics for water waves. For one dimensional sur-
faces, the water waves equations read, in nondimensionalized form,

puo2® + 0,0% =0 in
0,9 =0, at  z=0,
1) ¢ — (10,0, +0.8) =0 at  z=eC,

0@+ 5(0:2)* + 5,(0:2)* =0 at z=e(,

where x — e((t,z) parameterizes the elevation of the free surface at time ¢, Q; =
{(z,2),—1 < z < e((t,x)} is the fluid domain delimited by the free surface and the
flat bottom {z = —1}, and where ®(¢,-) (defined on ;) is the velocity potential
associated to the flow (that is, the two-dimensional velocity field v is given by
v = (0,®,0,®)T). Finally, € and z are two dimensionless parameters defined as

a h?

Ea H= Ea

where h is the mean depth, a is the typical amplitude and A the typical wavelength
of the waves under consideration. Making assumptions on the respective size of ¢
and pu, one is led to derive (simpler) asymptotic models from (m)

In the shallow-water scaling (u < 1), one can derive the so-called Green-Naghdi
equations (see [[L9] for the derivation, and [{f] for a rigorous justification), without
any assumption on € (that is, e = O(1)). For one dimensional surfaces and flat bot-
toms, these equations couple the free surface elevation ( to the vertically averaged
horizontal component of the velocity,

1
1+¢&¢

g =

e¢
(2) u(t,x) = [1 0 b(t, x, 2)dz;

and can be written as

G + [(1 + €§)u]z
3) { Ut + Cp + EUUL =

=0
% IJ:EC [(1 + C)3 (Ugt + EUULy — Eui)ba

where O(u?) terms have been discarded.

If we make the additionnal assumption that ¢ < 1, then the above system reduces at
first order to a wave equation of speed +1 and any perturbation of the surface splits
up into two components moving in opposite directions. A natural issue is therefore
to describe more accurately the motion of these two “unidirectional” waves. In the
so-called long-wave regime

(4) w1, e =0(p),

Korteweg and de Vries [@] found that, say, the right-going wave should satisfy the
KdV equation

3 1
Up + Uy + €§uuz + uéuzm =0

(and ¢ = u+ O(e, 1)), which at leading order reduces to the expected transport
equation at speed 1. More recently, it has been noticed by Benjamin, Bona, Ma-
honey [E] that the KdV equation belongs to a wider class of equations (the BBM
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equations, first used by Peregrine [@] and sometimes also called the regularized
long-wave equations) which provide an approximation of the exact water waves
equations of the same accuracy as the KdV equation:

3 1
(5) U + Uy + Ul + p(QUgry + Pge:) =0, with a—p= 6

The equations (f]) contain both nonlinear effects (the uu, term) and dispersive
effects (the uzyzrand uy.: terms) due to the scaling (E) However, these equations do
not account correctly for large amplitude waves, whose behavior is more nonlinear
than dispersive. For such waves, characterized by larger values of ¢, it is natural to
investigate the following scaling (which we call Camassa-Holm scaling):

(6) p<l,  e=0(\/p).

With this scaling, one still has ¢ < 1 and thus the same reduction to a simple
wave equation at leading order; the dimensionless parameter is however larger here
than in the long wave scaling, and the nonlinear effects are therefore stronger. In
particular, a stronger nonlinearity could allow the appearance of breaking waves - a
fundamental phenomenon in the theory of water waves that is not captured by the
BBM equations. We show in this paper that the correct generalization of the BBM
equations (E) under the scaling (E) is provided by the following class of equations:

3

(with some conditions on «, 8, v and §).
Notice that for an equation of the family (ﬂ) to be well-posed it is necessary that
[ < 0, as one can see by analyzing the linear part via Fourier transforms.

We want to insist on the fact that () provides an approximation of the same
order O(p2) as the BBM equations () to the Green-Naghdi equations. The only
difference in the derivation of these equations lies in the different scalings (E) and
(). Since of course O(p) = O \//t) when f is small, the long-wave scaling ®
is contained in the CH scaling (), and consequently, the BBM equations can be
recovered as a specialization of ([]) when ¢ = O(u) and not only O(\/1).

1.2. The Camassa-Holm and Degasperis-Procesi equations. Among the
various type of equations (ﬂ) with B < 0 there are only two with a bi-Hamiltonian
structure: the Camassa-Holm and the Degasperis-Procesi equations [@] Notice
that while the KdV equation has a bi-Hamiltonian structure (see E]), this is not
the case for the other members of the BBM family of equations (). The impor-
tance of a bi-Hamiltonian structure lies in the fact that in general it represents
the hallmark of a completely integrable Hamiltonian system whose solitary wave
solutions are solitons, that is, localized waves that recover their shape and speed
after interacting nonlinearly with another wave of the same type (see , @])

1.2.1. Camassa-Holm equations. The Camassa-Holm (CH) equations are usually
written under the form

(8) Uy + AU, + 3UU, — Uy = 2UUsy + U3y

with & € R. A straightforward scaling argument shows that if & # 0, () can
be written under the form (f]) by setting u(t,z) = aU(b(z — vt),ct) and a =

p2 = — L a
B’ B’
0 = 27). This motivates the following definition:

er’

v=2%9 c= %(1 — v) (which requires § < 0 and leads to v = 7% and
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Definition 1. We say that (ﬁ) is a Camassa-Holm equation if the following con-
ditions hold:
6<07 O‘?éﬂv 6:7275 5:27
For all K # 0, the solution u to (ﬁ) is transformed into a solution U to (E’) by the
transformation . .
x

with a = Z(1 —v), b? = v=2 and c=L(1—-v).

_ L [}

B’ B’

First derived as a bi-Hamiltonian system by Fokas & Fuchssteiner [E], the equa-
tion () gained prominence after Camassa-Holm [[f] independently re-derived it as
an approximation to the Euler equations of hydrodynamics and discovered a num-
ber of the intriguing properties of this equation. In [ﬂ] a Lax pair formulation of
() was found, a fact which lies at the core of showing via direct and inverse scat-
tering [E, E] that (E) is a completely integrable Hamiltonian system: for a large
class of initial data, solving () amounts to integrating an infinite number of lin-
ear first-order ordinary differential equations which describe the evolution in time
of the action-angle variables. The Camassa-Holm equations shares with KdV this
integrability property as well as the fact that its solitary waves are solitons @, E]
We refer to [[[F for a discussion of these properties in the context of the KAV model.

1.2.2. Degasperis-Procesi equations. The Degasperis-Procesi (DP) equations are
usually written under the form

(9) Us + RUy + AUU, — Upy = 3UpUsy + UUbaa,

with k¥ € R. The same scaling arguments as for the CH equation motivate the
following definition:

Definition 2. We say that (ﬁ) is a Degasperis-Procesi equation if the following
conditions hold:

8

For all k # 0, the solution u to (ﬁ) is transformed into a solution U to (@) by the
transformation

with a = 38%(1 —v), b? = —ﬁ, v = % and

Equation (E), first derived in , is also known to have a Lax pair formulation
[13] and its solitary waves interact like solitons [R€f]. Just like the KAV equation (see
[15]) and the Camassa-Holm equation (see [R4]), the Degasperis-Procesi equation
has infinitely many integrals of motion.

1.3. Wave breaking. In addition to the properties of () and (E) mentioned be-
fore, the importance of these two equations is enhanced by their relevance to the
modeling of wave breaking, one of the most important but mathematically still
quite elusive phenomena encountered in the study of water waves.

Definition 3. We say that there is wave breaking for an equation of the form (ﬂ),
if there exists a time 0 <t < oo and solutions u to (ﬂ) such that

ue L>([0,t5*] x R)  and . hglu |0z u(t, )]0 = 0.
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The rationale of this definition is that if the flow velocity u is to first order a
good approximation to the surface profile (, it is then reasonable to expect that
the above blow-up pattern has a similar counterpart in terms of {. If this were the
case, the boundedness of the wave height in combination with an unbounded slope
captures the main features of a breaking wave [@]

For KdV in particular, as well as for any other member of the BBM family (f),
all smooth initial data (0, -) decaying at infinity develop into solutions defined for
all times (see e.g. [B7]) so that the BBM family [[] does not model wave breaking
, ] To remedy this shortcoming of the KdV equation Whitham proposed to
formally replace the dispersive term uy;, by a convolution with a singular function
chosen so that the newly obtained equation presents wave breaking (see [[§, BJ)).
However, this formal process destroys the integrability and soliton features of the
KdV equation. In contrast to this, both () and (f]) admit breaking waves in the
sense of Definition B cf. [, B, B4, B for (B) and [Ld for (). In this paper we
explore the wave breaking phenomenon for both equations not in the restricted
sense provided by Definition E but by studying the nonlinear equation describing
the evolution in time of the free surface. While our results vindicate the fact that
it is appropriate to use in this context Definition E to describe breaking waves,
there is a slight twist. To be more precise, let us distinguish between two types of
breaking waves that can be observed. In a plunging breaker the slope of the wave
approaches —oco at the breaking location as we reach breaking time, while in a
surging breaker the slope becomes +o00. Considering the case of the Camassa-Holm
equation (), due to the fact that singularities in a smooth solution can appear only
if inf e {us(t, )} — —o0 as we approach breaking time while sup,cp {|u(t, z)|} re-
mains uniformly bounded (see [E]), we would expect to observe a plunging breaker at
the free surface. However, as we recall here, the Camassa-Holm equation describes
the behavior of the vertically averaged horizontal component of the velocity u; the
free surface elevation ¢ can be given in terms of u (( = u + %uQ + u%uwt + O(ep),
see Proposition below) but such an asymptotic expression of course breaks down
when u, becomes singular, and cannot be used to describe the behavior of the free
surface when there is “wave breaking” for the velocity. Since “wave breaking” is
a very intuitive notion when it refers to the free surface elevation, we show in this
article that it is possible to revert the usual approach; that is, we derive an evo-
lution equation for the surface elevation ¢ and give an asymptotic expression for
the velocity u in terms of ¢ (cf. §E) This allows us to prove that wave breaking
indeed occurs for the surface elevation but that, as opposed to what happens for
the velocity, this is a surging breaker! The difference between plunging and surging
breakers is graphically illustrated by numerical computations in §@

2. DERIVATION OF ASYMPTOTICAL EQUATIONS FOR THE UNIDIRECTIONAL LIMIT
OF THE GREEN-NAGHDI EQUATIONS

We derive here asymptotical equations to the Green-Naghdi equations in the
Camassa-Holm scaling (E) We recall that the Green-Naghdi equations are given
by

{ G+ [A+eQu], =0

Ut + gx + euuy = % 1+15< [(1 + Eg)g(umt + WUz, — Eui)}z
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Since we work under the Camassa-Holm scaling, we restrict our attention to values
of € and p satisfying

(10) (e;n) € Pi={p € (0,p0), e < My/1i},

for some pg > 0 and M > 0. Equations for the velocity u (including the CH
and DP equations) are first derived in §@, and equations for the surface elevation
¢ are obtained in §@ The considerations we make on the derivation of these
equations are related to the approach initiated by Johnson [@], approach that
is substantiated and extended by our analysis. In addition, we explore the wave
breaking phenomenon.

2.1. Equations on the velocity. At leading order, the Green-Naghdi equations
degenerate into a simple wave equation of speeds +1; including the O(e) terms, one
can easily check that the (say) right-going component of the wave must satisfy

3
(11) Uy + Uy + §5uum =0,

and ¢ = u+ O(g).

If we want to find an asymptotic at order O(p?) (recall that ¢ = O(u!/?)), it is
therefore natural to look for u as a solution of a perturbation of (|L1]) including terms
of order O(y) and O(ep) similar to those present in (). Thus we want u to solve
an equation of the form (f]) where o, 3, v and § are coefficients to be determined.
We prove in this section that under certain conditions on the coefficients, one can
associate to the solutions of EE) a family of approximate solutions consistent with
the Green-Naghdi equations () in the following sense:

Definition 4. Let j19 >0, M >0, T > 0 and P be as defined in ([[{).
A family (CF,u®") . ep is consistent (of order s > 0 and on [0, %]) with the
Green-Naghdi equations ([}) if for all (¢, p) € P,

{ G+ [ +eQu], = p2ri”

Ut + G +euu, = § 1-1-154 [(1 +20)3 (upt + ULy — Eui)}z + iyt

with (17", r5") e yep bounded in L>([0, L], H*(R)?).

The following proposition shows that there is a one parameter family of equations
of the form () consistent with the Green-Naghdi equations.
Proposition 1. Let p € R and asssume that
1 3 1 9 23
a=p, B=p-5 T=-3P % P
Then there exists D > 0 such that:

e Foralls>0 andT >0,
e For all bounded family (u=") . ep € C([0, L]; H¥TP(R)) solving .
the family ((5*, u™*)(c yep, with (omitting the indexes €, j1)
1 1 5
C =u+ Zu2 + ,uguact - EM[EUULEZ + 4_8u926]a

is consistent (of order s and on [0, L]) with the Green-Naghdi equations @.
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Remark 1. i. One can recover the equations (26a) and (26b) of [B with p = —%

12
(and thus o = =%, B=—-1, v=—L and 6 = —5) and p = % (and thus o = %,
8=0,v= —% and § = —%) respectively.

ii. The one parameter family of equations (ﬂ’ ) considered in the proposition admits
only one representant for which § = 2v (obtained for p = —%, and thus v = %,
0 = %) However, since [ = —1—72 # =2, the corresponding equation is not a

Camassa-Holm equation in the sense of Definition ﬂ

iii. There is no possible choice of p such that § = 37 in Proposition E Con-
sequently, none of this one parameter family of equations is a Degasperis-Procesi
equation. Notice that among all equations (ﬂ') with B < 0 there are only two with a
bi- Hamiltonian structure: the Camassa-Holm and the Degasperis-Procesi equations

Proof. For the sake of simplicity, we use the notation O(u), O(u?), etc., without
explicit mention to the functional normed space to which we refer. A precise state-
ment has been given in Definition @; it would be straightforward but quite heavy
to maintain this formalism throughout the proof.

Step 1. If u solves (ﬁ) then one also has

3
(12) U + Uy + 5 ully + patgg = € [buum + cu:ﬂz +0(p?),

witha=8—a,b=7+ 3a and c = £(§ + 3a — 7).
Differentiating (ﬁ) twice with respect to z, one gets indeed

3

and we can replace the . term of ([f) by this expression to get ([L).
Step 2. We seek v such that if ( = u+ev and u solves (ﬂ) then the second equation
of (B) is satisfied ut to a O(u?) term. This is equivalent to checking that

Ut + [u + E’U]ﬂc + euuy, — %ummt = % [ — Ulggt + [Suumt + UlUgpy — Ui]z] + O(:U’2)a
€ 3
= —?M[uum—i— §ui]z +O(,u2)

the last line being a consequence of the identity u; = —u, 4+ O(¢) provided by ([LJ).
The above equation can be recast under the form:

3 2
EVy + [ut + Uy + siuum + patgyr — €N [buuzz + cum]z]

€ 1 1 1
= Uty + pla+ §)umt —epf(b+ g)uum + (c+ E)uﬂm +O0(p?).
From Step 1, we know that the term between brackets in the lhs of this equation
is of order O(1i2), so that that the second equation of () is satisfied up to O(42)
terms if

€ 1 1 1
€Uy = SUlly + pla+ g)umt —epf(b+ g)uum + (c+ §)ui}z + O(p?),

so that we can take
1

€ 1 1
(13) ev = Ju’ + p(a+ gy — ep[(b+ Futtes + (c+ 3

2
1 3 3 Juz ]
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Step 3. We choose the coefficients (3, v and p such that the first equation of (E) is
also satisfied up to O(u?) terms. This is equivalent to checking that

(14) [u+ ev]; + [(1 + eu)ul, + 2[vu), = O(u?).

First remark that one infers from (L) that

5 1 1 1
edw = Ut + pla + g)uztt —epf(b+ g)uum + (c+ §)ui]t
€ 3 1 3
= ——u(uy + ecuny + patge) — pa + =)0% (uy + e~ (uuy))
2 2 3 2
1 1
+eu[(b+ g)uum + (c+ §)uih +0(12)
1 3 1
= —ejuug - 52Zu2uz — n(a+ g)“m
) )
+ep[(2a+b+ g)uum + (Za +c+ 1)ui]z + O(u?);
similarly, one gets
3 1
e [vu], = 521u2u1 —epla + §) [uttas ]+ O(1?),
so that ([[4) is equivalent to
3 1 1 5 , ,
Ut + Ug +€§uum —pe(a+ g)umt =ep[—(a+b+ i)uum - (Za+c+ DuZ] +0(p?).

Equating the coefficients of this equation with those of ([J) shows that the first
equation of (B) is also satisfied at order O(u2) if the following relations hold:

1 1 19

a=—-, b=—-—=, ¢c=——,

6 6 48
and the conditions given in the statement of the proposition on «, 3, v and ¢§ follows
from the expressions of a, b and ¢ given after equation (@) O

As said in Remark %, none of the equations of the one parameter family con-
sidered in Proposition [l| is completely integrable. This is the reason why we now
want to derive a wider class of equations of the form @) — and whose solution can
still be used as the basis of an approximate solution of the Green-Naghdi equations
(B) (and thus of the water waves problem). We can generalize Proposition [ by
replacing the vertically averaged velocity u given by (E) by the horizontal velocity
u? (6 € [0,1]) evaluated at the level line 6 of the fluid domain:

6
u (:C) = aiq)\z:(uag)efl’

so that # = 0 and 6 = 1 correspond to the bottom and surface respectively. The
introduction of # allows us to derive an approximation consistent with () built on
a two-parameter family of equations of the form (ﬂ)

Proposition 2. Letp € R, 0 € [0,1], and write A = %(92 — %) Asssuming that
1 3 1 3 9 23 3
a=p+A B=p-—c+A y=-5p— 3N 5P~ 51 3™

there exists D > 0 such that:

e Foralls>0 andT >0,
e For all bounded family (u=*%) . yep € C([0, L]; H*TP(R)) solving (1),
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the family (u®",(5") (e ep, with (ommiting the indexes €, 1),

(15) u = u? 4 pil, + 2ueruul
1 1 5
(16) ¢ = u+ ZuQ + Mguzt — Eu[guum + Eui],

is consistent (of order s and on [0,L]) with the Green-Naghdi equations @.

Remark 2. i. The one parameter family of equations (ﬂ) of Propositionﬂ corre-
sponds to the particular case 6% =1/3 (or A =0).

ii. There exists only one set of coefficients such that § = 2y and = —27 (corre-
sponding to p = —% and 6% = %, and thus o = fi, 8= f% <0,v= %, 0= %)
The corresponding equation is therefore a Camassa-Holm equation in the sense of
Definition E

3 1 5 5
(17) Ut + Uy + Uy — (= Upge + —=Ugat) = ﬂeu(uumm + 2Ug gy ).

2 4 12
iii. There exists only one set of coefficients such that 6 = 3y and = — gfy (obtained
with 0 = % and p = —27—176, and thus o = —é—}i, 8= —é—g, v = %, §=3). The

corresponding equation is therefore a Degasperis-Procesi equation in the sense of
Definition E
11 10

Ut + Uy + §€UUI - M(5_4Uzzz + 2_7umct) = %

Proof. From the proof of Prop. 3.8 of [E], one has the following expression (neglect-
ing terms of order O(u?)):

ep(UWlgry + 3Uztyy).

2
u o= ot (14 e0pco + T o),
2
u = Oz + :U’((l +€0)0:C0 + @(1 - 92)621/]);

2
where 1 denotes the trace of the velocity potential at the surface. It follows from
these formulas that

(1+e¢)? 1

uw o= o+ “T(QQ - g)uiz +0(i?)
0 Lo 1y 9 2 L1y g 0 2
where we used ¢ = u? + O(e) for the last equality.
This formula, together with Proposition EI, easily yields the result. 0

2.2. Equations on the surface elevation. Proceeding exactly as in the proof of
Proposition , one can prove that the family of equations

(18) Gt Gat 320 22t Gt (0ot Bant) = (1o H0ar)

for the evolution of the surface elevation can be used to construct an approximate
solution consistent with the Green-Naghdi equations:

Proposition 3. Let ¢ € R and asssume that

1 3 1 9 )

a=¢, B=q-¢ 1=-54-¢ 0=—ga- o1

Then there exists D > 0 such that:
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e Foralls>0 andT >0,
e For all bounded family (¢5") ., mep € C([0,L]; H**P(R)) solving (13),

the family ((5", us")(c yep, with (omitting the indexes ¢, j1)

o 1 €, €45 e 4, 1 1 1, )
wi= (2 (=2 =S+ S0t - G enl5 G + 5563]).
is consistent (of order s and on [0, L]) with the Green-Naghdi equations 9.
Remark 3. Choosing q = 1/12, the equation ([[§) reads

3 3 3
(19) Gt CoF 5866 = 57620 + 156°C%s + 15 (Gon — Gaot)

7
- 7ﬂeﬂ(§Cxxx + 2(1(11)

While for any q € R, (@) is an equation for the evolution of the free surface
¢, and all these equations have the same order of accuracy O(e*, u?), it is more
advantageous to use ) since it presents better structural properties that we take
advantage of in §@ The ratio 2 : 1 between the coefficients of (Crz and (Cppy 1S
crucial in our considerations.

3. MATHEMATICAL ANALYSIS OF THE MODELS AND RIGOROUS JUSTIFICATION
3.1. Large time well-posedness of the unidirectional equations (ﬂ) and
(E) We prove here the well posedness of the general class of equations
(20) Uy + Uy + %suuz + e2uPu, + e3kuduy + p(Qpps + Blget)

= ep( YUy + OULUg),

with ¢, & € R; in particular, (R() coincides with ([) and (L) if one takes ¢ = x = 0

and t = —%, K= % respectively. That is, we solve the initial value problem
Up + Uy + %Euum + 2 uy + e kudug + p(QUprr + Blgat)

(21) = ep(Yullgrs + OUs Uy,
U|t:0 = uo

on a time scale O(1/¢), and under the condition 5 < 0. In order to state the result,
we need to define the spaces X* as

Vs >0, X5 = HTH(R) endowed with the norm | f|%.11 = | f|3e + 1|0 f |37
and we also recall that the set P is defined in ([L().
3

Proposition 4. Assume that 3 < 0 and let po > 0, M > 0, s > 5 and ul €
H*TL(R). Then, there exists T > 0 and a unique family of solutions (Ue ) (e, )P
to (1) bounded in C([0, L, XsFL(R)) n C*([0, L); X*(R)).

Proof. For all v smooth enough, let us define the “linearized” operator L(v,d) as

L(v,0) = (14 ppo*)0; + 0, + pad? + gevam + 2?0, + 3kv30,

1 1
3 2
—epyvds — €M5(§Uz5x + EUMGZ),

In order to construct a solution to (@) by an iterative scheme, we are led to study
the initial value problem

(22) { L(v, Qlu 0:. ef,
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If v is smooth enough, it is completely standard to check that for all s > 0, f €
L} (R H¥(R,)) and u® € H*(R), there exists a unique solution u € C(R*; H*T1(R))
to (RJ) (recall that 3 < 0). We take for granted the existence of a solution to (B3)
and establish some precise energy estimates on the solution. In order to do so, let

us define the “energy” norm
Vs >0, Ef(u)? = |ul3e — upBlozulF..
Differentiating e~** E*(u) with respect to time, one gets, using the equation (22
and integrating by parts,
eA

1
ieaktat(e_a)‘tES(u)Q) = —?ES(U)Q +e(A°f, A°u) — e(A*(VOyu), A%u)

Hepy (A (vO3u), Au) — Eug(/\s(%@mu), A0 u),

with V = 2v + ew? + 2rv.
Since for all constant coefficient skewsymmetric differential polynomial P (that is,
P* = —P), and all h smooth enough, one has
1
(A*(hPu), A'w) = ([A°, W)Pu, A%u) — o
we deduce (applying this identity with P = 9, and P = 92),
1 A , ,
SeN (e M E (w)?) = —%ES(UF — e([A%, V]D,u, Au) + %((GIV)A‘Su,Asu)

—epy ([A%, v]02u — ngAS&Iu — Ve NS u, A Opu) — epry (A%, v,]02u, A¥u)

[P, h|A°u, A’u),

1)
_5M§(AS (v20zu), A°Opu) + e(A® f, A°u),
Here we also used the identities

(A%, 0]0%u = 0, ([A®,0]92u) — [A®,v,]02u

and
1
§(vmzASu, ANu) = — (Ve Nou, Nuy).
Since [u|gs < E*(u) and /|0 u|gs < ﬁEs(u), one gets directly by the Cauchy-

Schwartz inequality,

1
€EAtat(€7EAtES(U)2) < EC(MOa Ba’)/a

—EAES(u)2 + 2| f| s B (u),

0)(A(u, v) B*(u) + B(v)E* (u)*)

with
Aw,0) = (1A% VI0sula + (A%, vlou (sl + [[A%, Vv )0u (/00w
+\//_L|’l)zaz’ll,|HS,
B(v) = |azv|oo+|Ux|oo+|ax(\/ﬁarv>|oo-

Recalling that for all s > 3/2, and all F,U smooth enough, one has
[[A%, F|U|2 < Cst |F

Ulgs-1,

Hs
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it is easy to check that one gets A(u,v) < C(uo, M, %, L, ky E*(v))E*(u) and B(v) <
C(po, M, %, t,k, E*(v)). Therefore, we obtain

1
OB (w)*) < (Cluo, M, 57,

Taking A = Ap large enough (how large depending on C(ug, M, %, v,0, L, k, £ (v)))

8,0k, B5(0)) — A)E®(u)? + 2¢ E*(f)E®(u).

to have the first term of the right hand side negative for all ¢ € [0, £], one deduces

vt € [0, g], D(e”ATES (1)?) < 2eeATLES () E* (u).

Integrating this differential inequality yields therefore

T , ! " s
vt e 0,21, zmm@gfhm%m+%/ehmﬂmqwmw
€ 0
Thanks to this energy estimate, one can conclude classically (see e.g. [fl]) to the
existence of

1
0
T =T(po, M, |u |X‘S‘§1’B’%6’L’H) >0,

and of a unique solution v € C([0, L]; X**1(R?)) to (1) as a limit of the iterative

scheme

L(um, d)un*t =0
ug = uo, and Vn € N, { u”g’fil 7:);1’0. )
t=0

Since u solves (R({), we have £(u, du)u = 0 and therefore
(A1 + pB0?)0u, A5~ 10pu) = —e(AS* M(u, 0)u, A*~1d4u),
with M(u,d) = L(u,d) — (1 + pp02)d;. Proceeding as above, one gets

, 1 ,
B (0u) < Cuo, M, |u0|X531, B,% 0, L, Ky E% (1)),

and it follows that the family of solution is also bounded in C*([0, £]; X*). O

3.2. Rigorous justification of the unidirectional approximations (ﬂ) In
Propositiona, we constructed a family (u®#, (=) consistent with the Green-Naghdi
equations in the sense of Definition E A consequence of the following theorem is
a stronger result: this family provides a good approximation of the exact solutions
(us*, QE’“ ) of the Green-Naghdi equations with same initial data in the sense that
(usr, ¢5H) = (usk, (=) + O(p?t) for times O(1/e).

Theorem 1. Let g > 0, M > 0, T > 0 and P be as defined in (@) Let also
peR, §el0,1], and o, B, v and 6 be as in Proposition E
If B < 0 then there exists D > 0 and T > 0 such that for all u® € H*+tP+1(R):
o There is a unique family (us*, (") mep € C([0, %];HS"’D(R)Q) given by
the resolution of (f) with initial condition u® and formulas (13)-(14);
o There is a unique family (u*", (") mep € C([0, L]; HSTP (R)?) solving
the Green-Naghdi equations ([}) with initial condition (us*,(5H)
Moreover, one has for all (e,11) € P,

[t=o0-

T
vt € [0, ;]7 u™* — u*H| Lo 0,4 xR) + [T — CF Lo (0, xm) < Cst p?t.
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Remark 4. It is known (see [E]) that the Green-Naghdi equations give, under the
scaling (E), a correct approzimation of the exact solutions of the full water waves
equations (with a precision O(u*t) and over a time scale O(1/e)). It follows that
that the unidirectional approximation discussed above approximates the solution of
the water waves equations with the same accuracy.

Remark 5. We used the unidirectional equations derived on the velocity as the basis
for the approximation justified in the theorem. One could of course use instead the
untdirectional approximation (@ ) derived on the surface elevation.

Proof. The first point of the theorem is a direct consequence of Proposition E
Thanks to Proposition E, we now that (u®*,(*"). , is consistent with the Green-
Naghdi equations (E), so that the second point of the theorem and the error estimate
follow at once from the well-posedness and stability of the Green-Naghdi equations
(see Th. 3 of [l note that instead of using this general result which holds for two
dimensional surfaces and nonflat bottoms, one could easily adapt the simpler and
more precise results of 2] to the present scaling). O

3.3. Wave breaking. For the Camassa-Holm family of equations (ﬂ) for the ve-
locity it is known (see [{]) that singularities can develop in finite time for a smooth
initial data only in the form of wave breaking. We will show now that this form of
blow-up is also a feature of the equation (@) for the free surface. More precisely, if
a smooth initial profile fails to produce a wave that exists for all subsequent times,
then we encounter wave breaking in the form of surging (and not plunging, as would
be the case if () were the equation for the evolution of the free surface).

Our first result describes the precise blow-up pattern for the equation (E) for
the free surface.

Proposition 5. Let (; € H3(R). If the mazimal existence time T > 0 of the
solution of ([{4) with initial profile (0,-) = (o is finite, T < oo, then the solution
¢ € CY[0,T); H*(R)) N C([0,T); HR)) is such that

(23) sup  {[C(¢, )]} < oo
te[0,7), zeR
and
(24) sup{¢(t,z)} Too as t1T.
z€R

Proof. In view of Proposition E, given (o € H3(R), the maximal existence time of
the solution ¢(¢) to ([9) with initial data ((0) = ( is finite if and only if [ ()| )
blows-up in finite time. Thus if (24) holds for some finite 7’ > 0, then the maximal
existence time is finite. To complete the proof it suffices to show that

(i) the solution ¢(t) given by Proposition || remains uniformly bounded as long
as it is defined;
and

(i) if we can find some M = M((p) > 0 such that

(25) Ce(t,z) < M, z € R,

as long as the solution is defined, then |(()| g3 r) stays bounded on bounded time-
intervals.
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Item (i) follows at once from the imbedding L (R) C H!(R) since multiplying
([9) by ¢ and integrating on R yields

(26) o [+ 550 [ Glas) =0

To prove item (ii), notice that multiplication of . ) by QMM yields

en o / st g [ Gulde) =15 [ (Garornd =3 / CCorCrar da

16 / G d:c+ / (o Az + - 1 he / e

after performing several integrations by parts. If (@) holds, let in accordance with
(B6) the constant My > 0 be such that

|§(ta$)| S MOa T e Ra

for as long as the solution exists. Using the Cauchy-Schwartz inequality as well as
the fact that u < 1, we infer from (6]) and (£7) that

45¢* 2 45¢3
5tE(t)§(90€Mo+ oe M2+ 73 jyc oe

M2+ 21 M)E ¢

where ) )
B = [P+ g2+ ot il de
R
An application of Gronwall’s inequality enables us to conclude. O

Our next aim is to show that there are solutions to (Ld) that blow-up in finite
time as surging breakers, that is, following the pattern given in Proposition E We
will prove this by analyzing the equation that describes the evolution of

(28) M(t) = sup {C(t, )}

For the degree of smoothness of the solution {(t) given by Proposition , we know
that M(t) is locally Lipschitz and

d

E M(t) = Ctz(ta €(t)) for a.e. t’

where £(t) is any point where M(t) = (. (t,£(t)) cf. [P]. For further use, let us also
note that

(29)

1
(30) (L= Sud)f=Pef,  feI’R),
where
3
P(z) = \/i e B z € R,
7

with

3 3\1
(31) 1Pl = \f; 1Pz =1, 1Pl = ()"
and

6 3 3\ 1 _3
(32) 1Pl = =0 1Pl =24/=, [Pl = V2 (5) " <4p7t.
I 1% I
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. 1, 92y-1 : :
Applying (1 — 75 #0;)~" to ([9)), we obtain the equation

3 1 3
Q—f—Pw*C—i-Zst*CQ—gEQPI*§3+—53Pm*§4

64
+1 03P*g——l eP. *gQ—l e P % (Clowe)

Differentiating this equation with respect to the spatial variable, we obtain
3 1 3
Cm+8£P*C+Z€8§P*C2 - 5523§P*C3+a533£13*§4
+iu84P*§: T pue O2P x 2 — ! pe Py % (CCowa)
277" 24777 T4 s

Since (Cpzz = 0%(C¢s) — 3¢ Cer and
12 12

(33) 8§P*f:Pz*§I:;P*f—;f, f € L*(R),
we deduce that
3 5 ) 3e3 3

B Te 6 T o Te 7
= Cor+ T PHCE 4 T Bt o CCon — 5 Po ¥ (CGa):
We can now prove the following blow-up result.

Proposition 6. If the initial wave profile (o € H3(R) satisfies

2 28 1 - 1 B
SUE{CO(-T)}‘ = gco,u 3/4—1—5503/2# 3/44—15203# 34
TE

7 16
+-Cop 2+ 3

3 Co/2 e,

where
%z/m+%WM>&
R
then wave breaking occurs for the solution of @) in finite time T = O(%)

Proof. Notice that
1 C
sup (@)l < 5 [ (2 Do = .

zeR 2

Therefore, using Young’s inequality and the estimates (BI))-(BJ), we obtain that

1P # Collw < 1Pl zelGelloe < 4=/ G2,

1P % Clloe < 1P~ < IPlle=lIGolZa < 2572 Co,

1Py % (€l < IPlz2llCCellze < 1Pl zeliCliz=liGellze < 473 Co,

1P # (Gl < 1Pl Cellze < NPl < MGe 2o < 2074 €32,
1Pe % (3l < 1Pl all6®Callie < Il aalClm I Gelle < 2074 C3.

Since (@) is at any fixed time an equality in the space of continuous functions, we
can evaluate both sides at some fixed time ¢ at a point £(t) € R where M(t) =
Co(t, (1)), with M (t) defined in (R§). Since Cux(t,£(2)) = 0, from (R9), (B4) and the
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previous estimates we derive the following differential inequalities for the locally
Lipschitz function M (t):

7 3 3 7
(35) 1 e M2(t) + (14 Coe+ 1 g 03/2 + 3 302 + 8001/2) 3 3 eCop~1/?
> M'(t) forae. t,

and

7 3 3
(36) M'(t) > ZEMQ(t) — (14005—1— 152 03/2 + gag o +8001/2) p 34

for a.e. t.
Notice that 0 # (o € H3(R) ensures M(0) > 0. At t = 0 the right-hand side of

(B6) is by our assumption on the initial wave profile larger than 1 e M?(0). We

infer that up to the maximal existence time 7" > 0 of the solution ((t) of (1) the
function M (t) must be increasing and, moreover,

M'(t) > isMQ(t) for a.e. t.

Dividing by M?(t) > M?(0) > 0 and integrating, we get
1 1 1

W_M—(t)zft’ te[0,7).

Therefore limyr M(t) = 0o and T < e M(0)

On the other hand, a similar argumentation applied to (@) yields
M'(t) < 4e M?(t) for ae. t,

so that )
> 4et
M) = MO)
as long as the solution of (1) is defined. Since limgpr M (t) = oo we deduce from
the previous inequality that T" > PVt 0 Thus the finite maximal existence time
€
T > 0 is of order O(1). O

3.4. Numerical computations. In this section, we use numerical computations
to check that the surface equation (L) and the Camassa-Holm equation ([I7) lead
respectively to surging and plunging breakers as predicted theoretically by Propo-
sition | (and [§] for ([7)). We use the same kind of numerical scheme for both
equations; in fact, our scheme works for any equation of the class (% with 5 < 0.
In order to reduce the size of the computational domain, we solve (R() in a frame
moving at speed 1, in which (@) is replaced by

up + %5uu§ + €2Lu2u5 + 53nu3u5 + p((a — Blugee + Pueer)
= ep(yuugee + duguee),

where £ stands for x — t.
The numerical scheme used here is a simple finite difference leapfrog/Crank-Nicolson
scheme whose semi-discretized version reads

unJrl _ ,,n—1

yn>1, (14 pBo;)
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3

3
Flu] = —5euug — e2uPug — *rutug — p(a — Bugee + ep(yuugee + Suguge),

and where §; is the time step and u™ ~ Ujy_ s, (to start the induction, that is, for
n = 0, the centered discrete time derivative must be replaced by an upwind one).
Numerical computations are performed for (E) and (E) with the same initial value

uj,_, = exp(—100z?),

and with u = 0.2, e = \/iu. Figure El shows the formation of a plunging breaker for
the solution of ([[7); the little mark on the curves materializes the point of minimal
slope. For the same initial data, Figure E shows the formation of a surging breaker
for the solution of (IE)7 the little mark on the curves materializes here the point of
mazimal slope.

FIGURE 1. A plunging breaker for the Camassa-Holm equation ([L7)
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