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WELL-POSEDNESS AND SHALLOW-WATER STABILITY FOR A
NEW HAMILTONIAN FORMULATION OF THE WATER WAVES
EQUATIONS WITH VORTICITY

ANGEL CASTRO AND DAVID LANNES

ABSTRACT. In this paper we derive a new formulation of the water waves equa-
tions with vorticity that generalizes the well-known Zakharov-Craig-Sulem for-
mulation used in the irrotational case. We prove the local well-posedness of
this formulation, and show that it is formally Hamiltonian. This new formu-
lation is cast in Eulerian variables, and in finite depth; we show that it can
be used to provide uniform bounds on the lifespan and on the norms of the
solutions in the singular shallow water regime. As an application to these re-
sults, we derive and provide the first rigorous justification of a shallow water
model for water waves in presence of vorticity; we show in particular that a
third equation must be added to the standard model to recover the velocity
at the surface from the averaged velocity. The estimates of the present paper
also justify the formal computations of [15] where higher order shallow water
models with vorticity (of Green-Naghdi type) are derived.

1. INTRODUCTION

1.1. General setting. The equations governing the motion of the surface of a
homogeneous, inviscid fluid of density p under the influence of gravity (assumed
to be constant and vertical, g = —ge,, g > 0) are known as the water waves
equations, or free surface Euler equations. In the case where the surface of the
fluid is delimited above by the graph of a function (¢, X') over its rest state z = 0
(with ¢ the time variable, X € R? the horizontal space variables, and z the vertical
variable), and below by a flat bottom z = —Hj, and denoting by U and P the
velocity and pressure fields, these equations can be written

1
(1) an+UvX,zU = *;vX,zpfgezv

(2) Vx.-U = 0,

in the fluid domain Q; = {(X,2) € R —Hy < 2 < ((t,X)}; they are comple-
mented with the boundary conditions

(3) H(-U,. N = 0 (withN=(-V(", 1)),

(4) P_.. = constant

at the surface, and

(5) U - No =0 (with N, = e,)

at the bottom. In many physical situations, the motion of the fluid is in addition

irrotational, and another equation can be added to (1)-(5), namely

crl U=0 in Q.
1
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This additional assumption yields considerable simplifications since all the relevant
information to describe the fluid motion is then concentrated on the interface. This
can be exploited in many ways. See for instance [45, 55, 56, 20, 9, 52, 19] for local
well-posedness results, [57, 58] for global well-posedness, and [19, 12, 13, 21] for the
existence of turning waves and splash singularities. Let us describe briefly here the
approach initiated by Zakharov [59] and Craig-Sulem [24] which is one of the most
seminal and the starting point for the present paper.

From the irrotationality assumption, one can infer the existence of a velocity po-
tential ® such that U = Vx ,®; the incompressibility conditions implies that ® be
harmonic, and the bottom boundary condition that its normal derivative vanishes
at the bottom. It follows that ® is fully determined by its trace at the surface
@ ... = ¥. Zakharov noticed that the irrotational equation could be reduced to the
Hamiltonian equation

¢ . 0 1
8,5( " ) = Jgrad, ,H, with J= ( 10 ),

and where H is the total energy H = 1 [, 9¢* + 1 [,|UJ?. Introducing the

Dirichlet-Neumann operator G[¢]Y = /1 + |[V([20,,®|_,,, Craig and Sulem rewrote
these equations as a closed set of two evolution equations on ¢ and ¥,

8t<_g[<-]w :07 )
V(¢-V
8t¢+9<+ %|V¢|2 - (Q[C]¢+ ¢ ¢) o

D

This is a convenient formulation for well-posedness issues (see for instance [38]
for local well-posedness, [1, 2, 4, 48] for low regularity solutions, [28, 34, 5] for
global existence, etc.). It has also been used for numerical computations [24, 29],
weak turbulence modeling [60], analysis of periodic wave patterns or solitary waves
[35, 6, 50], etc. More relevant to our present motivations, it is probably the most
commonly used approach to derive and justify asymptotic models describing the
solutions to the water waves equations in various physical regimes (e.g. shallow
water or deep water). The derivation of such models follows directly from an
asymptotic expansion of the Dirichlet-Neumann operators (e.g. [25, 23, 10, 16,
33, 42, 49]), while the key point for their justification is a local well posedness
theorem for a dimensionless version of the equations, and over a time scale whose
dependance on the various dimensionless parameters is controlled; in the shallow
water regime — of great importance for applications in oceanography — this induces
an extra difficulty because the shallow water limit is singular; the relevant existence
results have been shown in [8, 32] (see also [22, 51, 31, 44, 53] for the justification
of various asymptotic models using other approaches). We refer to the book [39]
for a more comprehensive description of these aspects.

However, a limitation of the Zakharov-Craig-Sulem approach is that it is re-
stricted to irrotational flows. This is a relevant framework for most applications in
oceanography, but several important phenomena such as rip currents for instance
can only be understood by taking into account vorticity effects. Rip currents are
only one particular example of wave-currents interactions; the understanding of
the energy exchanges at stake in such interactions is an important challenge in
oceanography, and vorticity is one of the key mechanisms involved. Several as-
ymptotic models have been derived in the physics literature to take into account
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vorticity effects in shallow water models; however, these derivations rely on assump-
tions on the structure of the flow (e.g. columnar motion) that are in general not
satisfied, or only at a very low order of precision. In particular, there does not exist
to our knowledge any good description of the nonlinear dynamics of the vorticity in
the shallow water regime; it is for instance not known whether horizontal vorticity
may be created from vertical vorticity.

From a mathematical viewpoint, various authors considered the local well-posedness
theory for the water waves problem in presence of vorticity [45, 20, 52, 61, 47]; these
results are however not adapted to answer the above preoccupations because they
consider different physical configurations (drop of fluid, infinite depth, etc.) and use
mathematical techniques that make the singular shallow water limit very delicate
to handle (see for instance the comments of [41] on the incompatibility of standard
symbolic analysis and of the shallow water limit); moreover, the influence of vor-
ticity on the flow is generally treated implicitly. The rigorous qualitative analysis
of water waves seems to have essentially been restricted, when vorticity is present,
to one dimensional surfaces, and to periodic or standing waves; we refer to the
recent book [18] for an extensive review and more references on these aspects. The
motivation for the present work is therefore twofolds:

(1) Find a formulation of the water waves equations allowing for the presence
of vorticity, adapted to the physical configurations we have in mind for
applications to oceanography, and making the influence of the vorticity on
the flow as explicit as possible.

(2) Show the well-posedness of this formulation, and control the life span and
the size of the solution in the so called shallow water limit, in order to pave
the way for the derivation of shallow water models in presence of vorticity.

These goals are achieved by deriving first a generalization of the above classi-
cal Zakharov-Craig-Sulem formulation, as a set of three evolution equations on
((,¢,w), where w = curl U is the vorticity. Of course, ¢ cannot be defined as
in the irrotational case as the trace at the surface of the velocity potential ®; in-
stead, we define V1 as the projection onto gradient vector fields of the horizontal
component of the tangential velocity U at the surface. The equations then read

HC+V-V(—w=0,
1

1 2 1 Vv
8t¢+9C+5|U\|‘ _5(1+|VC|2)M2_T'(£'NK):O’
Ow+U-Vx,w=w -Vx.U

where V and w denote the horizontal and vertical components of the velocity at
the interface, and w = w|_ .. In the irrotational case (w = 0), these equations co-
incide exactly with the ones derived by Zakharov-Craig-Sulem. We show that it is
a closed set of equations and establish local well-posedness. We also show that this
new formulation is formally Hamiltonian (with a non-canonical Poisson bracket).

As the classical irrotational Zakharov-Craig-Sulem formulation, but contrary to
the aforementioned works in the rotational case, our equations are cast in Euler-
ian variables, in a configuration which is relevant to applications in oceanography
(finite depth), and can easily be used to derive asymptotic models. We consider in
particular the shallow water regime, which is of great importance in oceanography.
We first rewrite the equation in dimensionless form, and prove the existence time
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is of order £, with T independent of ¢, 1 € (0,1), where

typical amplitude of the wave
g =
depth

q depth 2
o H= (typical horizontal length) ’
this estimate on the lifespan of solutions goes with uniform bounds on the solutions,
which make possible the derivation of asymptotic models. As an illustration, we
provide the first rigorous derivation and justification of the nonlinear shallow water
equations with vorticity, which is an approximation of order O(u) of the water
waves equations when € = O(1). The more technical derivation of a O(u?) model
of Green-Naghdi type is done in the companion paper [15]; let us just mention
that the shallow water nonlinear dynamics of the vorticity studied here allow us
to exhibit a so far unknown mechanism of generation of horizontal vorticity from
purely vertical rotational effects. More generally, the asymptotic bounds derived in
this paper justify the assumptions made in [15] to derive various asymptotic shallow
water models in presence of vorticity.

The paper is organized as follows. Section 2 is devoted to the derivation of our
new formulation of the water waves problem with vorticity (see above). The fact
that this formulation is a closed set of equations follows from the resolution of a
div-curl problem allowing to reconstruct the velocity U in the fluid domain from
¢, ¥ and w. This div-curl problem is studied in full details in Section 3. The local
well-posedness is then addressed in Section 4: the equations are “quasilinearized”
and a priori estimates are derived. Using these estimates, a solution is then con-
structed by an iterative scheme (which is non trivial due to the fact the the vorticity
is defined on a domain that depends on the surface elevation). The main result is
then given in Theorem 4.7.

The proof of Theorem 4.7 has been tailored to allow its implementation in the
shallow water setting. However, handling the shallow water limit induces some
difficulties that are not relevant for a standard local well-posedness result such as
Theorem 4.7 (the control of the bottom vorticity for instance). For the readers
who are not interested in the shallow water analysis, we have therefore opted to
treat this aspect separately. This is done in Section 5. The first step is to write a
dimensionless version of the equations; the associated well-posedness result is then
given in Theorem 5.1. Note that the non dimensionalization of the vorticity is not
obvious, but that this theorem justifies a posteriori the choice we have made. As
an application of this result, we derive and justify in §5.7 a first order nonlinear
shallow water model in presence of vorticity.

Finally, we investigate in Section 6 the Hamiltonian structure of our new formula-
tion of the water waves equations with vorticity.

1.2. Notations. - X = (z,y) € R? denotes the horizontal variables. We also
denote by z the vertical variable.

- V is the gradient with respect to the horizontal variables; Vx , is the full three
dimensional gradient operator. The curl and divergence operators are defined as

curtl A=Vx,xA and divA=Vy,-A.

- We denote by d = 1,2 the horizontal dimension. When d = 1, we often identify
functions on R as functions on R? independent of the y variable. In particular,
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when d = 1, the gradient, divergence and curl operators take the form

aacf 782A2
VX7zf = 0 5 curl A = 8ZA1 - 81A3 s div A = 6$A1 + 8ZA3.
azf 8IA2

- S is the flat strip R? x (—Hy, 0).

- We denote by (X, ((t, X)) a parametrization of the free surface at time ¢ and by
Q; the fluid domain delimited at time ¢ by this free surface and a flat bottom at
depth z = —H,,

O ={(X,2) eR’,—Ho < z < ((t, X)};
when the dependence on time is not important, we just write €2 instead of €2;.

- When d = 1, Q is invariant along the y axis, and we identify it with a two-
dimensional domain; in particular,

¢(x)
I fllz2@) = / / |f(z, 2)|2dzdx ifd=1,
RJ -,
¢(z,y) )
I fllz2@) = / / |f (2,9, 2)|*dzdxdy if d =2.
CEAA

- We write U the velocity field; its horizontal component is written V, and its
vertical component w.

- For a vector A € R? we often denote by A, its horizontal component and by A,
its vertical component.

- If A is a vector field defined on €, we write A the function

A(th) = A'lsurf(t’X) = A(t7X,C(t, X))a

consistently, if A is defined on the flat strip S then A(t, X) = A(¢t, X,0). We also
denote by Ay its trace at the bottom

Ap(t,X) = A, (t, X) = A(t, X, —Hy).

- n is the unit upward normal vector at the surface, n = N/|N|, with N =
(-v¢t, )T

- np is the upward normal vector at the (flat) bottom, n, = N, = e,.

-If V € R% we write V- = (= V5, V).

- For all vector field A defined on 2 and with values in R3, let us define VNS R2
as the horizontal component of the tangential part of A at the surface,

(6) A=A, +A, V¢,

At
so that A x N = —A%-VC .

- We always use simple bars to denote functional norms on R% and double bars to
denote functional norms on the d + 1 dimensional domains {2 and §; for instance

|flp = flerray,  |flas = flasgays Nfllp = [1fller)  (or [[fllzes)), ete.

- We use the Fourier multiplier notation

f(D)yu=F~HE~ f(€)u(6))
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and denote by A = (1 — A)Y/2 = (1 + |D|?)'/? the fractional derivative operator.
-We define, for all s € R, k € N the space H** = H*¥(S) by

k k
(7)  H** = () H/((—Ho,0); H*/(RY), with [lullgor =Y [|A*7OLul.
Jj=0 j=0
- We shall have to handle functions whose gradient are in some Sobolev space, but
which are not in L?(R?). We therefore introduce the Beppo-Levi spaces [27]

Vs > 0, H*RY) = {f e L3 (RY),Vf e HYRY?},

loc

similarly, for functions defined on the fluid domain 2, we write
VEeN*,  HMQ)={fe L Q) Vx.feH (%

loc

- The “dual spaces” are Hg(R?) defined as

(8) HS(RY = {u € H*(RY) : Fv € H*T(RY), u = |DJv},

and we write |u|g: = ||—1%)|u|Hs+1.

- We write sVt = max{s,t}.

- We generically denote by C(-) some positive function that has a nondecreasing

dependance on its arguments.
- We write [0%, f, g] for the symmetric commutator [0%, f,g] = 0%(fg) — 0% fg —

fo%g.

2. A NEW FORMULATION FOR THE EQUATIONS

2.1. A first reduction. Taking the trace of (1) at the free surface and then tak-
ing the vectorial product of the resulting equation with N, one obtains, with the
notation (6),

1 1
—0UjF — gV*¢ - 5VL|UH|2 + 5VL((1 +|V¢Pw?) +w- NV =0,
where we also used the notations
w = curl U, W=wWi
one gets therefore
1 1
(9) U + gV + 5V|UH|2 - 5v((1 +|V¢Puw?) +w- NV = 0.

Denoting by II the projector onto gradient vector fields, and IT; the projector onto
orthogonal gradient vector fields,

\vavid vi(viT
1= N I, = 7(A ) ,
we can decompose U under the form
U, = U +1.U,
= V¢4V,
for some scalar functions ¢ and 1}, and similarly
w-NVY = T(w-NV') +10 (w- NV5)

= VX (@ NVY] HIL (0 NV,
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Applying IT to the equation on Uj one therefore finds the following equation on 1,

(10) A +gC+ 0P - 5((1+IVEP?) + % - (w NVE) =0,

A

There is no need to derive an equation on Il U = VH:/: since this component of
U) is fully determined by the knowledge of w and (; indeed, using the differential
identity

(11) (VXA -N=V"-4,
one computes easily that
w-N=V".U|,

and therefore N

I, Uy = V*e,
where 1) is the unique solution® in the Beppo-Levi space H3/2(R4) of

A{/; =w-N.
Taking now the curl of (1) we classically obtain the vorticity equation

(12) Ow+U -Vx . w=w-Vx U in

with w = curl U.

Our claim is that the kinematic equation (3), together with (10) and (12), forms
a closed system of equations on ({,%,w). We have therefore to prove that these
quantities fully determine the velocity field in the whole fluid domain. This is done
in the next subsection.

Remark 1. Applying IT, to the equation on Uj does not bring any further infor-
mation; this leads to

QI U+, (w- NV*) =0,
and therefore

(VU + V- (w-NV)=0.
Evaluating the vorticity equation at the surface, we also get
Ow+V -Vo=w-VU+w-NO,U_,,

from which one readily deduces that

O(w-N)+ V- (w-NV)=0.
We therefore get

dh(w-N-V*+-U) =0,

which is always true since, as seen above, w - N = V+ - U

Remark 2. We have an analogous equation to (11) at the bottom, which yields the
following relation for the bottom vorticity,

wlbott 'Nb = Vl W

bott?

in particular, if V.€ H'(Q)? then w;, - N}, € HO_%(Rd) with H()_%(Rd) as defined in
(8).

1We assume here that w € L2(Q) and divergence free; see Lemma 3.7 for the existence and
uniqueness of .
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2.2. A div-curl problem. Let ¢ € W2>(R%) and denote by Q the associated
fluid domain,

(13) Q={(X,2) e R —Hy <z < ((X)};
we assume that the fluid domain is strictly connected in the sense that
(14) Fhmin, VX €RY Ho+ ¢(X) > hin.

From the discussion of the previous section, one has

HJ_U” = VL’(Z: VLA_l(g . N)
and is therefore fully determined by the knowledge of (the normal component at
the surface of) the vorticity w. The following theorem shows that it is possible to
reconstruct the whole velocity field U in the fluid domain in terms of w, IIU} = V)

and (; more precisely, there is a unique solution U € H!(Q)? to the boundary value
problem

curl U= w in Q

(15) divU= 0 in Q
U= Vi + VA=Y w- N) at the surface
Uy-Ny= 0 at the bottom,

where we recall that U} is defined in (6), that w stands for the trace of w at
the surface, and that U, is the trace of U at the bottom. In the statement of
the theorem, we use the following definition to denote divergence free vector fields

defined on the fluid domain €. The second point of the definition is motivated by

/2

Remark 2 (where the space H, /2 is also introduced).

Definition 2.1. Let ¢ € W2%>(R%) be such that (14) is satisfied and Q be as in
(13).
i. We define the subspace of L?(2)? of divergence free vector fields as

H(divo,Q) = {B € L*(Q)3,div B = 0}.
ii. The set of such functions satisfying By, - Ny, € H, 1 2(R‘i) is denoted
Hy(divo, Q) = {B € H(divo,Q), By - N, € Hy *(R%)},
which we equip with the norm

B

26 = || Bll2 + [Bb - No|j-1/2.
0
For the sake of clarity, the proof of the following theorem is postponed to §3.1.

Theorem 2.2. Let ¢ € W2>(R?) be such that (14) is satisfied and 2 be as in
(13). Let also w € Hy(divg, Q)? and ¢ € H3/?(R?).

There exists a unique solution U € H*(Q)? to the boundary value problem (15),
and one has U = curl A + Vx _,® with A € H*(Q)? solving

curl curl A =w in €,
divA =0 in €,
Nb X Ab =0
(16) N-A =0

(curl A); =V+A Y (w- N),
Np - (curl A) =0,

|bott
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while ® € H2(Q) solves
AX z(I) =0 in Q
17 ’ ’
( ) { <I)|surf = ¢7 a’ﬂ(I)|bott =0.

Moreover, one has

1
10Nz + 1V, Ulle < Cla—, Ho, [Clwz) (120 + [Vl /2).-

min

The theorem furnishes a Hodge-Weyl decomposition? of the velocity field, U =
Vx,.®+curl A, the first component of which is the irrotational part of the velocity
field, and the second one its rotational part. More precisely, the theorem allows us
to give the following definition.

Definition 2.3. Let ¢ € W2°(R?) satisfy (14) and § be given by (13).
(1) We define the linear mapping A[(] as follows

Hy(divo, Q) —  H?*(Q)%,

w — A,

AlC] -

where A is the solution to (16) provided by Theorem 2.2.
(2) We define the linear mappings U;[¢] and Uy;[¢] by
H3(RY) — HYQ)? Hy(divo, Q) —  H'Y(Q)3,
" 5 V. w — curl (Al(w)
where ® solves (17).
(3) The linear mapping U[(] is

ule] H3/2(R?) x Hy(divo, Q) — HY(Q)3,

- (Ww) = Us[ClY +Up[Clw

2.3. The generalized Zakharov-Craig-Sulem formulation. We use here the
results of §2.2 to derive a closed system of equations on (, ¥ and w, from which all
the other physical quantities can be deduced.

According to Definition 2.3, the kinematic equation (3) can be written

até- - U[C](¢7w)|surf - N =0.

Proceeding similarly with the equation (10) for ¥, and the vorticity equation (12),
and introducing the mappings®

M[d(l/% w) = V[C]W, w)|sm.f7
(18) wic](¥,w) = W[C(Y, W)
Uj[l(v,w) = V[(](¥,w) +W[C](¢,w)V(

U[[C] : and UII[C] :

2Note that this decomposition is not orthogonal for the L?(Q) scalar product. The standard
(orthogonal) Hodge-Weyl decomposition would be

U="U*4Vx o,

with U? divergence free and tangential to the boundaries of Q. This decomposition does not
isolate the vorticity effects in the sense that they are present in both terms of the decomposition,
while they are absent in the potential part of the decomposition we use here.

3Note that according to (15), one has

VL
UIC,w) = Vo + (- N).
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we derive the following generalization of the Zakharov-Craig-Sulem formulation of
the water-waves equations in presence of a nonzero vorticity field,

0 ¢ = U[C](¥,w) - N =0,

0+ 9+ 3 U, — 51+ [V, w)?

VJ_

Ow + U[()(¢,w) - Vx .0 = w - Vx U[C](¢, w)
(with w = w)|_ ). Note that the divergence free constraint on the vorticity
(20) divw=0 in &

should be added to these equation; we omit it however since it is propagated by
the vorticity equation if it is initially satisfied.

(19)

Remark 2.4. For ¢ € W%>(R?) satisfying (14) one can define a generalized Dirichlet-
Neumann operator Ggen[¢] as

H32(R%) x Hy(divy,Q) — HY?(RY),

(¢a w) — U[C](¢7 w)lsurf : N?

the standard Dirichlet-Neumann operator used in the irrotational case for the

Zakharov-Craig-Sulem formulation of the water waves corresponds to G[(Jy =
Geen[C](1,0). Remarking that

_ Geen[C)(¥,0) + V- Uy [C)(4, )
1+[V(]? ’
the equations (19) can be written under the form

8tC - ggen[d(z/}vw) =0,
0u + 9¢ + Uyl ()]

Ggen[C] :

W(Cl(¥, w)

(GaenlC](¥, ) + V¢ - Uy [(] (4, w))
2(1+ V()
vL
-~ (- WV[@,w) =0,

In the irrotational case, one has w = 0 and U|[(](¥,w) = V1); denoting further
Gl¢1Y = Ggen[€](¥,0), these equations then simplify into

o+ ¢+ 3|Vl -

(21) (©Gldw+ve-ve)”
2(1+ V¢

which is the standard Zakharov-Craig-Sulem formulation.

Remark 2.5. Contrary to the irrotational case where the water waves equations (21)
are cast on the fixed domain R?, our formulation (19) of the water waves equations
with vorticity are partly cast on the moving — and unknown — fluid domain £,
parametrized at time ¢t by the free surface ((¢,-) through (13). The functional
setting for the study of the vorticity w is therefore less straightforward than for ¢
and 1. A convenient way to deal with this difficulty® is to fix the domain by using

4Even in the irrotational case, this problem arises if one wants to give a rigorous meaning to
the original water waves equations (1), (2), (3) (plus an irrotationality condition). One of the ad-
vantages of the Zakharov-Craig-Sulem formulation (21) is that such difficulties have disappeared.
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a diffeomorphism (¢, -) mapping at each time the flat strip S = R% x (—Hy, 0) onto
the fluid domain €;. The equation on the vorticity w in (19) is then replaced by
an equation on the straightened vorticity w = w o ¥, which is defined on the (fixed)
strip S.

3. THE DIV-CURL PROBLEM

The resolution of the div-curl problem (15) is necessary to prove that the for-

mulation (19) of the water waves equations with vorticity forms a closed set of
equations. The well-posedness of this boundary value problem was stated in Theo-
rem 2.2; its proof is given below in §3.1. A consequence of Theorem 2.2 is that the
curl operator can be “inverted”, as explained in §3.2.
The analysis of the evolution equations (19) shall require additional properties on
the velocity field provided by Theorem 2.2. After transforming the fluid domain
into a flat strip in §3.3, we provide in §3.4 higher order estimates on the solution.
The control of time derivatives requires a specific treatment, and is performed in
§3.5. Finally, crucial properties of the so called “good unknowns” are provided in
§3.6.

3.1. Proof of Theorem 2.2. We prove in this section Theorem 2.2, that is, we
solve the following div-curl problem in the fluid domain §2,

curl U= w in 0
99 divU= 0 in 0
22) Uy = Vap + VLZZ, at the surface
Up-Np= 0 at the bottom.

with 1; € H3/2(Rd) such that AJ = w - N (see Lemma 3.7 below for the existence
of ).

In order for the boundary conditions to make sense, some minimal regularity is
needed on Uj; let us recall the definitions

(23) H(div,Q) = {UeL?*Q)> divUec L*N)}
(24) H(curl ,Q) = {UeL*Q)3 curl Ue L*(Q)3};

it is classical (see for instance Chapter 9 of [26]) that normal traces (resp. tangential
traces) at the boundary are well defined in H(div ,Q) (resp. H(curl ,)). It follows
that if w € L?(2)? and U solves the first two equations of (22), one can take normal
and tangential traces at the boundaries, so that it makes sense to impose the two
boundary conditions of (22).

The first remark to do, is that it is easy to reduce (22) to the case ¢ = 0. Indeed,
let ® € H?(Q) solve the boundary value problem

(25) {AXJ(I)—O in

¢|surf = 1/}’ an@lbott = 0

They must however be handled to prove rigorously that the free surface Euler equations are indeed
equivalent to (21). This very careful analysis has been performed only recently in [3].
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(see for instance Chapter 2 of [39] for the existence and uniqueness of such a ®);
defining U = U — Vx . ®, one readily computes that

arl U= w in Q
divU= 0 in O

(20 W= 0
Ul = Y, at the surface
Up-Ny= 0 at the bottom,

which is the same problem as (22) with ¢ = 0.
We look for a solution to (26) under the form U = curl A, where the potential
vector A satisfies the system

curl curl A =w
Nb X Ab =0
(27) N-A =0

(curl A) = V4.
It is important to notice that

NbXAbZO:Nb'(VXA) 0,

‘bott =

which corresponds to the last boundary condition of (26).

Before proving the existence of such a potential vector A in H!(Q), we need a
series of preliminary lemmas. The first one is a Poincaré inequality for vector fields
whose normal component vanishes at the surface, and whose tangential components
vanish at the bottom.

Lemma 3.1. Assume that ( € W1°°(R?) satisfies the non vanishing depth condi-
tion (14). Let also A € H(div ,Q) N H(curl ,Q) be such that

AbXNbZO, and ANZO

Then one has
|All2 < C(Ho, |Clw1.)[0:All2.

Proof. Let II;(X) : R® — R3 be the projection onto RN(X) parallel to N;-, and
I;7(X) : R® — R3 be the projection onto the horizontal plane N;- parallel to N (X).
One can decompose A under the form

A:A[+A][ with A]:H[A, A[]:H[IA.

Since A vanishes at the surface and A;; vanishes at the bottom, we can use the
standard Poincaré inequality to get

[Allz < [[Arllz + | Azl
< [Ho+ Cloo(10:Axll2 + 110-Agz]l2)-

Since the projectors P; (j = I,II) do not depend on z and have operator norm
bounded by C(|¢|w1.), we easily deduce that

[All2 < C(IClwr.oe, Ho)[| 0= All2.
O

The second lemma shows that all the derivatives of A can be controlled in terms
of curl A, div A and the trace of A at the surface and bottom.
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Lemma 3.2. Let ( € W2°°(R%) satisfy (14) and let A € H(div ,Q) N H(curl ,Q)
be such that
AbXNbZO, and A-NZO.
Then one has
IV Al < [leurl Al + [div A3 + CI¢lwa= A3,

for some numerical constant C.

Proof. The proof is a small variant of classical estimates (see for instance Chapter
9 in [26]). With the convention of summation of repeated indices, and with the
notation (91, ds,03)T = V.., one has

/|ain|2 /ain(ain—aiAj)Jr/ajAl-aZ-Aj
Q Q Q

and one can rewrite the second term of the right-hand-side as
/ 0;Ai0A; = / T jA0A; — / A;0;0;A;
Q r Q

= / (WZAJa]Al — WjAjalAl) +/ &-Ai@jAj
T Q

||cur1 A”g +/Q(‘3JA232AJ,

where 77 is the outward unit normal vector to the boundary I of Q (i.e. the bottom
and the surface); we have therefore obtained

(28)  ||Vx..A|3 = |lcurl A3+ [|div AH§+/ (T:A;0;A,; — (7 - A)div A).
I

Let us now evaluate the surface and bottom contributions of the boundary integral
in the right-hand-side:
- Bottom contribution. Since A is a normal vector field at the bottom, one has

(W - A)(div A)y,... =2|AH, + A - 97 A,

where Hj is the mean curvature of the bottom. Remarking that

[bott

/ WiA;O;A; :/ 2T xA) -curl A+ A-9A
bott bott

= A - 07A
bott
(since A is normal to the bottom), we get the following expression for the contri-
bution of the bottom to the boundary integral in (28),

(29) / (W:A;0;A; — (7 - A)div A) = —2 Hy| 42,
bott bott
which vanishes since the bottom is flat.
- Surface contribution. Since A -7 = 0 at the surface, the contribution of the
surface to the boundary integral in (28) is of the form

/ WiA;OA; = (A-Vx.)A-T)—A-(A-Vx.)7,
surf surf

where we still denote by 7 a local extension of 7 inside €. Since A is tangent
to the surface, the operator A - Vx . is tangential, and the first component of the
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right-hand-side vanishes. Since moreover, the extension of 7 can be chosen such
that || 7|1 < C|C|w2., we deduce that

(30) / (A0 (- A)div A) < Clclwan AR,
O

The Lemmas 3.1 and 3.2 imply a useful equivalence property for the H' norm
of A with the L? norms of div A and curl A.

Lemma 3.3. Let ( € W>°(RY) satisfy (14) and let A € H(div ,Q) N H(curl ,Q)
be such that
AbXNbZO, and AN:O

Then one has
A3 + IVx,2All3 < C([¢lw2.e, Ho)([|div Al + [Jcurl A[3).

Proof. Recalling that Aj, and A, stand for the horizontal and vertical components
of A, we deduce from the assumption that A is tangential at the surface that
A, =V(- A, and therefore,

|Al2 < C(IV(|oo)Apl2;

and we therefore turn to estimate the L?-norm of A,. Using the fact that Apppo =
0 by assumption, we can write

¢
/ |Ah|2:/ az‘Ah‘2:2/Ah'aZAh.
Rd Re J—H, Q

Remarking that 9,A), = —(curl A);- + VA,, we have that
/ |Ah|2:—2/Ah~(cur1 A)i+2/Ah'VAU
Rd Q Q

:—Q/Ah-(curl A)i72/(VoAh)AU72/ V(- ALA,
Q Q

Rd

- 72/ Ay, - (curl A)y 72/(div A)A, +2/ d.A,A,
Q Q Q

Lo / Ve A4,
Rd

Remarking that the third term is equal to |[A,|2 — |(Ay)
A, =V(-A4,, we deduce

/ 14,2 = _2/ Ay, - (curl A);—z/(div A)Av—/ A —/ A2
Rd Q Q R2 R2

We can now deduce from the above that
A3 < C(VC)Al2(lldiv Afl2 + [lcurl All;)
< O([¢lwroe, Ho) IV - All2([ldiv Allz + [[eur] All2),

and recalling that

\bott|2’

where we used the Poincaré inequality provided by Lemma 3.1 to obtain the second
inequality. Using Young’s inequality 2ab < €2a? + ¢~ 2b? with € small enough and
the estimate furnished by Lemma 3.2, we get the result. (]
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We can now proceed to construct a solution to (27); we also impose that A be
divergence free. We are therefore concerned with the problem

curl curl A = .
(31) { " Ccllliv A — ((';: in Q,
with the boundary conditions
A-N= 0
(32) Ny x Ap = 0

(curl A) = V4,
with ¢ € H'Y2(R%). The first step is to construct a variational solution in the
following sense.

Definition 3.4.
(1) We denote by X the closed subspace of H!(2)? defined as

X={AcH'(Q)? divA=0, A-N=0, N,xA, =0}
(2) Let w € L2(Q)® and ¢ € HY/2(RY). Then the vector field A € X is a variational
solution of the system (31)-(32) if and only if
(33) VC € X, /curlA-curlC:/w-C+/ V- Cy,
Q Q R4

where we recall the notation €} = C), + V(C,,.

The following lemma shows the existence and uniqueness of such a variational
solution.

Lemma 3.5. Let ( € W2(RY) satisfy (14), and let w € L*(Q)3 and ¢ €
H'Y2(R?). Then there exists a unique variational solution A € X to (31)-(32)
in the sense of Definition 3.4. One has moreover

(34) leurl Alls < C(Ho, [Clw2) ([@ll2 + V| gr-1/2).
Proof. The bilinear form

a(A,C) = / curl A - curl C
Q

is obviously continuous on X x X; Lemma 3.3 also shows that it is coercive. The
linear form

L(A):/w-A—i—/ Vi - A
Q R2
also satisfies
L(A) < Al + V3], 34,
< [lwll2[|All2 +C(IC\W2100)|V1;\H7% Az,

where we used the trace lemma® to derive the second inequality; is is therefore
continuous on X and we can apply Lax-Milgram’s theorem to obtain the existence

5By invoking the “trace lemma”, we refer throughout this article to the continuity of the
trace operators at the surface and at the bottom, as operators defined on H!(Q2) with values in
H/2(RY),

VA e H'(Q), A SCClwreo)llAllgr  and  [Ap]| < CllAlg.
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and uniqueness of the variational solution.
Taking C = A in (33) and using the above estimate on L(-), we get

leurl AJl3 < C(I¢lwe) (Ills + [VEL1/2) Al

and the estimate of the lemma therefore follows directly from Lemma 3.3 since
div A = 0. |

Because of the divergence free condition, the space X used as the space of test
functions in Definition 3.4 is too small to ensure that the variational solution pro-
vided by Lemma 3.5 satisfies the first equation of (31) in the sense of distributions.
We therefore want to take a larger space of test functions by removing the diver-
gence free condition in the definition of X, namely, by working with test functions
in the space

HéC(Q):{AeHl(Q>35 ANZO, NbXAbZO}
For all C € H! _ (), we define ¢ by

Ap =div C
87L50\5urf =0
<‘O|bott :O7

so that C — Vx . € X and therefore

/CuI‘lA'CuﬂCZ/W'(C—VX7ZQO)+/ V@'(C”—(VXJ(,O)H).
Q Q Rd

But, if div w = 0,
/W'VX,Z<;0:/ w-Nyp
Q R4 -

VY (Vx,.0)) = */ Ap.

Rd Rd

Thus, if At = w - N we learn that
(35) /curlA~curlC:/w~C+ V- C)
Q Q R

for all C € H} _(Q).
It is now easy to deduce that the variational solution furnished by Lemma 3.5 is
a strong solution of (31)-(32).

Lemma 3.6. Let ( € W2=(R%) satisfy (14), and let w € L3*(Q)® and ¢ €
H'Y2(RY). If moreover divw = 0 and A = w - N, then the variational solu-
tion A € HY(Q)3 furnished by Lemma 3.5 solves (31) with boundary conditions

(32).

Proof. By construction, div A = 0. The fact that curl curl A = w stems from (35)
with all C € D(2) C H . () as test functions. It follows that curl A belongs to
H(div , ) N H(curl ,Q) and therefore that the traces of curl A at the surface and
bottom make sense. The fact that these traces satisfy the last condition in (32)
is also a consequence of (35). The first two conditions of (32) are automatically
satisfied since A € H} _ (). O
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Now we have all the ingredients to finish the proof of the theorem. With div w =
0 and Az/) = w - N, we denote by A € X the variational solution furnished by
Lemma 3.5 and set U = curl A. We get directly from Lemma 3.6 that U €
H(div ,Q) N H(curl , Q) solves (26). We also get from (34) that

1Tl < C(Ho, [¢lweee) (Iwllz + [V gr-1/2)

1
(36) < C(Ho, hf_,|C|W21°°)||w||2,b~

where we used the following lemma to derive the second inequality (we recall that

H(;l/z is defined in Remark 2 and that Hy(divg, ) and ||w]|2, are defined in Defi-
nition 2.1).

Lemma 3.7. Let ( € WH>®(R%) satisfy (14) and w € Hy(divo, Q). Then there
exists a unique solution w € H3/2(Rd) to the equation Aw =w- N, and one has

Vg2 <C( |C|W1w)||W||2b

Proof. The bilinear form a(u,v) = Vu-Vo is continuous and coercive on the Hilbert
space H(R?). Let us now define the linear [(-) form on H*(RY) by

Yo € H'(R?Y), 1(v) ::/ w - Nv.
Rd

If we can prove that [ is continuous, then the existence and uniqueness of a vari-

ational solution QZ € Hl(Rd) to A{/)v = w - N will be a direct consequence of Lax-

Milgram’s theorem. We therefore show this continuity property.

Note now that (X, z + o(X,z2)), with ¢ = HLO(HO + 2)¢, is a diffeomorphism

mapping the flat strip S to the fluid domain €2, and denote w = w o X. Writing
%:= (ng)Tvx,z (with Jy = dx X the Jacobian matrix), we can integrate by

parts in the above formula to find

l(v) = / wp - Npvg™* + / (14 0000V, -w+ / (14 8:.0)V 0" - w
R4 s s
R4 S

where for all v € H L(R%), v*** is the solution of the boundary value problem

{ Ax v =0 in S,

v‘ez"to =, (0:v°Y)|.__p, =0,
h Hy)|D
fe. poxt = &8 (= + Ho)l |)v (note that we use the Fourier multiplier notation
cosh(Hy|D|)

even though v belongs to H 1(R%) which is not a space of tempered distributions;
we refer to Notation 2.28 of [39] to see that this makes sense). One has therefore

[(v) < lwo Nl i[5 e + CCwr ) wll2| V0™ 2

where for the first term, we used the fact that H()_l/2(Rd) is the dual space of
H'/2(R%) (see [11] for a proof). Using the explicit expression of v*<t, one readily
deduces that

1
l(v) S CClwree, 3= )llwll2,Vl2,

min
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which implies the desired continuity property, and therefore the existence and
uniqueness of a variational solution 1/) e H'(RY) to A¢ = w - N. We also directly
get from the above that

~ 1
IVla < C([¢wres, r)”w”%

min

In order to obtain an H 1/2 estimate of V4, let us take the L2-scalar product of the
equation A = w- N with Ay (with A = (1 — A)'/2). Integrating by parts, we then
proceed as above to get

Viline = = | Adw-N
= -/ A{/;E"twb - Ny — /(1 + 0,0) g(’ZA{/;eXt ‘W
One readily deduces from thz Cauchy-Schwarz iilequality that
VOlGe < lwn Nol a2 [AGF Lz + O w2V AT 2

< Cll¢lwroe =) wllz| AV x 292,

1
hmin
Since AV x 9|y < |Vib|ga/2 (this is a standard smoothing property, see for
instance Lemma 2.20 of [39]), one deduces that

~ 1
Vlgire < CClwree, ) |[wll2e,

min

which concludes the proof of the lemma. O

The following lemma complements this L2-estimate on U provided by (36) by
an H'-estimate.

Lemma 3.8. Let ¢ € W2>(RY) satisfy (14) and w € Hy(divy, ), and Y €
H3/2(Rd) be the solution to the equation Ay = w - N furnished by Lemma 3.7.
If U € L?(Q)3 solves (26) then U € HY(Q)? and one has

|02 + | Vx,-Ull2 < C([¢lw2oe, Hoy 77— ) [|w]l2,5-

hmm

Proof. Let us first remark that the fact that div U=0 implies

curl curl U = —AX’ZINJ = curl w

7/AX7ZI~J~6:/CUI‘1LU~I~J
Q Q

so that, after integrating by parts we have that

/|VX,zﬁ|2 = / (3ﬁﬁ+ﬁxw)~ﬁ+/w~cuﬂﬁ
Q o9 Q
= / (8ﬁﬁ+ﬁ>xcurl INJ) I~J—|—/ lw|?,
o9 Q

where 77 is the outward unit normal vector to the boundary I" of 2. At the bottom
= — Ny and wyp = 0; since moreover

876‘1)0“ = _8zﬁ-|]Dott and (curl fj)

and therefore

=9, Vi

hlbott [bott
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one easily gets that (aﬁﬁ + 7 x curl f])‘ — 0 and therefore
bott
|VX,sz|2 - / (6nﬁ—|—n x curl fJ) U+ | |w?
Q surf Q
(37) = / (N-VX,ZG—&-NXCHI‘I ﬁ) Q+/ ‘w|2
R surf O

In order to evaluate the boundary integral, let us remark that

B _( —VC-VV 4 (14 VPV,
N . ZU _ - > surf
( VX, )lsurf ( -V¢- (VW) + 8Zw|surf

[surt

and
~0. V|, + VO - V(O W,,,
(N x curl ﬁ) = -V ELVLC + V(- 0.VEVEC
T\ V0V Y (VW)

and use the identity
VPOV = (V6 02V, ) VC+ (V- 0.V, ) VCH

to obtain

(N Vx.U+ N xcwl U) (N0, )N

[sure

. (vw—wcvﬁ—va%).
0

Using the fact that div U = 0 we now remark that

(N ’ 8Zr[vJ"surf) = _azvlsurf : VC + 8Z{i}‘surf

= 0V V(= (V-V),

= -V Ea
and we can then deduce the following expression

& = Vi — (V- V)V
(N Vx O+ Nxewl T) = w— (V3¢ V)V
surf 7V . K

(38) = F

Going back to (37), this gives

(39) /|Vx,zﬁ|2 - /F~Q+/\w|2
Q Rd Q

o) /R W Vi (V- VIV -V + /Qlwﬁ.

Noting that Q = VJ-{/)V —wV( and integrating by parts if necessary, all the compo-
nents of the integrand of the first term can be put under the form

PO,V U, Q) (VY)U; o Q@ (1<4,j<d),
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with P(¢) (resp. Q(¢)) a generic notation for a polynomial in the first (resp. and
second) order derivatives of (. We deduce therefore by standard product estimates
that

IVx:Ull3 < CClwe)(IVEla2 Uz + VElalUle + |@13) + w3
C(IClw2.o ) (V9 /2 |Ul e + 1@3) + llwll3.

|w|2—2/w8w

< C(Ho, [Cloo) [IW]l2[|0-w ]l

(41)

IN

Remarking now that

and recalling that the trace lemma and Lemma 3.1 yield
U2 < C([Clwro) 10|,
we easily deduce from (41) and Young’s inequality that
G117 < C(Ho, [Clw) (V9702 + (U5 + [wll3)-

Using the upper bound on |[Ul|; provided by (36), we get

1
[Tz + [Vx.:Ull2 < C(I¢lwe., Ho, . )(
and the H!-estimate of the lemma follows from Lemma 3.7. O

Letting
U=U+Vx,.d

with @ solving (25), we have therefore constructed a solution to (15). Uniqueness
of this solution follows from Lemma 3.8, while the estimate given in the statement
of the theorem follows from Lemma 3.8 and the estimate

Vx| a1 <C( — [Clw2.2) [V g1/,

ml

which is a well known estimate from the study of irrotational water waves (see for
instance Corollary 2.40 of [39]).

3.2. Inverting the curl operator. Theorem 2.2 can be used to construct an
inverse of the curl operator on the space of divergence free vector fields.

Corollary 3.9. Let ( € W2°°(R%) be such that (14) is satisfied and € be as in
(13). Let also C € H(divg, ) be such that Cy - Ny = 0. Then there exists a unique
solution B € HY(Q)? to the boundary value problem

curl B= C m  Q
divB= 0 in
By = VLiA-L(C-N) at the surface
By = 0 at the bottom

we denote this solution B = curl 1 C.
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Proof of the corollary. A direct application of Theorem 2.2 (with ¢ = 0) provides
existence and uniqueness of a solution to the same boundary problem as in the
statement of the corollary, but with the bottom boundary condition replaced by
By - Ny, = 0. The fact that By x N, = 0 comes from the observation that

(Bb X Nb)l = leil(Cb . Nb),
which is equal to zero since C - Ny = 0 by assumption. O

3.3. The straightened div-curl problem. We know from Theorem 2.2 that
there exists a unique solution U € H'(Q2)? of the problem

curl U= w in
divU= 0 in Q
Uy = Vi + VA~ w- N) at the surface
U,-Npy= 0 at the bottom.

The study of the regularity properties of this solution is made easier by working
with a transformed equivalent div-curl problem on the flat strip S = R% x (—Hj, 0).
We therefore introduce the diffeomorphism ¥ : & — Q mapping the flat strip S
onto the fluid domain and defined as

S —
(X,2) = Z(t,X,2)=(X,2+0(t X, 2)),

where o is the scalar function

o(X,z) = HLO(Z + Hy)C.

S(t, ) :

Defining
v
U = = U [e] E’ W =w?o 27
w
one readily gets that U € H'(Q)? is the unique solution to the above div-curl

problem if and only if U € H'(S)? is the unique solution to the transformed div-
curl problem

curl’U = w in S

(42) div’U = 0 in S
U= Vi + VA~ w- N) at the surface
Upy-Ny= 0 at the bottom,

where we use the notations
(43) cwrl’U = (curl U)o X =V, x U, div’U = (div U)o ¥ = V% . - U,
with V% . given by

3 ) 3 1d —Vo
W) Vo= (s Ve witn (507 = (e T )
1+0.0

(Jx = dx X is the Jacobian matrix of the diffeomorphism ¥). More generally, if
F =F o X, we define using the convenient notations of [47]

(45) OF =0/FoX% (i=tzy,2)
and therefore
0;0 1
4 J = 0 — i z | = s Ly g = z-
(46) a7 =0 1T o0 Bzaa (t=t,xz,y) and O g azaa
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Notation 3.10. We denote by U?[¢](¢),w) the solution to the straightened div-curl
problem (42). According to Definition 2.3, one has

U7[¢](¥,w) = U[¢](¢,w) o X,
and we have the decomposition
(47) U7[¢](¥,w) = U7 [l + UT; [,
with U7[¢]y = Ur[C]y o ¥ and U [(Jw = Urr[CJw o X.

Remark 3.11. Straightening the boundary value problems (16) and (25), U7[(]y
and U9, [C]w can be alternatively defined as

US[C = V.6 and U [CJw = curl”A
with

(48) { Vx. P(E)Vx.6=0 in &

(b\z:() = 1/)7 e, - P(Z>VX,Z¢|2:_HO = Oa
where P(X) = (1+ 9,0)J5 " (J5 "), and

curl’curl’A =w in 8
diviA =0 in S
Nb X Ab =0
(49) N-A =0

(cwrl”A); =V+A~lw-N
Ny -curl”4, =0.
3.4. Higher order estimates. All the properties that can be established for U
have of course a counterpart on the straightened velocity field U = U7[(](¢),w)

introduced in the previous section. For instance, proceeding as for (39), we know
that

VC e H'(Q), /VX,ZU-VX,ZC:/w.curchF/ F.C,
Q Q Rd

with C = C|_ , and F as in (38). Working on the straightened domain S, this is
equivalent to saying that

(50) VO € HY(S), / Vx.U-PX)Vx,C= /(1 + 0. 0)w-curl’C+ [ F-C,
s s R
with P(X) = (1 + 0.0)J5 ' (J5")T and
Vx:U-P(2)Vx.C:=> ;U P(Z);,0:C".
0,4,k
The H'-estimate on U given in Theorem 2.2 yields the following H!-estimate on
U,

1
(51) 111z + 1V x,:Ull2 < C(— Ho, [Clwz<) (Iwll20 + [Vl r1s2);

in ’
the theorem below provides higher order estimates on U, that is, estimates on
|A*V x .U|| for k € N. It is important to remark that this control is not given in

terms of [A¥V1)|;1/2 but in terms of [PBtp(a)|2 (0 < |a| < k4 1), where
|D|

2 oy
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(so that [PB)ayl2 ~ [V(a)|g-1/2), while the good unknowns 1,y are defined as

(53) V(o) = 0% —wd*(
(for @ = 0, we take 9oy = 7). We also recall that the spaces H** have been
defined in (7): the norm || - || gs.» controls a total number of s derivatives, including

at most k vertical ones. Note also that, with the convention that a summation over
an empty set is equal to zero, the estimate of the proposition coincides of course
with the estimate of Theorem 2.2 when k = 0.

Proposition 3.12. Let N € N, N > 5 and ¢ € HY(RY) be such that (14) is
satisfied. Under the assumptions of Theorem 2.2, there is a unique solution U €
HY(S) to (42); if moreover 0 < k < N — 1 and A*w € L*(S) then the following
higher order estimates hold

U rree1a < My (18] + > B2 + 1A w]l2,0),

aeN? 1< |a|<k+1

1
with My = C(hi_,Hm ¢l a)-
Proof. In order to study the regularity of U we take® C' = 9?2U (with 3 € N¢ and
k=8 <N —1)in (50),

/VX’ZU-P(Z)VX’Z(')QBU:/(1+8zo)w-curl"825U+/ F.0%°U.
S S Rd

1/2

Integrating by parts and denoting A = (1 — A)1/2) we get

/VXJaBU-P(E)VX,ZaﬁU:/vX7ZaﬁU-[aﬁ,P(2)]vX,ZU
S S

+ / Arw-ATF((1+0.0)cwl”0?U) + | 9°F-0°U
S Rd
=0+ L+ I

Since P(X) is coercive in the sense that

1
(54) YO R (O] < O, [Clw1.=)® - P(2)©
(see Lemma 2.27 of [39] or Lemma 2.5 in [38]), we have that
1
(55) 107V x Ul < C(o—— [Clwr.e) (11 + Lo + I5),

hmin
and we therefore need upper bounds on I; (1 <i < 3).
- Upper bound for I;. Denoting Q(X) = P(X) — Id, we deduce from the standard

commutator estimate

Ve Hotng*RY), vge H*'RY), (107 flglo S |flmeorvvelglme-1,

60f course, this is not correct since 828U has not the H L_regularity of the test functions C in
(50). One should instead consider a regularization of 822U, such as, for instance x(5|D|)8%°U,
where 6 > 0 and x is a smooth, compactly supported function, which is equal to one in a neigh-
borhood of the origin. One should prove all the estimates for this regularized version and then
deduce the result by letting § — 0. We omit this technical step, and refer to the proof of Lemma
2.39 in [39] where the details are provided in a similar context.
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(With to > d/?) that
11| < 0PV x U2 Q(E) || oo o+ vyvr [[AF IV x LU |2
(56) < My[|0°Vx U2 |AF 'V x .U |2,

where we used the fact that N > ¢+ 2 (if to > d/2 is chosen close enough to d/2).
- Upper bound for I. We can write the operator A=%((1 4 0,0)curl”9?"- as a sum
of vectorial operators with coordinates of the form

AF0*P05, ATH0,,0)'0°P05,  jja=wy.z, 1=1.2.
We can therefore use the product estimate (see [30], p. 240)
(57) VfeH'(RY), geH™RY), |fglur < |flamlglur,

for all 7,71,72 € R such that r1 +r, >0, r <r; (j=1,2) and r <71 +179—d/2 to
deduce (taking r = —k, r; = k V tg, ro = —k) that

1
IA (1 + 0:0)eurl” 00 |2 < O [V x,:0] o s ) [0° V x 2V .
Using a simple Cauchy-Schwarz inequality we then get that
(58) 12| < My | A*w]|2]|0°V x U |-

- Upper bound for I3. Proceeding as for (40), we get
I :/ 200V - VoPw — (VE¢ - V)OIV - 08V — [0°, Vo] - vVt 0PV
Rd

=131 + I3z + I33,

and we now turn to give upper bounds on the three components of the right-hand-
side. Substituting

V. = °Uy - 9" (wV¢)
= 9P (Vp+ V) — (0°w) V¢ — wVdP¢ — [0°,w, V(]
= VP — wdV¢ — (0Pw)V¢ + 0PV — 07, w, V(]

one gets
Iy = 2/ (VP —wVh() ~V8ﬁw+2/ (= 0°wV( - [0°,w,V(]) - Volw
Rd Rd
(note that the term involving V14 vanishes). Using the product estimate

69 VLgeHPR). [ fo0< Wlhllms (<i<d
to control the first term, and integrating by parts in the second one, we obtain
131 <2B (VO — wV*¢)[2]0°w] g/
+|A¢ oo 07w]3 + [V[07, w, V(][2 07wl
SIB(VO'Y = wVP )2 0%w] s + [¢|an [Arw]3,

where the last inequality stems from the trace lemma, the assumption that N > 5
and standard product estimates; we also have ||0%w|| g1 < ||V x,.0°w|| by Poincaré’s
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inequality. For the second term of the right-hand-side, we also use the fact that
A*w vanishes at the bottom to write

(A Fwl3 = 2/ Awd A w < 2| AFwll |0 A w.
s
We therefore get
|I31] < M (IB(VOPy —wVIPC) o + AV x U|]2) |A*V x .U |2

For I35, we make the same substitution for 9°V as above to obtain

Iy = / V- V[(0°Vy — wVaPC) + 87V — 07w, V()] - (0°V — 9wV )t
Rd

+/ (V¢ -V)VE - V) 105wl

Rd

proceeding as for I3; we therefore obtain

| Isz| SMn ((B(VO9 = wVC)lo + [BOTV 4l + [BA* w]2)[0°U 112 + |07 w]3)
<My (IB(VO* ) —wVI ()| + [RBOPV 2 + [A* T Vx Ull2) [AFV x U -

We therefore need the following lemma.

Lemma 3.13. Under the assumptions of the proposition, the solution QZ to the
equation Ay = w - N furnished by Lemma 3.7 satisfies the estimate

AV 12 < My ||AFw]|o.

Proof. Proceeding as in the proof of Lemma 3.7 and using the same notations, we
take the L2-scalar product of the equation Ay = w - N with A?*T14) to obtain

‘AkVJ|H1/2 — /d AQkJFIJSthb - Ny — /(1 + azg)v§7ZA2k+1Jext cw
R S

_ 7\/ A2k+1{/;§xtwb "N, — /(1 + aZJ)(ng)TVXVZAkle’lZEXt AR
R4 S

- /s VA AR (14 0.0) 05w,
One readily deduces that
ARV e S IAFGE g1 o | APy Np| =172 + My ||V x AR 5] AR,
and the result follows from the fact that
AR 1o+ AV X o S ARV 12

Using this lemma we obtain the following bound on I3,
[ sa| < My (1B (VO™) —wVO ) o + [|A*wl|2p + [|A*Vx 2Ull2) [A*Vx Ul

For Is3 we use again the product estimates (57) and (59), and the trace lemma to
get

MN|Ak_3/2VQ|2‘A1/286Q‘2
MNHA’“’IVX,ZUHQHA’“VX_,ZUHQ.

[I33] <
<
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Gathering the estimates on I31, I32 and 32, we finally get
(60) T3] < My (|B(TO -V C) 3+ A wlla) + |V x .Uz ) [A*V U .

We can then deduce from (55) and (56), (58) and (60) that for all 0 < k < N —1
and all B € N\ {0} such that |3| < k, one has

1079213 < My (2 B0l + 1A% wllap + |47V, Ull ) ARV x .Ul
1<|or| <k+1

Summing these inequalities for all 0 < |3| < k, this yields a control on ||[A¥V x U],
and using the H'-estimate furnished by Theorem 2.2 for the case 8 = 0, the result
follows by a finite induction on k. O

Theorem 3.12 provides an H**11-estimate of U. We now deduce a more general
HF+LIHL ostimate of U.

Corollary 3.14. Let N € N, N > 5 and ( € HV(RY). Under the assumptions of
Theorem 2.2, there is a unique solution U € H'(S) to (42); if moreover 0 < 1 <
k<N -1 andw € H*(S) then

U a0 < MN<|‘»B¢|H1 + D Bl + wllaea + A w - Nb)|HO—1/2),
1<|al<hk+1

with wy = w),__,, and My as in Theorem 3.12.

Proof. We can rewrite the first two equations of (42) under the form

[(g)+Nag}xU=w and [(Z)+Na§f}-(]:o,

with N = (—=Vo™,1)T, and therefore

N o Viw
N.-9°U=-V-V and NxazU—w-l-(VJ_.V)-

From the identity

orT 1 \T TTT N \T o \
we deduce
1400 . <[ Vw+(VEV)Vie

This identity will be used to trade one vertical derivative of U with one horizontal
one, using the product estimate provided by the following lemma.

Lemma 3.15. Let N € N, N > 5, and 1 <k < N — 1. Then for f € HN71(S)
and g € H*(S), one has

VO<U<k, ALz S ISl llgllent-
Proof of the lemma. One can decompose A*~!0.(fg) as a sum of terms of the form
AR ), o<l <L

Choosing to > d/2 such that N > 2ty + 3/2, these terms can then be bounded from
above using the product estimate (57),

(AF1@Y £OI g) (=) S 10Y £(2)] a0 g() ] + (10X () 510" g(2)]a)

k—I>to
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where the term between brackets should be removed from the r.h.s. when k—1 < g,
and where (4, B) = (H%, H*=!) or (A,B) = (H*!, H'). Integrating in z, we
easily deduce

AL fO g)lla S 10F (e al0h " 9(2) 1o
4 -1
+ (108 S wepl0" 9()pen),

with (a,b) and (¢, d) being equal to (2,00) or (co,2). The choice of A, B and a, b,
c and d depends on several cases

(1) fto+l'+1/2< N—land k—I+I'+1/2 < N—1then (A, B) = (H'", H*!)
and (a,b) = (¢,d) = (00, 2).

(2) Ifto+I'+1/2< N—-1and k—I1+1'"4+1/2 > N—1 (and therefore k = N —1,
I =1"), then (A, B) = (H', H*=!) and (a,b) = (c0,2), (c,d) = (2, 00).

(3) Ifto+1'+1/2> N—1and k—I+1'+1/2 < N—1then (A, B) = (H*! H')
and (a,b) = (00,2) (there is no need to specify (c,d) since one then has
k—1l< to).

(4) fto+0'+1/2> N—1and k—I+1'+1/2 > N—1then (A, B) = (H*!, H")
and (a,b) = (¢,d) = (2,00).

The results then follows from the continuous embedding L H" < Hrtl/2.1 (s €R,
see for instance Proposition 2.13 of [39]). For instance, in the first case, this yields

’ ’
IA* DL fO gl S W greasrrsr s gl pgmvramv

+ <||f||kaz+L/+1/2,z/+1 ||g||Hzfz/+t0,zfz’+1 >k—l>t0

S I v=llgl s,

b
—I>t9

where we used the assumptions corresponding to the first case. The other cases are
treated similarly. 0

Let 1 < I < k; taking the H*! norm of (61), we obtain with the help of the
lemma that

18Ul e < Cllolla ) (1T | s + ]l et )

and therefore

1T zzrsraee < Cllollzn) (10w + [l g ).
By a finite induction on [, we readily obtain

1T gresrier < Clollan) (10N zreern + wllea),
and the result then follows from Theorem 3.12. d
3.5. Time derivatives. For the analysis of our formulation (19) of the water waves
equations with vorticity, we shall need to control time derivatives of the solution
U = U?[{](¢,w) to (42). Such a control cannot be obtained with the same methods
as the control on space derivatives obtained in the previous section (i.e. by taking

time derivatives of U as test functions in (50)). We deal with this issue in this
section. We first need the following notation.

Notation 3.16. We say that ¢ € C([0,T]; W1 (R?)) satisfy (14)r if (14) is uni-
formly satisfied by all ((¢,-) with ¢ € [0,T].
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Proposition 3.17. LetT > 0 and ¢ € C([0,T]; W2°°(R%)) satisfy (14)7. Let also
¢ € CY([0,T); H¥?(R?)) andw € C*([0,T]; L2(S)4+1) be such that ( %..w)(t) =0
for all t € [0,T] and wy, - Ny € CH([0,T); H51/2(Rd)). Then one has

0 (U7 [)(4, w)) = U7[C] (0t — wOrC + % (Wi 8iC), O w) + 0,07V [(](¢, w),

where (KT,M)T =U7[(](v,w)

[2=0"
Proof. The main ingredient in the proof is the following identity
(62) 507 f) =07 (0f — 6007 f) + 600707 f  (j =w=,y,2),

where 0 can be any linearization operator (§ = 9; here). The quantity § f —dcd? f is
called Alinhac’s good unknown after [7]. Its role in the water waves equations was
noticed in [38] but it was in [6] that its interpretation as Alinhac’s good unknown
was understood (see also the discussion in [47]).

Decomposing U?[(](%,w) as in Remark 3.11, we are led to compute the time deriva-
tives of U[¢]y and U7, [¢]w:

- Computation of 9;Ur[C]i. Recalling U7[(]y) = V& ¢ with ¢ solving (48), we
have, according to (62),

OHUT[ Y = V% . (0 — 0,007 §) + 0,007V . ¢
On the other hand, and after remarking that
(1+0.0)V%. V%.=Vx. P(E)Vx,
we can differentiate (48) with respect to time to obtain

{ V. P(E)Vx: (06— 0007¢) =0 in S
(8t¢ o 8t0-8(27¢)|z:0 = (6t¢ - atgag(ﬁ)\z:w 0, (at¢ - 5t052¢)|z:7H0 =0,

where P(2) = (1+0,0)J5 " (J5')T, and where we used the fact that Oio|,_, = OiC
and Oyo|.__, = 0. It follows that

(63) o U7 ] = UT[C](0) — wy0:C) + 0y 07 UT[Cla),

where w; is the vertical component of U7[¢]¢) evaluated at the surface.
- Computation of O,Urr[¢Jw. Recalling that UJ;[¢Jw = curl” A with A solving (49),
we have, according to (62),

U7 [Jw = curl? (0, A — 0,007 A) + Opo 07 curl? A.
Differentiating (49) with respect to time, we also have

curl’curl? (0, A — 0,007 A) = Ow — 000w
diVU(atA — 3t03;’A) = O,

inside the flat strip S, together with the boundary conditions (with the notation
Urr = (Vi win)T == curl” A)

Nb X (3tA — 8t0'8gA)‘z=7H0 =0

N - (9A - 007 A)_, =V( A, —dhoN -4 _,
(Curla(atA - 3,503?A)|z:0) I = vLat'IZJ — 8tC(8ZUH)H - wHV(‘?tC
=0.

Ny - curl” (9 A — 0,007 A)|.__y,
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In order to simplify the boundary conditions, let us observe that when evaluated
at the surface, the equations div? A = 0 and curl’Uy; = w give

N-0JA._,=-V-A, and —(87Ur1) =—Vuw, +wi
and that
AOW = Ow: N —w, VI
= (0w — 0:007w,_y) N + (07w)|._, - NO — wy, - VO
= (Ow —00dlw)._,) N = V- (w,0:C),

where we used the fact that divZw = 0 to derive the last equation. It follows that

~ Vvt
VL@HP = N ((at@ - 3t‘73§w\z:o) ) N) - HL(@#&:C),
where we recall that II = VTVT and I, = W are respectively the orthog-

onal projectors onto gradient and orthogonal gradient vector fields. These three
identities imply that the boundary conditions simplify into
Ny x (A — 0,007 A)|.__,,, =0
N - (04A — 01007 A)|__, =V -(0:(-Ay)
(curl”(8,A — 8,007 A) ), = (wi8:C) — V(wy;0:¢) + Y (07 wy,s - N)
Ny - curl® (0, A — 0,007 A) = 0.

l-=—m,
Let us now decompose (0;A — 0,097 A) into
(0tA — 01007 A) = B+ V% L,
where ¢ solves
{ Vx. PE)Vx.p=0 in S,
N V& omop =V (0:C-A),  No V%o =0

and B solves therefore the same equations as ;A — 0,007 A but where the second
boundary condition is now homogeneous. It follows that

curl” (A — 0,007 A) = cwl’B
\Y

= UUK](Z (w5, 0:C) — w1 0:C, 07 w)

and therefore

(64) AU = UL (% - @h00) — w490, 07w) + 0007 Uy [l

The proposition is then a direct consequence of (47), (63) and (64). O

The proposition also allows us to derive the following HV~! control on 9,U.

Corollary 3.18. Let the assumptions of Proposition 3.17 be satisfied and let N €
N, N > 5. Then one has

10:U [ g0 < C(MN, [0rC| 1)
< (IVowlme+ > [Pl + 1A 20w

1<|a|<N-1

IVl + D Bl + Il + - Nyl e )

1<|a|<N

2,b
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Proof. Introducing the notations
\Y
Pt = ) — wdC + A (wy @¢)  and Ploy = 0" =W [CJ(¥", F w)|._,0°C

(with o € N% and w?[(] is the vertical component of the mapping U?[¢] defined in
Notation 3.10), we get from Proposition 3.17 that

BU = U4, 87w) + 8,00°U
(65) = A+ B,

we therefore turn to control A and B:
- Control of A. Using Proposition 3.12,

66)  [Algx-1a < My (Ve e+ Y Byl + AV 207 w]20).
1<|a|<N-1

We now make the following observations,

|V¢t|Hl/2 < VOl g2 + C(|3tC|W2v°O)(|w\H3/2 + |&h|H1/2)
(67) < VOl gz + C10iC w2 ) (1U | zr2n + lwl| o)

(the second inequality stemming from the trace lemma), and, for all a € N4, |a| <
N1,

WQ) = 8tw(oz) + (8tﬂ - w7’ [C](d)t, agw)\z:o)aag - [aavw}atg + 8a% : (QlJz_atC)

\Y
= 0y + (0COZw)._)0°C = [0%,w]OnC + 0% - (i 0:C),

where the formula of Proposition 3.17 has been used to derive the last identity. By
standard product estimates and the trace lemma, this yields

\‘Wfa)lz < BOY (a2
FO(¢L 10 n—s2) (107 w)._y /2 + || 12 + |wiy | rv-s/2)
(68) < Byl + CUCTan . 10l av—s2) (U v + |l zrv-1.1).
Using Proposition 3.12 to control ||U|| g~.1, we obtain from (66), (67) and (68) that

1Al x-10 < My (VO e+ D [BOl2 + AN 207 wll2,)

1<|a|<N-1

+ C(IC 10| -3 IV + Y 1Bz + @l -1 + [ws - N
1<|a|<N

)

H,

- Control of B. We get from the product estimates of Lemma 3.15 that
[IBllzx-11 < (|00 || v -1.1 |07 U || gra-1a

< C(My, 0| =) (Ve + D 1Bz + lwllav-1a + lwp - Nolpy-172),

1<]a|<N

where we used Corollary 3.14 to derive the second inequality.
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The estimate of the corollary is then a consequence of these two controls and of
the observation that

[AN 7207 w2 < |ANT20w|l2,6 + C(Mn, |0:C] rv—s/2)||w]| grv—1.1.
O

Another corollary of Proposition 3.17 is that U?[¢](1,w) has a Lipschitz depen-
dence on its coefficients.

Corollary 3.19. Let N € N, N > 5. Let also (¢j,%;,w;) € HN(R?Y) x HV(R?) x
HN=2(8S) be such that Vg&z ~w; =0 for j =1,2. Then one has
[U72[C2] (2, w2) = U [Gi] (41, w1) | nv—2 < C(Cla~, [¥] s (@]l rv-2)
X (IC2 = Gilay + |2 = il gw + w2 — wrllgv-2).

Proof. Let us define time dependent functions on [0, 1] as

vie (0,1, (D=G+tC—2¢), Y =+t — ).

For every value of ((!), one can define an explicit diffeomorphism X(*) as in §3.3;
we then define

w® = (w1 + Hwr —w1)) o BP  with w; =w;0%;" (j=1,2);

by construction, one has Vg((t; -w® = 0. We can therefore write

1
U2 [¢](ha, wa) — U7 [G1] (1, w1) = /O 8, (U D) (™, w®)de

and use Proposition 3.17 to express the integrand in terms of the time derivatives
of ¢, ") and w®. The desired estimate is then a direct consequence of Corollary
3.14. 0

3.6. Almost incompressibility of the good unknown. We have already men-
tioned in the proof of Proposition 3.17 the role of Alinhac’s good unknown. As we
shall see later, it shall also play an important role in the energy estimates where
we shall typically have to control terms of the form

(0.0°0)- M) = [ (%0014 0.0)+ [ Vo701 + 0.0,
S S

where o' is defined in S and satisfies cplTro = ¢, and with U = U?[(](¢,w). When
a = 0, the first term in the right-hand-side vanishes since U is incompressible by
construction. When « # 0, this is no longer true and this component cannot be
controlled by the L?(S)-norm of |«| derivatives of U. It is however possible to get
rid of this difficulty by working with the good unknown U,y instead of 0*U (and
this is actually what we do in §4.3 below), with

(69) Vo€ N\{0}, Uiy =0°U — 0%007U

while for o = 0 we simply take Uy = U. Indeed, the good unknown is almost
incompressible, as remarked in [47] and stated in the proposition below. We also
give an estimate on the curl of the good unknown.
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Proposition 3.20. Let N € N, N > 5 and ( € HY(R?). Under the assumptions of
Theorem 2.2 and denoting by U = U[C](¢, w) the solution to (15) and by U = UoX
its straightened version, one has, for all a € N%, 0 < |a| < N,

VX2 Uallz + VX 2 X Uga) — 0%wll2
SMy(Velge+ Y [ Bbanle + lwllmiai-s + [ws - Nolpy-1/2),

1<|e’|<]e]
with My, Yo, Uiy as in Theorem 2.2, (53) and (69) respectively.

Proof. For the estimate on the divergence, we reproduce here the proof of [47],
which is based on the following identity, with i = x, v, z,

007 f =070%f — 07 f07 0“0 + Cy(f),

and where
cf) = —l07, 27 0.5~ (0% 00 ——Jo.f
! a "1+ 0,0 ¢ ’ 10’1—1—820 i
o 1 0,0%
—00l0 (555 (1 +aza)2}32f'
It follows that
0 = °V%.-U

= waz . U(a) +C(U),

with C(U) = C1(V1) + C2(V2) + C3(w). Using the product estimates of Lemma
3.15, we have in particular

ICO)l2 < Cllolla~: [Ullaw),

and the result is therefore a consequence of Corollary 3.14. The estimate on the
vorticity is obtained along the same lines. [

We can deduce the following property that, together with its proof, will play an
important role in the derivation of the energy estimates in §4.3 below.

Corollary 3.21. Under the assumptions of Proposition 3.20, one has, for all ¢ €
H'Y2(RY), and for all k = z,y, || < N — 1 and a such that 0% = 9},0°,

(W»akg(g) “N)
SMy(IVélme+ Y [ Bble + @l miai-s + [ws - Nyl g172) el e

1<|e/|< el
Proof. Remarking that, when 5 # 0,
8kU(5) = U(a) — 8ﬁ08k8§U

(the adaptations to the case 8 = 0 are straightforward), it is enough to prove the
estimate of the corollary on (o, U, N). Let us first give the following integration
by parts formula that will be used several times in the sequel,

(70) /S< ?ng)-gh=—/st3'<,z-gh+/zzofg~N—/Z:71fg~Nb7
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where h = 14 ¢ (just remark that h = 14+ = 1+ 0,0 is the Jacobian determinant
of the diffeomorphism ¥ : & — €0 so that this formula is just the pullback in & of
the standard integration by parts formula in ). It follows from this formula that

(U N) = /S (1+0:0)0 V. - Uy + /S (14 0.0)V% .0 - Uta.

with o' is the extension of ¢ to S given by ¢f = x(z|D|)p, with x a smooth,
compactly supported and even function equal to 1 in a neighborhood of the origin.
Consequently,

1 [on
(.U - N) = O(— [Clwre) @1 (U ll2 + IV 2 - Uty ll2);

)
m

since ||oT ||z < || gi/2, the result follows from Propositions 3.12 and 3.20. O

In §4.3 below, we shall derive a priori estimates on w and on ||0xUgll2 (k = =, v,
|B] < N—1); the corollary below shall play a crucial role to deduce a priori estimates
on the quantities [P (q]2 (|af < N) more closely related to the formulation (19)
of the water waves equations with vorticity.

Corollary 3.22. Under the assumptions of Proposition 3.20, one has

[B(alz < My (B9] s + > 18kU ) ll2 + Ieoll -1 + s - Nl gy172).
k=x,y,1<|8|<|al-1

Proof. Since [PBth(a)le < [Ps)|ar + |Clav|w|wr.~, we first need an upper bound
for [B1)(s)|mr. Let us remark that for all 5 € N, |3 < N —1,

Upgy = (8°0) —0%¢(a70)
= U —wVd( [0, w, V(] - 07¢(70)
and therefore, substituting U = V) + VJ‘{/JV,
(T1)  Ugy = Vi + V5P + Vwd®¢ - [0°,w, V(] - 0°¢(a7U),
from which we get

v -
IBep) . < WZ Uyl + [Vwd?¢ — [0°,w, V(] — 0°C(070) | g1/2

< B3 Uyl + My[|U | g1s15

the last line being a consequence of the product estimates (57) and the trace lemma.
Owing to Corollary 3.14, we then get

\Y%
Bl < |’¥Z'U(5)|||H1

(72) My (1Bl + D B2 + Wl + ey - Noly-1s2).
1<[B'[<18]

By the trace lemma, one gets a control of |£)3% -Ug)| |z in terms of the H'-norm
of Ug). The lemma below shall be used together with Proposition 3.20 to get a
control involving only horizontal derivatives of U(g) and therefore more adapted to
the energy estimates of §4.3.
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Lemma 3.23. Let ¢ € W2>(R?) satisfy (14). Let also U € H'(S)®. Then one
has

\Y 1 i )
B Uil < Cl—, Ho, [Cw2 ) (AUl + V2 Ullz + [|eurl”Ullz,p).
Proof. Let us denote by u the solution to the boundary problem
(73) Vx,- P(E)VXJU = (1+0,0) gQZ U,
W =0, e P(S)Vau_,, =0

recalling that (1 + 9,0) %: V%.=Vx:- P(X)Vx .o, the quantity
(74) U=U-V%.u
solves the div-curl problem

o o o
X, X U=V, xU,

2. U=0,

~ v vl
)= V{5 -U)+ V(K U,
Uy - No =0,

and therefore,

h
I

\Y%
U”[CKZ U, V. xU)

a V g g

= Ul[dg Uy + UKV, x U
= ﬁ[ + ﬁ[[

(using the notations of §3.3). One also gets from the irrotational theory (e.g.

Proposition 3.19 in [39]) that

\% 1 -
Bx Uil < CG— w2 [IAUL])>;
and therefore
\Y 1 ~ ~
I‘BE Uylgr < C’(h—_, |C|W2=°°)(HAU||2 + ||AU11||2)
1 ~
< Ol [Clw2) (IAUll2 + [AVE cullz + AU ]12),
the last line stemming from (74). The result follows therefore from the estimates
o 1 o
IAVE zullz < O, [Clw=)IIVE - - Ullz,
which stems from a standard elliptic estimate on (73), and
~ 1
IAUz1]l2 < C (37—, Ho, [¢]w2.e< ) [[curl” Ull2,p,
which is a direct consequence of Theorem 2.2. O

Using the lemma with U = Ug,, we get that

\% 1 o -
WZ : U(,B)|\|H1 < C(hmin’|C|W2’°O)(“AUW)H2 + HVX,Z : U(B)||2 + [|curl U(ﬁ)| 2,b)

< My (AU ll2 + [Vl e+ > 1B l2 + llwllgim + lws - Nyl yy-172)
1<1B|<18]
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where Proposition 3.20 has been used to derive the second inequality (without the
cancellations obtained by working with the good unknown, the sum in the right-
hand-side would be over all 1 < |5’| < |8|+1 and the induction strategy used below
could not be implemented); owing to (72), the same control holds on [Btp(z)|g1. In
order to get the result stated in the corollary, notice that for all & € N%, o # 0, one
can write 9% = 9;,0° for some k = x,y and |3| = |a| — 1 so that

V(o) = Okth(s) + 0° (O,

and therefore

IBY()l2 < Byl + ¢ g~ [wlwe~

< My ([IAU@g)ll2 + B¢ ]ms + D> 1Bbanl2 + lwll v + |wor No| =1/2),
1<1B’1<18]

where we also used Proposition 3.12 and the Sobolev embedding H (S) ¢ W?2>(S)
to derive the second line. Since for all |3] > 2, one can write Ugy = O Uy +

O 0TUDP ¢, for some k' = x,y, and § € N?, one has
[AU g2 < > 10U s ll2 + MN[|U || 1151

k=z,y,1<|8'|<IB]

SMy( X Ul D e+ el o+ e Nolgove).
k=m,y,1<|B’[<|B] 1<|p/[<1B8]

the last line stemming from Corollary 3.14. We finally deduce that
Bl < My (1Belms+ D 10U

k=xz,y,1<|8'|<|B|

D |‘B¢(5’)‘2+||W||HN71+|wb-Nb|H0,1/2),
1<|8'1<18|

It follows from a finite induction that

Pl < M (B0l + Y 10Ul + llvos + e Nily0r2),
k=z,y,1<|8'|<|B|

which is the desired result.

4. WELL-POSEDNESS OF THE HAMILTONIAN WATER WAVES EQUATIONS (19)

We prove in this section the local well-posedness of the water waves equations
(19). Let us introduce here the energy that shall be used to obtain this result,

1 1 1
EN(C W) =5 lClhn + 5Bl + 5 DD Bl
aeN? 0<|a|<N
L, o 1
(75) g Il + Sl Nol oo,

where we recall that ¢(q) = 8% — wd*¢, that 9P is defined in (52), and Hy '/*(RY)
in (8). To this energy, we associate the functional space EX defined for all T > 0
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as
Ep ={(¢,¢,w) € C([0,T]; H*(R?) x H*(R) x H*(S)%),
(76) EN((¢p,w)() € L=([0,T])}.
We also denote by m”~ ((,1,w) any constant of the form
(17) (¢ ) = O Ho, £V (C.tb, ).

hmin
4.1. A priory energy estimates for the vorticity. We recall that the equation
for the vorticity w is given by
8tw+(U-VX,Z)w: (w-VX,z)U in €y,

with U = U[¢](¢, w) and U[(](¥,w) as in Definition 2.3. As explained in Remark
2.5, the vorticity w is studied through the straightened vorticity w = w o X3, where
3 : S — Qy is the diffeomorphism introduced in §3.3. Written in terms of w rather
than w, using the notations (45) and recalling the notation U?[¢](¢),w) = Uo X,
the vorticity equation becomes,

(78) a?w + UU[C] (1/)7 w) : g(,zw =w- vg{,zua[d(wvw) in S.

Solving this equation on a domain with boundaries like the flat strip S requires in
general boundary conditions on the vorticity. We show below that such boundary
conditions are not needed to derive a priori estimates” if the kinematic equation
holds.

Proposition 4.1. Let N € N, N > 5, T > 0 and ((,¢,w) € EN be such that
(14)r and (78) hold on [0,T]. If moreover 8¢ — U?[C](¥,w)|._, - N =0 on [0,T],
then the following estimate holds

d
= (1l + e - Nl a2 ) < mN (G 36,0),

with mN (¢, 4, w) as defined in (77) and Hal/Z(Rd) given by (8).

Proof. The first step is to rewrite (78) under the form

(79) Ohw +VI[C)(4, w) - Vw +a[(] (¢, w)dow = w - V& JU7[() (4, w)
with, denoting N = (—=VoT,1)7 (so that N|z=0 =N),

|z:0

alc](¥,w) = 5 +lazg (ua[g](w,w) N - 3t0)
1 o <~ z+ H -
= W(U [C(Y,w) - N — i CU[C) (e, @), -N)

where we used the definition of o (see §3.3) and the fact that the kinematic equation
is satisfied to derive the second equality. Denoting U = U?[(](¥, w), a = a[(](¢,w)
etc., the first step is to perform an L? a priori estimate on the equation

(80) Ow+V - -Vw+ad,w = f,
with f € L?(S). Taking the L? scalar product of this equation with w, we get

1 1
sl — 5 [(V-V a0l = [ 1o
S S

"The issue of constructing a solution is a bit more complex than the derivation of a priori
estimates; this aspect will be addressed in the proof of Theorem 4.7.
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where we used the fact that a vanishes at the bottom and at the surface. We deduce

that
(81) Ollwlz < UNwrllwll3 + llwll2ll fl2-

~

In order to get an L? a priori estimate for (78) we must take f = w - V%..U, and
therefore

1£llze < CSlwree) [wl2llU]fwro

and we can therefore deduce from (81) and Proposition 3.12 that

d

E”“’H% < mN(Ca 1/); OJ).
We now prove higher order a priori estimates. For all j € N and 8 € N¢ with
B +7 < N — 1, we get after applying 9°97 to (79),

0P w+V -VIPHw +ad. 0w = fs,
with , 4 '
fa,;= —[658§, V])o.w — [8‘38;, alo,w + 8582 (w . VggzU).
This equation is of the form (80) and we therefore get from (81) that
(82) 0:]|0°0lwl T2 S Ullwrellwl3 + [18°02wlla]| f3,5]12;
with product estimates similar to those of Lemma 3.15, we also get
1fs.5llzz < CIClan U, l|wll r-1)

and therefore '
0070wl 72 < m™N (¢, v, w),

which provides the H*-estimate on w of the proposition.
Evaluating the vorticity equation at the bottom, one gets as in Remark 1 that

(83) O(wp - Np) + V- (wp - NpV3p) = 0,
and therefore
Oy - Nblf-io—uz < |(wo - No) Vol garalws - Nof g -1/23
as a consequence of the trace lemma and Corollary 3.14, we deduce finally
(84) el - N[y 12 < m™ (G, w),
and the proof is complete. ([

4.2. Quasilinearization of the equations. The following proposition gives the
structure of the equations solved by the derivatives of the solutions to the water
waves equations (19). Note that for the equations on v, it is crucial to work with
Alinhac’s good unknown. We also recall that the condition (14)r is defined in
Notation 3.16, while the function space E¥ is introduced in (76).

Proposition 4.2. Let N > 5, T > 0 and (¢,¢,w) € EY be a solution to the water
waves equations (19) on the time interval [0,T]. If (14)r is satisfied then for all
k=x,y, and B € N, || < N — 1, one has, with a € N such that 0% = 0°9,.

0y +V -V)O*C — U -N = R!
B)

(0 +V -V)(Ugy -er) +ad*( = R?,

(07 +U-V%.)0°w = Rj,
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with a =g+ (0 + V. - V)w and where

[Rg 2+ [Ral2 + IBRA2 + IR [l2 < m™ (¢ 9, w),
with m™ (¢, 4, w) as in (77).
Proof. Let us consider the first equation of (19). We use the notation

Fr0 i |fl2 <m™ (G W)
Applying 0% to the first equation of (19), we get
QO“¢C—0°U-N—-U-9“N = [0*,U, N].
One also has
[0°U,N] = > #0°PU-0°N,
0<p<
where *g are scalar coefficients of no importance. We deduce easily from the product
estimate (57) and the assumption N > 5 that
|[aa7Q7 NH? < C(‘Q|HN*17 ‘C'HN)v
and therefore, owing to the trace lemma and Proposition 3.12, [0%, U, N| ~ 0. This
yields
0,0°¢C—0°U-N—-U-0*N ~ 0.
Since U - 9N = =V -V0*( and 0°U - N ~ 6kQ(ﬁ) - N, one readily deduces the

first estimate of the proposition.
We now consider the second equation of (19). Remarking that

U-N+V(- U||
w=———"-—"
- L+ V¢
we can write the second equation of (19) under the form

1,0, 1 N
3t¢+94+§|U\|| _5(1+|VC| Jw —X'@'NK):O'

After applying J, we obtain that

VJ_
00k + gk + V- (OpU) — wVOK() — woy (U - N) — 5kf (w-NV) =0,
or equivalently, after substituting Uy = V) + Vlzﬂ
~ v+t
0Okt + 90KC + V.- (0 V) —wVOkC) + 0k V1) =y (U- N) = O —+ (w-NV) = 0.

Before differentiating 8 times this equation, it is convenient to introduce the nota-
tion

frg <= |f—gla+IB(f —g)l2 <m™((,9,w)

and to state the following lemma.
Lemma 4.3. The following identities hold,

07, V] - (VO — wV<) + Vi)
—[07,w] (U - N) =V - [0°,w]VO( ~

Q
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Proof of the lemma. Let us first observe that
Ulgv-12 < mV((0,w),
B, flgl2 IV flutolgle,
|[8Ba 9l |flav-1/219]gn—s/2;

the first estimate is a direct consequence of the trace lemma and Proposition 3.12,
while the second and third ones follow from the general commutator estimates of
Theorem 3 in [40]. These identities allow us to write

[B[0°, V] - (VO + V40t —wVOQ)l < w™(C 1, w)(1+ [Vl yv-iy2)
< V(9 w),
the last line being a consequence of Lemma 3.13; this yields the first assertion of

the lemma. For the second one, we proceed along the same lines (it is important
to note the most singular terms in ¢ of both terms cancel one each other). O

AR ZAN

Applying 9° (with 3 # 0) to the equation on Oyt we therefore get, using the
lemma,

_ 1
0,0 h+g0°C+V - ((*Vp—wV ) +0* V) —Maa(g-zv)_aa%-@.]vz) ~ 0.

Using the evolution equation on ¢, we can substitute 9*(U - N) = 0;0%*C to obtain

\as ~
Oih(ay +a0°C+V - Vipoy = 8O‘T “(w-NV) =V V9"
av7L
- (v M.
Now, a general commutator estimate (Theorem 3 in [40]) implies that
9ov+
=1 Y@ N)lge V]gn-r2lw - Nlgx-ae

S
S IWVlavallwlgy-1a
S mV(¢ W),

where we used the trace lemma to derive the second inequality, and Proposition
3.12 to get the third one. It follows that

(85) Oy +ad*C+V - Vih(o) = 0.

We now have to relate 1) to the quantity Ugy| - e used in the statement of the
proposition. Proceeding as for (71), we get

(86) U ek = Yoy +er - VIO ) — [0, w,04¢] — 9°C(87U) ) - ey
We now need the following lemma.
Lemma 4.4. Let fy, fo and f3 be defined as

fi =ep - VY, fo=10°,w,0(], fa=0%¢C(A7U)) - ex;

then one has
(O +V-V)fj=0 (1=1,2,3).



40 ANGEL CASTRO AND DAVID LANNES

Proof of the lemma. Let us first prove the lemma for f;. We recall that A{/;v =w-N
and that we get from the vorticity equation evaluated at the surface that

(O +V-V)(w-N)+w-NV- V=0
(see Remark 1). Applying e, - V:9# A~ to this equation, we get therefore
O+V -V)fi = —eg 'VlaﬂAfl(g~ NVoK)
~ 0,
the second identity stemming from standard commutator estimates, the trace lemma,
and Proposition 3.12. To treat the case of fs, it is sufficient to prove that
(i) G+V-V)Pw~0 and (i) (8+V-V)d¥ 8¢ ~0,

for all 0 < 8’ < . For (i), the space derivative is controlled through Proposition
3.12, while the time derivative is controlled by Corollary 3.18 in terms of m”" and
IBOrtha |2, with || < N — 1. Now, (85) gives a control of this last quantity in
terms of m" since ad ¢ ~ 0 when |o/| < N —1; the identity (i) is therefore proved.
For (i), we just have to remark that U, - N ~ 0 when [o’| < N —1 (which is the
case if we take 8 = 85/8;@) and to use the first identity given in the statement of
the proposition and proved above.

We finally turn to f3, which is a direct consequence of Proposition 3.12, Corollary
3.18 and (ii) above. O

Owing to this lemma and (86), we can replace ¥(q) by Ugy| - €k in (85), and the
second assertion of the proposition is proved. The third and last assertion of the
proposition is a simple byproduct of the proof of Proposition 4.1. O

4.3. A priori estimates on the full equations. We recall that the energy
EN(¢,,w) is defined in (75),

1 1 1 1 1
EN(C b w) = Sl + 5Bl + 5 D BB+ Gllwlin s + Sl - Nol.
0<|a|<N
The following proposition gives an a priori estimate for this energy provided that
the Rayleigh-Taylor criterion is uniformly satisfied (i.e. a remains strictly positive
on the time interval considered) and that the water depth does not vanish.

Proposition 4.5. Let N > 5, T > 0 and (¢,v,w) € EY be a solution to the water
waves equations (19) on the time interval [0,T]. If (14)r is satisfied and if

Jag >0, Vte [O,T], Cl(t) > ag,

with a as defined in Proposition 4.2, then

1 1

V0 <t< Ta SN(C’ ¢aw)(t) < O(Ta — h77H0a5N(<07¢07w0))'

ago min
Proof. Energy estimates are classically obtained by controlling the time derivative
of this expression. This has already partially been done in Proposition 4.1 for the
vorticity. We deal here with the other components of the energy.
Step 1. Control of the low order terms in (¢, ). Computing the time derivative
of these terms, one gets

1d
—(I¢3 + 1B [3)

2 dt (¢, 0,0) + (NP, A>Po,y)

C12106Cl2 + [P 13 B0 | s -

IN
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Replacing 9;¢ by U - N according to the first equation of (19) and replacing similarly
Oy using the second equation of (19), we get by standard product estimates and
the trace lemma that

10:Cl2 + [PBOY | s CCla~, Ul gz, Wl prsre)

CUluy, [UN s lwllms)-
We then easily deduce with the help of Proposition 3.12 that

1d
5 a7 S + B0 [s) <m¥(( v, w).

Step 2. Control of the higher order terms in ({,U). We do not directly give a
control of the components of the energy that involve 9%¢ and ¥4, for all o # 0.
The control of 9(,) will indeed be obtained indirectly (through Corollary 3.22) from
the control of 0xU(s) (in the flat strip) derived here. We do not for this purpose
directly use (19) as above, but rather the system exhibited in Proposition 4.2,
namely,

(8 + V- V)3 — U s - N = RL,
( ,+V V)(U(B)H E%)—I—Cl C—Ra,
where 0% = 0,0, with k = z,y and 0 < || < N — 1. The nondiagonal terms in

(88) can be cancelled out in the energy estimates by multiplying the first equation
by ad“(, and the second one by 0yU gy - N. More precisely, multiplying the first

<
<

(87)

equation of (88) by a0®¢ and integrating over R?, we get

SO07C,0°) — (WU ) N,00°) = (RL,00°0) — (0100°C,%C)
(V- V¢ a0%)
w™ (¢, 9, w),

the last line being a consequence of Proposition 4.2 and Corrollay 3.18 (and a
simple integration by parts for the last term of the right-hand-side). Multiplying
the second equation of (88) by 6kQ(ﬁ) - N and integrating over R%, we also get

(0e(Ua)) - ex), OxU gy - N) + (a0°C, U ) - N) + (V- V(Ui - €x), Ol g) - N)
= (R, 0kUg - N)
S mN(<7 ¢7 w)7

the last line stemming from Proposition 4.2 and Corollary 3.20. Summing up these
two identities, we get

IN

1
(89)  50(a07C,0%0) + (O + V.- V)(Ua) - @), Ol s) - N) < m™ ((, ), ).
Let us denote by U(bﬁ)|| the following extension of Ugg,

b .
Ulsy = Vip) + w) Vo,

focusing our attention on the second term of the left-hand-side of (89), and remark-
ing that the kinematic equation implies

(90) O +V-V)(Uggy) - ex) = (07 + U - V%) (Ulgy) - k)

la=0’
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we can deduce from Green’s identity that

(0 + Y- V) (U - ek), Ol - N)

- /S (14 0.0) (07 +U - V%) (Ul - ) V% - (OhUs)

+ /5(1 +0.0)V% . [0 + U - V% )(Ulsy - er)] - 0cUs).-

The first term of the right-hand-side is controlled by m” ({, %, w) by a simple appli-
cation of Cauchy-Schwarz inequality and Propositions 3.17 and 3.20. We can also re-
mark that it is possible to commute the operators V% _ and (97 +U-V% ) (U(bﬂ)H -er)
in the second term of the right-hand-side, up to terms that can similarly be con-
trolled by m? (¢, U,w). We therefore have

(G + Y- V)(Ug)) - ex), Oelg) - N)

where l.o.t. stands for lower order terms that can be controlled by m” (¢, ), w). We
now need the following lemma to relate the quantity V"X,Z(U(bﬁ)H -er) to Us).
Lemma 4.6. Denoting ty = e, + Oroe,, one has
%2 (Ulsy) - er) = 0uUs) + ti x 0°w + 14,
with
To = ((V}’Z X U(m) — 8%;) + w(ﬂ)vg’(,z&ca;

in particular,

107 + U -V, )rallz <m™ (¢, 9,w).
Proof. Remarking that
V%:Up) €)= Up +e; x (Vk.xUsg) (=2y,2),

one computes

VUl er) = RUp) +ewx (V. x Ug) + 07000

+e, X (V{TX,Z X U(ﬁ))akd + w(g)vg<7zak0'
= 8kU(,3) +t. % (Vg(7z X U(ﬁ)) + W(ﬁ)vg(7zak0',

and the result follows from Proposition 3.20 and Corollary 3.18. O

A direct consequence of (91) and the Lemma is that

(O +V - V) (U - er); U g - N)
= [+ a.0)[0r +U -V DouUia)] -l
S
+ / (1 + 820') [tk X (8;’ +U - V}‘(yz)aﬁw] . 8kU(,g) + l.o.t.
S

—A+B

(with the same meaning as above for l.o.t.). We now turn to analyze A and B.
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e Analysis of A. Using the integration by part formula (70) together with
the identity

o / (14 0,0)fg = / (140,005 f g+ / (14 0.0) 079 + / F9dhC,
S S S 2=0
we can write

1 1 -
A = 5@/(1 + 6z0)|akU(B)|2 — 5/(VX,Z . U)|8kU(ﬁ)|§
S S

1

5 | et Pec-u- N
z2=0

1
(92) = iat/$(1+8za)|8kU(5)|2,

where we used that fact that V& ,-U =0 and 0;( —U - N = 0 by the first
equation of (19).
e Analysis of B. By Cauchy-Schwarz inequality, we have

B < O(Clwre=) (87 +U - V% )0 wl2l0kUs) 12
(93) < wmV (¢ W),

the last line stemming from the third assertion of Proposition 4.2 and
Proposition 3.12.

We deduce from this analysis that
1
so that (89) yields

(04) o {(aaac,aao i /S 1+ azo>|akU(ﬁ>|%} < m (¢, w).

Step 4. Energy estimate on the modified energy. Let us define the modified energy
EN =EN((p,w) as
EY = [C3+ Bl

+ > [(0k0°¢, a0k 0°¢) + /3(1 +0.0)|0uUs) 3] + llwllFrn-1-

k=2,y,0<|B|<N—1

It follows directly from Steps 1, 2 and 3, and the vorticity estimates of Proposition
4.1 that

d ~
V(G Y, w) <mM (G Y, w).
Under the assumption made on a, one can write, for all « # 0,
2
|97C13 < —(a0¢,0°C)
aog
so that, with the help of Corollary 3.22 we have
1 -
mY (G ,w) < O(- EN (G W)

and therefore

(95) GEV () < O ¥ 0.w).
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We classically deduce from this differential inequality that for all 0 <t < T,
- 1 1 -
(96) gN(vavw)(t) S C(Tv;vraH07£N(Covw07wo))'
0 min
Step 5. Conclusion. Corollary 3.22 implies that
1 1 =
gN(Ca’l/)aw) < C(iv 7351\[((71!)7(*)))
ag hmin
while we get from Proposition 3.12 that
~ 1
EN(E W) < Cl—, (¢ 0%, ).

min

These two inequalities, together with (96) imply that for all 0 < ¢ < T, one has

EN(C, b w)(t) < O, ~, 1

H gN 0 ,,0 , 0V).
GJO’ hmin, 0, (C 7w , W ))7

this is exactly the result stated in the proposition. O
4.4. Main result. As explained in Remark 2.5, it is easier to give a functional
framework for our well-posedness result if we replace the equation on the vorticity

w by an equation on the straightened vorticity w = w o X in the water waves
equations (19), where we recall that

(07) S(6X,2) = (X,2+0(t, X,2)  and a(t,X,z):Hio(HHO)g(t,X).

Recalling that according to Notation 3.10, we have U?[(](¢,w) = U[(](¥,w) o X,
with horizontal and vertical components V7 [(](¢), w) and w7 [(] (¢, w), we also denote

i [l w) :=V[C)(¥, w) + W7 [C] (1, w)V( = Uy [(] (¢, w)

(as usual, quantities evaluated at the surface z = 0 are underlined). Owing to
(78), instead of the set of evolution equations (19) on ((,%,w), we are therefore
concerned with the following set of evolution equations on ({, ¥, w),

6t<_gg[d(]7-/}’w) -N =0, 1
A+ g6 + 5|V w)[F = S0+ VP W [¢] (0, )°

VJ_
N (&' NMU[C](¢7W)) =0,
Ofw+ U [(](¢,w) - Vi w=w- V%ZUU[C](w,w).
Note that as for (19)-(20), these equations make sense if w is divergence free in the
sense that

(99) diviw =0 in &8,
but that we omit this constraint since it is propagated by the equation on w if is

initially satisfied.
We also recall the definition (75) of the energy

1 1 1 1 1
ENC Y, w) = I+ 5 Bl ts D BB+ @i+ g lwn Nolf e
0<|a|<N

(98)

and of the associated functional space EX defined in (76) for all T > 0 as
By ={(¢,¢,w) € C([0,T); H*(RY) x H*(RY) x H*(S)),
EN((G @))€ ([0, T])};
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we also denote by EY the set of (¢,1,w) € H*(R?) x H*(RY) x H?(S)? of finite
energy. We recall finally that the Rayleigh-Taylor coefficient a is defined® as
a=a(C,1,w) =g+ (0 + V7 [C(¢, w))W[C](¢), w).
Theorem 4.7. Let N > 5 and ©° = (%, %, w%) € EY be such that w° satisfies
the divergence free condition (99). Assume moreover that
Fhmin > 0,3ag >0,  Ho+¢° > hmin,  a(¢?,9°%,w°) > ag.

Then there exists T > 0 and a unique solution © € E}V to (98) satisfying the
divergence free constraint (99), and with initial condition ©°. Moreover,

1
—=c' and sup EN(O(t)) =2
T t€[0,T]
g N0y L 1 .
with ¢ = C(E™(©Y), h—,HO, a—) forj=1,2.
min 0

Proof. The strategy of the proof is the following. In Step 1, we give an equivalent
formulation of the water waves equations (100); in view of regularizing these equa-
tion, we define and study in Step 2 mollifiers in the horizontal and vertical variables.
Since the divergence free constraint (99) is a consequence of the particular struc-
ture of the vorticity equation in (100), it may not hold with regularized equations;
this would be an obstruction to solving the div-curl problem studied in §2.2, which
requires that the vorticity be divergence free. We therefore explain in Step 3 how to
project any vector field in H'(S)4*! on its divergence free component. The regu-
larized equations are then defined in Step 4, and solved with standard ODEs tools.
The solution thus obtained is studied in Step 5, where we prove a posteriori that
its vorticity is divergence free. Energy estimates inspired by the a priori estimates
of Proposition 4.5 are then established in Step 6 and used in Step 7 to prove that
the solutions to the regularized equations converge to a solution of (100).

For the sake of simplicity, we often write U = U [(](¢¥,w), a = a[(](¥,w), etc.
when no confusion is possible.

Step 1. Modification of the vorticity equation. As explained in the proof of Propo-
sition 4.1, it is equivalent to solve the equations (98) with the vorticity equation
replaced by

Ohw +VI[(](,w) - Vw + &[]} (¢, w)O.w = w - V& U7[(} (¢, w)
with, denoting N(z) = (-=Vo?,1)T (so that N(0) = N),

H
ald(.) = 15 (U I@0) - N o) - 2207 W), - V).

The equations (98) are therefore equivalent to
(100) 0:0 + F(©) =0,
with

¢ F1(0)

o= v |. F@O) F(0)
w ]:3(9)

8The notation a = a((,,w) suggests that a is a function of (¢,1),w) and not of their time
derivatives. We actually use an alternative definition of a where 0 (w" €l (%, w)) is written in terms
of O¢1p, 0¢¢ and 07 w through Proposition 3.17, and where these time derivatives are replaced by
purely spatial operators using the time evolution equations provided by (98).
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and
FiO) = ~UT[w.e) .
F0) = g¢+ |UTIAW W) ~ 51+ VWl w)
Fy(0) = VIt w) - Vo + ald) (b, )00 — 0 VU7 ()0 ).

Step 2. Definition of the mollifiers. For the horizontal variables, we use a standard
mollifier. We define, for all 0 < ¢+ < 1, the mollifier J* = x(¢|D|), where x : R = R
is a smooth, even, and compactly supported function equal to 1 in a neighborhood
of the origin. The mollifying properties of J* are classical and straightforwardly
deduced from standard results on Fourier multipliers. We shall in particular use
the fact that

(101) Vs,teR, 3CL, >0, VfeH'RY)  |J'flgs < CLylflar

and
(102)
Vil 2> 0,Vs €R,3C >0, Vf € HT'RY), (= TV flue < Clt = 2||F|sgesr.

For the vertical variable for which Fourier transform cannot be used, we use another
kind or regularization based on the following lemma; in the statement, we use the
following functional spaces, where a is some smooth enough function defined on S,

H(ad,,S) :={f € LQ(S);aﬁzf c LZ(S)},
H*(ad.,S) :={f € H*(S),¥8 e N, Vj € N,|B| + j < k,ad.0°d f € L*(S)}
Va(S) :={f € HX(S),3f € L*(RY), f = ad. f}.

Lemma 4.8. Let N > 5. Let a € Wh*°(8S) be such that a),_, = a.__y, =0 and
0<e< 1.
i. The mapping

H(ad,,S)

(1— LQ&z(agaz‘)) : ; J[;[:l(s)

%
— 120, (a%d. f)

is well defined and one-to-one.

ii. One also has L*(S) + V,(S) C Range (1 — ¢20,(a%d,")).

iii. Let a € HN"1(S), and 0 < k < N — 1. Then, for . > 0 small enough, the
mapping

HFS) — H*ad.,S)

f = (1 - LQaz(GQaz'))_l(aazf)

is well defined and continuous; if k < N — 2, the result remains true if one assumes
only that a € HN=2(S).
iv. Under the same assumptions, one also has

K'[ad,] :

VBENY Y eN, (B +j <k, (0°0K'[ad.)f,0°0)f) < C(llallx—)II £l e

if k < N —2, one can replace ||a||gn-1 by ||a||gy-2 in the right-hand-side.
v. For all0 <13 <13 <1 and all f € HN71(S), one has

1K [ad.]f — K*2[ad:]f| -5 < [t — 2| C(llall gx—)[[ fl v -1
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Proof of the lemma. The fact that (1 — ¢20.(a?d.-)) is one-to-one follows immedi-
ately by taking f = ¢ in the following integration by parts formula (recall that a is
assumed to cancel at the boundaries)

Vf7 g€ H(aazv S)7 ((1 - L282(a282'))f’ g) = (f> g) + L2(aazfa aazg)
(103) = B(f, ).

In order to prove the second point of the lemma, we need to prove that for all
f1, f2 € L*(S), there exists u € H(ad,,S) such that

(1 —120.(a0,))u = f1 + 9. (afs).
We prove the existence of a variational solution, i.e. of u € H(ad,,S) such that
Vg € H(ad:;S),  Blu,g) = (fi +9:(af2),9);

since the bilinear form is obviously continuous and coercive on H(ad,,S), the exis-
tence of a variational solution is granted by Lax-Milgram’s theorem if we can prove
that g — (f1 + 0.(af2),g) defines a continuous linear form on H(ad,,S). Since a
vanishes at the boundaries, one has

(f1 +0:-(af2),9) =(f1,9) — (f2,a0.9)
<I[fill=llgll2 + [ f2ll2lladz g2,

which implies the desired continuity property. Note moreover for later use that,
owing to (103), the solution u = (1 — 120,(a%0,-)) " (f1 + 0.(af2)) satisfies the
bound

2
(104) lullz + clladzullz < 2] frll2 + —ll fall2-

From the second point, one can define K*[ad,] : L*(S) — H(ad,,S). For f € L*(S)
let u = K'[ad,]f. We need to prove that if f € H¥(S), then u € H*(ad,,S).
Applying 097, with |3| + j < k to the relation

(1- L232(a232~))u =ad,f = —(0.a)f + 0.(af),
we obtain
(105) (1 —¢%0,(a0.-))0° ¥ u = f1 + 9. (afs)

where f; and fy are of the form

fi = 8z[3ﬂ8g,a]f_aﬁag((aza)f) +
w0 Y w00 )0 ) T
|8 |45 >1,18" |+ >1
Boo PHIE Y 0o o

1B/ |+5" =1

where we denoted by % numerical coefficients of no importance here. From (104)
and (105), and using the product estimates as in the proof of Lemma 3.15, we have
107 02ulls + t|ad.0°0ulla S Nall gy (1 fllan + ZllalFn—|[ull

~

1
= (1 fllzx + 2lall v [ull )
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Summing over all || + j < k and taking ¢ small enough to absorb the terms in
|lu|l g+ in the right-hand-side by the left-hand-side of the inequality, we get

(106) e +¢ Y 1ad.0°0%ull2 < C
|Bl+i<k

which proves the third point of the lemma. R
For the fourth point, let us first prove the case k = 0. With f = (1—:29.(a?0,-)) "' f,
we have

1
g, )1

(K*[ad:f, f) =(a0.(1 — *0.(a*0.-)) f, f)
== %((aza)fv f) + I (aaz.fa 8z(a.f))7

and therefore
(K'[ad.]f, ) < C([10:alls) (I f1I3 + ¢*[|ad £113)
< C([[0zallso)[1 fll2

the second inequality stemming from (104); the result is therefore proved when
k=0. When 0 < k < N — 1, we write, for all ||+ j <k,

(001K a0 f, 0701 f) = (0701 f, K*[ad.)0° DL f) + (9701 f. [0° 02, K*[ad.] f);
we can use the case k = 0 to control the first term of the r.h.s. The commutator
[0P02, K'[ad,]]f can then be controlled with the same computations as in the proof

of the third point, but without the term 9%07 f in f,, which was responsible for the
1! singularity in (106). We therefore have

10702, K*[ad:J) I < Cllall =)l fll v

and the result follows.
For the last point of the lemma, let us write u; = K%[ad,]f (j = 1,2). One
computes that

up —ug = —(13 — 12)(1 — 120.(a%0.-)) 71 0. (a®0us);
using (106), we deduce that
lur =zl s < 113 — FIC(lall v -1)[10:(a®Dzuz)|| s
< |5 = FIClall gx-1)|uzll v
|5 — |

< TC(HaHHNﬂ)||f||HN—1
(the last line follows from the computations performed in the proof of the third
point), which implies the result stated in the lemma. [

Step 3. Relaxing the divergence-free condition on the vorticity. The div-curl
problem has been solved in §2.2 assuming that Vx . -w = 0, or equivalently V% -
w = 0. Consistently with Definition 2.1, we introduce the notations

H*(div],S) ={w € H*(S), %xw =0},
HE(divg,S) ={w € Hk(divg,s)7w‘z=7H0 N, € H0—1/2}'

If w ¢ Hf(divy,S), it is therefore not possible to define U?[¢](¢),w). The vorticity
equation in (98) preserves the divergence free-property, so that these equations
make sense if the vorticity field is initially diverge-free. However, the regularization
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of the vorticity equation introduced in Step 3 below does not preserve a priori
the divergence free condition (we only show a posteriori that it does so) and we
therefore have to define the projection onto divergence-free vector fields as follows,
foralll1 <k <N —1,

HF(S) — HFdivE,S)

w = w—=V% .0,

7((] :

where we denote by Hf(S) the set of all w € H¥(S) such that w;, - N, € H51/2(Rd),
while ¢ solves the boundary value problem

Vx,. P(E)Vx.¢=(140.0)V%, w,
?._, =0, e.  P(X)Vx.4._ , =0,

and where we recall that P(X) = (1+ 0,0)J5 ' (J5")T and (1 + 0,0) % V%.=
Vx,.-P(0)Vx, . By simple elliptic estimates similar to those of Corollary 3.14, we
get that forall 0 < j < N —1,

IVxz0llae <Mn (@l + lws - Noly-172)-
In particular, if w € HY(S) and wy, - Ny € H51/2(Rd) (note that the H' regularity
is imposed on w so that the normal trace of w at the bottom makes sense) then
7w € HL(S,div],S); when w € HY(S)\H}(div],S), we can therefore replace

U?[¢](¢,w) by U7[¢](¢, m[¢]w), which is well defined. We also have that for all
1<k<N-1,

(107)  Vwe Hy(S),  rlQwllae < My (@l + lwy - Nofyy-12).-
Step 4. Existence of a local solution for a regularized system. We consider the
following regularization of the water waves equations (100),
(108) 210 + Fo(0) =0,
with 0 < d,. < 1 and
FH©) = = (W[ (¥, mlclw) - ).
F3(0) =g7'¢+ 3 1UT I, wlcho) [ — 37 [(1+ IVCRW [, )?) + 8.AG

F3'(0) =g' ~ V%.Q,
with
g =J" (V[](¢, m[¢lw) - Vw) + K*[a[¢] (¢, 7[¢Jw)d: Jw
= J'(w- VU7 (¢, 7[Clw)).
We also consider regularized initial conditions,
O),_, = (J¢°, J 9, w?).
The reasons why such a regularization is introduced are listed below:

e Projection onto the divergence free component of the vorticity. As already
mentioned, the mapping U?[(](¢,w) is well defined provided that V& _ -
w = 0. Since such a condition is not necessarily propagated from the
initial condition by the regularized vorticity equation, we have to replace
U?[¢](v,w) by U?[C](¢¥, m[¢]w) in all its occurrences.
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e Mollifiers. Horizontal derivatives are regularized with the mollifier J*. For
the vertical derivative, the mollifier K*[ad,] is used; this is made possible
by the fact that a vanishes at the surface and at the bottom.

e Dispersive regularization with parameter 6. The purpose of the term dJ*A(
in }"g*(@) is to allow for the control of an extra 1/2-derivative on (, uni-
formly with respect to ¢, and that will be used to control commutator terms
due to the above mollifiers.

e Pressure term Q. If we simply regularize the equation as explained above,
the equation does not preserve the divergence free condition anymore. In
order to recover this property, we choose the pressure @ so that 9,divw =
0. This leads to®

vX,z : P(E>VX,ZQ = (1 + azg)v%,z : gb
H
(109) V% (2 Rakil
) H,
Q\Z:O =0, €, 'P(Z)VX,ZQ =0
(we recall that (1+0.0)V% . V%, =Vx. P(X)Vx..).
Before proceeding to construct a solution to the regularized equations (108), we

need to provide some estimates on the pressure term V% Q. We shall use the
following lemma.

Lemma 4.9. Let k=N -2 N —1,g¢c H*S) andh € Wk’oo(_(—HO,O);Hk(Rd))
be such that h___,, = 0. Then there is a unique solution Q € HETY(S) to
{ Vx: PE)Vx.Q=(140.0)V% . -g+h- 0.,
Q.., =0, e -PE)VL.Q.__, =0

JHU-N)) - O,

and one has
V%@l < My (llgllmx + [l el )

Proof of the lemma. Existence of a solution follows classically from Lax-Milgram’s
theorem. In order to get an L*-estimate on Vx .Q (and therefore on V% .Q), one
multiplies by @, integrates by parts, and use the coercivity property (54) of P(X)
to get

IVx,:Ql3 < Myllgll2l|Vx,-Qll2 + /d go - NoQp + [[h][yr.ec [|lw][2]| Vx - Q|
R,

where we used for the last term the fact that h vanishes at the bottom, and @
vanishes at the surface. From the trace lemma we then get

IVx,:Qll2 < My (llgllzoa + [Ih]lwr<[|wll2)-
In order to control horizontal derivatives of Vx .Q, just remark that Q = A*Q
solves
Vx,: P(E)Vx,.Q = (1+0.0)V%.. - (A°g — Jg[A®, P(X)]Vx,.Q)
N +h-0.(A°w) + f,
Q|z:0 = 07 € P(Z) ;VZQ‘ZZ—HO = —€;- [AS?P(E)}VX,ZQh:fHO?

9We use the fact that 0f =0t — 0, and substitute

Oto
140,00,
H
o = Z"'_iojb(g. N),

Hy

which holds provided that the regularized kinematic equation is satisfied.
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with f = [A®, %]azg + [A%, h]0,w. Proceeding as above, we get

IVx.:Qllz < M (lgllzrea + 1A%, P(2)]Vx2Qll2 + [l o] o0 + [1£l2)-

Controlling the commutator in terms of s — 1 derivatives of Vx .Q one get after
a finite induction (see Proposition 2.36 if [39] for details on the control of this
commutator term) that for all 0 < s < N — 1,

IA°Vx,:Qll2 = IVx,2Qll2 < My (gl zsa + [Blwroe @] mo0 + [ fl2)-

Using commutator estimates (e.g. Corollary B.16 in [39]) and the expression of f,
we also get (with tg > d/2)

1fll2 < Mn (llgllzsn + Bl oo greviosn [wll o),
and therefore
IVx:Qllgeo < My(llgllaen + B[y greviosn [wll o).

Using the equation to express 92Q) in terms of first and second order derivatives of
Q@ involving at most one vertical derivative, we get, for all 1 < k <'s,

IV zQll e < M (llgllres + [Illywr.c provieosn l|wl ee )

and the result of the lemma follows. O

Applying the lemma to (109) with k =N -2, g =g" and h = Vg{yz(zgljo J(U -
N)), we deduce from the product estimate || fg|lgn-2 S || fllgv-21lgllgv-2 and the
third point of Lemma 4.8 that

IV%:Qlav—= < (IUlav— +llal gr—2) lw]l g~
(110) S C(‘<|HN7|V'¢|HN*17||wHHN*27|wb'Nb|H(;1/2)7

~

where we used the definition of a in terms of U and Corollary 3.14 to derive the
second inequality.

We can now proceed to construct a solution to the regularized system (108). Let
us introduce the space X and its open subset X, as

X = HN(RY) x AN R?) x HY2(S),
XO = {(C,¢,w> € Xa léldf |H0 + <| > Ov a((:a%w) > 0}

From (101) and Corollary 3.14, ]-';-s’b (j = 1,2) define smooth mappings'® on X
with values in H>°(R?). Using also the third point of Lemma 4.8, together with
(110), ]-'g’L defines a smooth mapping on Xy with values in HV~2(S). We can
therefore deduce that F“% maps X, into X provided that for all © € X, one has
fgf”(@)b}% -Ny € Hgl/z(Rd). One computes after recalling that ¢ and w vanish
at the bottom,

B Oy M= I (Vo Vi) T )

|z=— |z:=—Hq

where w, stands for the vertical component of w. Now, since by construction U is
divergence free, one has 0w __, = —V -V, and therefore

F5(0) Ny =V - J(Vew,)

—H

le=—1, le=—r,’

10This follows from the fact that U?[¢](¥,w) has a Lipschitz dependence on ¢, 9 and w, as
shown in Corollary 3.19.
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which implies the desired result. It follows that F*¢ defines a smooth mapping X
with values in X; by standard results on ODEs, there exists a maximal existence
time 7" such that there exists a unique solution © € C'*([0,7%?); X) to (108).
Step 5. Properties of the solution to the regularized system. The solution con-
structed in the previous step has some extra regularity properties. One has for
instance (¢, ) € C([0,T%%); H*(R%) x H*(R%)). One deduces in particular that
for all @ € N4, 1 < |a] < N, one has |9%¢) — W [¢](¢, 7[¢(Jw)I%¢| g1 /2 < 0o. We
can therefore deduce from the third point of Lemma 4.8, Corollary 3.14 and (107)
that, ¢ and v being fixed, the mapping ]-"§’6(C, 1, ) maps HV~1(S) into itself, from
which one classically deduces that w € C([0,7%%); HN~1(S)). In addition to this
regularity property, we now show that w remains divergence free. After remarking
that

div? Opw = div? (07 w + 9,007 w)
=07 diviw + V% ,(0:0) - 07w + 04007 diviw
= 0y diviw + V% ,(0i0) - 07w,

we can use the definition (109) of the pressure @, and apply div’ to the vorticity
equation to get

z+ Hy
Hy

0diviw + V% (D) - DT — vg(,z( JHU - N)) 97w =0.

Since we get from the equation on ¢ and the definition of o that %JL (U-N)=
040, we finally obtain that
Oydiviw = 0;

since the initial condition w® is assumed to be divergence free, this yields that

div’w = 0 on [0,7%¢). A consequence of this is that w = 7[¢]w, so that we can
drop all the occurrences of 7[¢] in (108).

Step 6. Uniform energy estimates. Proceeding exactly as for Proposition 4.5, but
with the regularized equations (108), we obtain, with the same notations,

O+ J(V-V)OC—JWUg N = JR,
(0 + J' (V.- V) Uy - ) + J(a0*¢) + 6J°AO*¢ = J'R% + RZ,
07 +J'(V V) + K'[a"0.))0°w = R},
with the R} satisfying the same estimates as in Proposition 4.2 (for the vorticity

equation, we use the fact that |V Q| g~-1 <m¥ (¢, 1, w), which is a consequence
of Lemma 4.9), and

R = —(1 — J)(0wd™¢) + [w, J10* (U7 [¢] (b, w) - N);

the control of this extra term (coming from commutators with the mollifiers J*) in
H'/? norm requires a control of ¢ in HN*/2(R%) instead of HY (R?), namely,

|§’BR(21‘2 S mN(C,w,w)(l + |aa<|H1/2);

the dispersive regularization 6J*A{ has been added to the second equation in order
to control this extra term. Proceeding exactly as for (89) except for the fact that
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the first equation is multiplied by a0*(+3dA0“( instead of ad*(, we obtain therefore
1
50: (@07, 0°C) + 010°C [T 2] + (O + (V- V) (Us) - €), Ol - N)

(111) <Y (¢, 9, w)(L+|0%C gar2).

As in the proof of Proposition 4.5, the second term is handled using Green’s formula;
because of the presence of the mollifiers, (90) must be replaced by

(0 + TNV - V) Uy - ) = (0 + JHV - V) + K [a 0:]) (U - ex))

=

(we recall that a* vanishes at the surface). We are therefore led to replace (91) by

O+ (V- V) (Ugg)) - €x), U g) - N)
:Lﬂ+@@ﬂ@+TWWU+WW@D&Awwwmymwm+ML

From Lemma 4.6, we therefore get

(@4 (V- V) (Us)) - k) kU gy - N)

:Au+@@ﬂ@+ﬂwnw+Kmmmmwmymwm

+ / (1+ 0.0) [tr x (8 + J*(V - V) + K'[a'0.])0%w] - kU, + Lot
S
—A+B

Integrating by parts (using the fourth point of Lemma 4.8 for the term involving
K'[a*0,], one readily obtains that the identity (92) remains true up to lower order
terms, while B is controlled as in (93). The energy inequality (95) can therefore be
adapted into

d - 1 1 5
(112) %ggv(C7wvw) < C(;Oagvgév(<7¢aw))a

where

(¢ 1, w) = EV(C. 1, w) + 8¢ Fna e
Step 7. Conclusion. The energy estimate (112) is uniform with respect to ¢. In
particular, the solutions (©“°), 5 to (108) exist on a non trivial time interval [0, 7°]
independent of ¢+ and one can prove that, § > 0 being fixed, the sequence (9“5)“5 is
a Cauchy sequence in H? x H? x H%(S) as t — 0.

Lemma 4.10. For all 0 < § < 1, (©4%), is a Cauchy sequence, as 1 — 0, in
C([0,T°]; H*(R?) x H?(R) x H*(S)).

Proof. We omit the proof of this result because it is very similar to what happens
in the irrotational case, and the proof of Lemma 4.28 in [39] can therefore easily
be adapted. Note that this result is a consequence of (102). The only additional
property that is needed here compared to the irrotational case is that a similar
property holds for the vertical mollifier K*[ad.], but this is already proved in the
fifth point of Lemma 4.8. (]

The end of the proof is then quite similar to the irrotational case and we only
give the main steps (see §4.3.4.4 of [39] for more details). One first deduces the
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existence of a limit @ e C([0,T°); H*(R?Y) x H?(R%) x H?(S)) to the sequence
(©%%), as ¢ — 0, and that this limit solves

9,0° + F*0 =0,

where F%0 is deduced from F%* by setting ¢ to 0; moreover, ©° also satisfies the
energy estimate (112). Because of the dependence on 3 of this energy estimate, one
cannot directly extract a converging sequence from (60%)s as § — 0. However, this
singular dependence on ¢ of the energy estimate comes from the term (14 |0%C| z1/2)
in the right-hand-side of (111), which itself comes from the control of R2. Since
this term vanishes when ¢ = 0, one can replace (112) by a nonsingular (with respect
to d) energy estimate,

d ~ ~
0

This uniform bound can then be used to prove, as in Lemma 4.10 that (@5)0<5<1 is
a Cauchy sequence as 6 — 0 and that it converges in C([0, T]; H*(R?) x H?(R?%) x
H?(S)) (with T > 0 independent of §) to a solution © of the non-regularized
equations (100). Moreover, the solutions satisfies (113) with ¢ set to 0, namely,

d - 1 =
ggN(Cﬂ/J»W) S C(;O,SN(C7’¢7UJ))7

and the bound on £V (O) given in the statement of the theorem follows as for the a
priori estimates of Proposition 4.5. Uniqueness of the solution is then obtained by
estimating the difference of two solutions in C([0,T]; H*(R?) x H?(R%) x H?(S))
using the uniform bound provided by the energy estimates, along lines quite similar
to the proof of Lemma 4.10. O

5. ASYMPTOTIC REGIMES

5.1. The dimensionless free surface Euler equations. The fluid motion de-
pends qualitatively on several physical parameters: the typical amplitude a of the
waves, the depth at rest Hy, and the typical horizontal scale L. Using these quan-
tities, it is possible to form two dimensionless parameters,

a Hi

", T
the parameter ¢ is often called nonlinearity (or amplitude) parameters, and the
parameter u is the shallowness parameter.
We also use a, Hy and L to define dimensionless variables and unknowns (written
with a tilde),

E =

z - X ~
TT 0 X = 7 C = £7
Ho L a
the non dimensionalization of the time variable and of the velocity, and pressure
fields is less obvious, and is based on the linear analysis of the equations (see for

instance [39], Chapter 1),

2:

~ Vv w
V=~ w=2
Vo' v wo’ to’ P

with

=
[

S
Ela
g
[
=8
[
‘E &~
>
[

]
&
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With these variables and unknowns, and with the notations
() () (),
and
curl* = VHx, divt = (viT,  U'=(ypVl w)t = U
the incompressible Euler equations take the form (omitting the tildes),
0, U" + %U“ L VHUR = %(VHP +e.) in Q,
diviU* =0 in Q,
where €2 now stands for the dimensionless fluid domain,
Q={(X,2) e R —1<z<el(t,X)},
and with the non vanishing depth condition now reading
(114) Fhmin > 0, VX €eRY  1+¢eC> hmin.

Finally, the boundary conditions on the velocity read in dimensionless form,
1
¢ — —=U"-N* =0 at the surface,
I

ur

|o=—

o N}'=0 at the bottom,

where N} = e, while for the pressure, we still have

P =0 at the surface.

5.2. Notations. We give here a list of notations specific to the study of the shallow
water regime. Most of them are the dimensionless version of notations already used
in the dimensional case; for the sake of clarity, we write them in the same way. Below
is a list adaptations we need to make to handle the dimensionless case:

Q={(X,z2), —Hy<z<{X)} ~ Q={(X,2), -1<z<e((X)}
S =R x (=Hp,0) ~ S=R?x(-1,0),

H,
o(X,2) = (T e 0(X,2) = (2 +1),
0
~p . p
¥=trppe 7 P arany e
| (1+ /a2
e = ggulars > Julgge = S22

We also adapt the notation (6) as follows,

1
115 Aj=—A, +eAV
(115) 1= Jpdnted ¢

_AL
so that A x N* = \/n I . Finally, we also write
Vi ( feﬂAﬁ' V¢

(116) o _ ( \/gv >+< —\/1ﬁva )a;
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5.3. The dimensionless generalized ZCS formulation. According to the no-
tation (115), we have

1
U‘lr ZZ—FEQVC: ﬁ(Q“ XNH)g,

and proceeding as in §2.3, we deduce the following dimensionless version of (9),
(117) U+ V( + %V|U"|‘|2 - iv(u +2uV¢P)w?) + ew, - NHVE =0,

her = n is given
where w), wwzzscadwu s given by

L (0. Vvt-—viw 1
wuz<\/’7( “v.vi )):ucurl“U“.

The dimensionless version of the orthogonal decomposition of U} performed in §2.3
is then given by

Ul = Vi + V',

with Alz =w,, - N*. The equation on 9 corresponding to the dimensionless version
of (10) is therefore

€
2p
Finally, the dimensionless vorticity equation is obtained by applying V# to the
dimensionless Euler equation,

(1+V¢Pw?) + 8% (w, - N*V') =0.

(118) 8t¢+c+%\U|’(2—
(119) Dyw,, + %U“ Vi, = %w# VUK,

In order to write U* as a function of ¢, ¥ and w,, we need to solve the following
dimensionless version of the div-curl problem (15),

cur"U* = pw,, in
divfU* =0 in Q

(120) Uy =V + VA Hw, - N¥) at the surface
U'-N' =0 at the bottom;

we write the solution

Ut = Ulec](y,w,) = ( \/Vg[\ézﬂ/g%:)#) ) ;

the generalized Zakharov-Craig-Sulem formulation takes therefore the following
form in dimensionless form,

D¢ %w[scw,wu) N* =0,

oy ) G @) = 5 (0 & pl VP W] (0, w,)°
1
e (- NVIECI () = 0,

Dy, + %U“[ed(w,wu)  Vhw, = iwu L VRUM(EC) (1, wy).
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5.4. Statement of the main result. As in the dimensional case, the statement
of the well-posedness result requires to work with a straightened vorticity. We
therefore use a diffeomorphism ¥ to straighten the fluid domain; it now takes the
form (X, z2) = (2,2 + 0(X, 2)) where o(X, z) = (1 + 2)e((X) and maps the strip
S =R? x (—1,0) to 2. We denote U* := Ut 0 X, w), := w, o %, etc., and also

UU,H[gC](q/),wu)< \/ﬁl‘,’;[g]@(“wwjf) ) UM [e¢)(th, @) o 3.

The well-posedness result deals therefore with the following straightened version of
(121),

D¢ — %W‘[aé] (1, 0) - N =0,
122) O + <+§|Uﬁ’“[s<](w,wu)|2 - i(l + 2 VP W [eC) (¢, w,)?
1
e (N[ ) = 0,
07w, + %uwkg] (¥, w,,) - Vi, = iwu VTHYTH[C) (4, w,,),

together with the divergence free condition on w, which is propagated from the
initial condition,
(123) Vo .w, =0 in &.

The statement of the theorem also requires the introduction of the dimensionless
energy

1 1 1
EN (G wp) =5 o + 5 BelEe + 5 D B3

0<|a|<N
(124) L el + Sl NP,
o N9l 5 W, b 12
with o) = 0% — ewd*( (and w = W7[eC](),w,)), and we still denote by
mV(¢, 1, w,) any constant of the form
W (G ) = O — ¥ (G b)),

and by EX the associated functional space defined in (76). Note also that the
dimensionless version of the Rayleigh-Taylor coefficient is

a=a(C,¥,wu) =1+ e(9 + V7 [eC] (¢, wp) )W [eC] (1, wp).-
The theorem states that the solution furnished by Theorem 4.7 exists on a time

interval [0,7/e], with T independent of ¢ € (0,2¢) and p € (0, o), and that it is
uniformly bounded on this time interval.

Theorem 5.1. Let gg,p0 > 0, € € (0,e0), o € (0,0), and N > 5. Let also

e = ((O,wo,wg) € E} be such that wg satisfies the divergence free condition

(123). Assume moreover that
Hmin > 0,3a0 >0, 142" > hmin,  a(¢%, 9% w°) > ap.

Then there exists T > 0 (independent of € and p), and a unique solution © € E]TV/6
to (122) satisfying the divergence free constraint (123), and with initial condition



58 ANGEL CASTRO AND DAVID LANNES

0°. Moreover,

1
—=c' and sup EN(O(t)) =2
T t€[0,T]
. 1 1
with ¢/ = C(EN(6°), 7— qor€0s o) Jor j = 1,2.

Remark 5.2. Note that no smallness assumption is made on €y and pg. The theorem
furnishes in particular an existence time and bounds on the solutions that are
relevant to study many asymptotic regimes of interest in oceanography:

e The (large amplitude) shallow water regime: here ¢ ~ 1 and p <« 1. We
get an existence on a time interval of order 1, uniformly with respect to p.

e The long wave (also called Boussinesq, or KdV in dimension d = 1) regime:
here ¢ ~ 4 <« 1. The existence is then on a larger time interval of order
O(1/e) with uniform bounds on this time scale.

e The deep water regime. Here  ~ 1 and € < 1, and asymptotics can be
studied in terms of ¢, on a time interval of order O(1/¢).

5.5. Proof of Theorem 5.1. Theorem 4.7 furnishes the existence of a solution.
We just need to prove the necessary bounds on the solution with respect to € and u.
This is done by deriving uniform a priori estimates on the solution. The derivation
of these estimates follows sometimes the same steps as for the dimensional case
already treated, but sometimes require specific attention. We only focus on these
latter aspects, and omit (or only sketch) the proof of the former ones.

The dependence on &, i of the div-curl problem is investigated in §5.5.1, the vorticity
energy estimates are addressed in §5.5.2, and the a priori estimates on the full
equations are finally derived in §5.6.

We always assume throughout this section that € € (0,e9) and p € (0, po) for some
€o, o > 0. For the sake of clarity, we never make explicit the dependence on eqg
and fig.

5.5.1. The div-curl problem with parameters. We can still invoke Theorem 2.2 to
insure the existence and uniqueness of a solution to (120), however, the dependence
on the parameter p is not obvious in the estimates on the solution provided in
Theorem 2.2 and special attention must be paid to avoid singular terms as p — 0
(in the estimates involving the bottom vorticity for instance). This dependence is
made precise in the following proposition.

Proposition 5.3. Let ( € W2>(R%) be such that (114) is satisfied. Then for all
w, € L2(Q)? such that diviw, = 0, and all ¢ € H3/?(RY), there exists a unique
solution U € HY(Q)? to (120), and one can decompose it as U* = curl* A + V+®,
where ® € H?(Q) solves

(02 + uA)® =0 in
(I)|surf =1, azq)\bocc =0,
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while A € H2(Q)? solves

curlcurl” A = pw, in Q,
divvA =0 in Q,
Nlﬁt X Ab =0
NH. A =0

(CIH‘IMA)” = VLA_lgM - N#,
N - (curl”A) =0.

[bott

Moreover, one has

—_

10 [l2 < VEC([Clw2e, =) (VEIwpllz + [wpp - Nulyy-172 + [B2),

min

Y(lwpllz + lwpp - N |17 + 1B ).

=

90" l2 < pC(IClwace, —

Proof. The existence/uniqueness of U*, follows directly (up to a rescaling) from
Theorem 2.2. The fact that V#® satisfies the estimates of the proposition is known
from the irrotational case (Corollary 2.40 in [39]); by linearity, we can therefore
assume that ¢ = 0 and therefore U# = curl®A with A as in the statement of
the proposition; we also know from the proof of Theorem 2.2 that A is the unique
solution to the dimensionless version of the variational equation (33),

(125) /curl“A~cur1“C :u/ w, - c+\/ﬁ/ (Vi VEVD - VC) - C,
Q Q Rd
for all C € X*, and where the space X" is given by
X ={CeH'(Q)" VIF.C=0, N'xC,=0, N/'-C=0}

We shall use the following lemma instead of the standard trace lemma that does
not provide a sharp dependence on pu.

Lemma 5.4. i. For all C € X", one has
ICll2 < C(IClw1)[10:Cllz and  [[V*Cll2 < C(|Clw2)[|curl”C|l>.

(it is not necessary that C be divergence free for the first inequality).
ii. For all C € H'(2) such that C|___, =0, one has

1
(14 VEIDDY2Cl < C(Ilwr s ) IV*Clla.
iii. For all C € H'(Q), such that C|___, =0, one has
1
BC|2 < ﬁC(|C|W1m)||V“C||2;
if C does not vanish at the bottom, then we still have

|mm<$pmmmmm@mwmm

Proof of the lemma. For the first point, one just has to track the dependance on
u in the proofs of Lemmas 3.1, 3.2 and 3.3). For the second point, denoting by
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¥ : S — Q the diffeomorphism defined by (X, z) = (X, z+ (1 + 2)e(), and writing
C = Co X, we have

eC PN
a+vap)ecg = [ [+ vienco.c

< 2(Cll2 + VEIVCI2)[10:Cl2
1
< OG— [¢lwr=)(IC]lz + [V*C2) |0 Cl2,

and the result follows from the first part of the lemma.
For the third point, we have with C = Co X,

[BCP3 = 1B, 0)3

= [ e o
ra L+ mlg] >

e _
<2‘/Rd/ 1+\/>‘§| (£7Z)||8z0(§,z)‘d§dz

_2 VI e deds
1Jr\ﬂf'IfVC(&, 2)]10.C(&, 2)|dédz.

From Cauchy-Schwarz mequahty and Plancherel’s identity, we then get
C ~ -
BCJ3 < *||\//7VCHL2(S)HazCHL%S)

C([¢lwr)[IVHClIE2(q),

‘(;\H

which implies the result.

Finally, if C does not vanish at the bottom, then one can apply the result to
C = ¢(X,2)C, where p € Wh>(Q) is equal to one in a neighborhood of the
surface, and vanishes at the bottom. This yields the result since C| . = C and
IVECllz S [[V*Cll2 + [[C|2- O

We can use (125) and the lemma to get a control on the L?-norm of UH,

1013 < C(1Chwa) (slwullo Al + VARG L] (14 DY (4, +e VA, ) )
< Cclwacer ) (ullolle + VAIBL:) [0

min

and therefore

1 ~
[0l < C(fchwaoe. ) (ol + VEBL2)

1
(126) < pC([¢lwze, m)(||wu||2 + |wpp - NzﬂH(;W)a

Vi
where we used the fact that |&B@Z|2 < |V1;|2 and the following lemma that makes
explicit the dependence on p of the estimate given in Lemma 3.7.

Lemma 5.5. The solution 1} to the equation Aiz =w, - N" satisfies

~ 1 1
IVipl2 < /pC(IClwoe, 7—) (lwpll2 + ﬁ\wu,b Ny lgore)-

hmm
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and

~ 1 1
(1 + VEID)2Vils < EC(Cwrss, 7 (lwnll2 + ﬁ‘wmb Ny lgore)-

Proof. Multiplying the equation A{/; = w,  N" by {/;, we get as in the proof of
Lemma 3.7,

V3

_ b - N*
y Yw,

—/ Ngthu,b - N[ — / (1+ 8,0)VTHyp Wy
R¢ s
where w, = w, 03 (and ¥ as in the proof of Lemma 5.4) and V7# as in (116),

cosh(y/p(z + 1)|DJ) ~
1. We deduce that
cosh(/t| DI)

(1+ yaDp'?

while ¢°** is now given by ¥ =

D]

v~2< Text W, . N
| ¢\2 = \//j’ (1 + \/ﬁlDl)l/Q |z=71’2 ‘ \//7|D‘ ( ,b b )’2
1 NEX
+ OIwroe, 7= )llwpll2[ V9 [l

1 1
< VEC(Chw s ) (el +

which gives the first estimate of the lemma. For the second one, we multiply the
equation by (1 + /u| D)% and proceed as above to get

|y, - N5|H51/2)|v¢|27

- 1 ~
|14+l DDV < (¢l 7 leull20I(1 + VD)V

‘(1 + \/i|D[)?
VEID|

1 -
< VEC(Cwroes 7=—=) (lwplla + oy - Nyl ya2) [(1 + VD)2V,

min

+ Vii|(1+ VEIDI) 2 Dl

(“-’mb'NzﬁL)L

(in both terms of the right-hand-side in the first inequality, a smoothing argument
must be used to gain half-a-derivative; the dependence of this smoothing on p is
crucial here; it is of the form (1 + \/u|D[)~'/2 — see for instance Lemma 2.20 in
[39]). The result follows directly. O

Similarly, the dependence on p of the H'-estimate of Lemma 3.8 must be made
precise. For the energy estimates on the vorticity, it shall be crucial that no 1/,/x
singularity appears in front of the bottom vorticity term of this H 1—estjmate. For
the L?-estimate (126), this singularity comes from the control of |Bi)|o; for the
H'-estimate this term is expected to be replaced by |£B{/JV|H1, which is also singular.
However, it turns out that a control in terms of |‘,BV1Z|2 is enough, and that for
this term, low frequencies are damped, and the 1/,/x singularity can be removed.
This is done in the following lemma.

Lemma 5.6. The solution 1; to the equation AJ =w, - N satisfies

~ 1
BVYL2 < Ol [¢lwre)wpll2.

min
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Proof. Proceed as in the proof of Lemma 5.5 to obtain

~ D? ~
BVl = _/Rd (3 + \/mD\w)% N
o, D ext) |
:—/8(1+aza)v “(1+\f|D| ) -

where we have chose a different extension of w than in the proof of Lemma 5.5,
namely,

e _ sinb(y/fi(z + 1)|D)) ~
0 sinh(/z| D)
in particular, ¢e"t vanishes at the bottom, and this is the reason why no bottom
boundary term appears in the expression above. One readily deduces that

Vs

~ 1
127 VoZ<C -y V‘W( ext) s,
(127) BVl < Cllcwre, 37— T fIDI 0 )ll2llwnll2
and we therefore need to control HVU’“(H‘f\D\ ¢8Xt> l2. We distinguish the hori-

zontal and vertical derivatives involved in V7*; we start with the vertical derivative,
which is the the I%OSt delicate:
- Control of ||%821/18’“H2. One has

=||p? ViID|  cosh(y/m(z +1)|DJ)
1+ /alD| Smh(\ﬂD\

cosh( ( DIE]) 2 m==2

/ / |f|§| sinh(/z2/€]) | mvlﬂ dzd§.

Let F(r) = 3r + sinh(2r) (F is the primitive of cosh(r)? vanishing at zero);
integrating with respect to z in the above expression, we get

045",

D2
||1+7\/EIDI ol

D2 Text _ (f|€|
”maﬂbo Hz _/R blnh(\f|§| 2|§va| dzde.

Since 5155(\%'55'?)2 is uniformly bounded from above (with respect to £ and u), w
deduce finally from Plancherel’s identity that
D2 .
008 |2 < [BVo-

- Control of ||$i‘m\/ﬁV{/;8Xt||2. One has

H 1 + f‘D| fv¢8Xt‘|2 S ||D2weXtH

D2
- ‘ (1+ /p|D|)1/?
the second inequality stemming from a smoothing argument similar to the one used
to control the vertical derivative.

U], = 1BV,

Together with (127), these two controls give the result of the lemma. O

We can therefore provide a control of V#U* without the 1/,/x singularity in
front of the bottom vorticity component.
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Lemma 5.7. The following estimate holds,

1990 o < uC(clwe, ) (lplla + l - N Lyovr2)-

1
hmin
Proof. The proof is similar to that one of Lemma 3.8. Here we present the main
differences. The dimensionless version of (40) is

/\V“U“I2:u2/ Iwu|2+2u/ K‘VM*#%/ (Vi¢-v)vt v
Q Q Rd Rd
(128) = ,uz/ |wp|? + ply + 121,

Q

Now we proceed to bound the integral I; and I,. We recall that V = VHZ— ewV(
and we can write

I §2€/ V¢ Vuuwl
Rd
< C(IClw2=) [VH U2 U2,

where we used the fact that, since wy, = 0, one has |w|3 < ||w||2]|0,w||2. Together
with (126), this yields

1 _
I < C(|¢lwze, hf_)(ﬂ\\“Mb + VIIBYL) [VHUH |
1
< VuC([Clwze, hi_)(\/ﬁ”“ﬁt”? + Wb Nolgo12) [[VFU 2,

the last inequality stemming from the observation that [Be|y < [Vi|; and Lemma
5.5.

For I, after substituting V = V14 —ewV(, the integrand can be written as a sum
of terms of the form

C(QI*aY, C(QOwd*P, C(Qowdp, CQwdp, C(Qw?,

where C'(¢) stand for any polynomial expression in the first and second order deriva-
tives of ¢, while 0 and 92 stand here for any first and second order partial derivative
respectively. We consequently get

Ip < O(I¢lw=) [|(1+ VD)2V Lo (IRVY 2 + [Puwls + [w]2) + [w]3].

Remarking that [P f|o < p=1/2|(1+,/1|D|)'/? f|2, recalling that |w|3 < ||w||2]|0.w||2,
and with the help of (126) and Lemmas 5.4, 5.5 and 5.6, this yields
1 1
Iy </pC([¢lw2.ee m)(\/ﬁﬂwullz + ﬁlwu,b - Nolgy-172) w2
1
ﬁkdmb . Nb‘Hgl/Q) ||V”U“||2
Gathering the estimates on I; and Is, one readily gets

1
I+l < VRO (G, ) (VElwula + p - Nol 12 [V# U3

min

+C(IKClw2oo, 7—) (lwpll2 +

hmin

+pC([Clw2oe, 7—) (Vallwpllz + lwpp - Nof yor/2) lwpl2;

hmin

with (128), this yields the result. O
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The result of the proposition directly follows from (126), Lemma 5.7 (and the
aforementioned estimates on the irrotational part). O

For higher order regularity estimates, we use as in §3.3 the straightened version
of the velocity and vorticity introduced in §5.4. The proposition below shows how
the higher order estimate of Corollary 3.14 depends on u.

Proposition 5.8. Let N € N, N > 5. Then for all 0 < 1 < k < N — 1, the
straightened velocity UM = U%H[eC] (v, w,,) satisfies the estimate

IVA U e < ud (B0l + 3 a2 + il + (A0 Nl ysr2 ),
1<]a| <k+1

where oy 1= 0% — ewd*( (and w = W7 [eC] (P, wy)|._, )-

Proof. The proof is based on the dimensionless version of (50) which reads

(129) /SV“U“-P“(E)V”U“ :“/s

for all C € H*(S), and with Vo# as in (116) while

(140w, - VIH x C+/ F*.C,
Rd

10 v
PrE)=(1+0) ()T T, with ()T =] 0 1
0 0 1+1t7z’

and
Ft = (NP x VEx Ul 4 (NF-VHUH),
= (ViaVu — p (V¢ V)V —pv - V).

The key point is that the matrix P*(X) is uniformly coercive with respect to u
so that the same structure as for Proposition 3.12 can be used for the proof. In
particular, (55) is replaced by

[VH#OPU" (3 < My (1) + Iz + I3),

with the following definition and upper bounds on I; , i =1,2,3:
- Upper bound for I. Proceeding exactly as for (56) we get

I :/V“aﬂU-[aﬁ,P“(E)]V“U
S

< My ||[VHOPUH||o||AF—EVHUH| 5.

- Upper bound for I. With straightforward adaptations, we get as for Proposition
3.12 that

Iy = / Akwu _A—kva,u x 9%8uH
s
< My || AFw,||2]107 VT2
- Upper bound for I3 We split I3 into three terms
I :zu/ aﬂvw.aﬁz—u%/ (VE¢-V)OPV+ . 0°V
Rd R

d
- u%/ (0%, V(- vVt 97V
Rd

=131 + I30 + I33.
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Replacing the product estimate (59) by

vf,g e HY2(RY), / F0j9 < PRSIs| (1 + VEID) Y2, (1< <),

and using the pu-dependent version of the trace lemma furnished by the second point
of Lemma 5.4, the upper bound on I3; given in the proof of Proposition 3.12 can
be adapted into

I3y < My (uB (VO Y — ewVI Q) |5 + || A VHUH |lo) [[A*# U5
For I35, we proceed as for I3; to get

Isy < My [(W(vaﬂw — ewVd ) |2 + [BO%)]o + [PA*wl,)

1 129870 6.2].
x|+ VEIDD 20U+ [0° B

with Lemma 5.4 and the inequality [0°w|} < [|0%w)||2]|0%.w]|2, we therefore get
Ly < My (| B(VO™ — ewV () |z + ulB07 bl + VA AS T w]|2) |AFVHU|l2.
Finally, one readily gets that
I3 < My||AF7IVHUH || ARVEU |,

Summing up the upper bounds on I31, I3 and I33, we finally get

Iy < My (plB(V0" - 2wV C)la + pl07 Bl + A TR ) |AFVHUP .

As a result of these upper bounds on Iy, I and I3, we obtain
I940°U |3 < Moy (B (Vo%wr — cwV0PC) s + pBO°T + [AM 044
+ ullAFw,llz) % [AFVETH,.

with k£ = |8]. With the same induction method as in the proof of Proposition 3.12,
one then deduces

[APVHUH||y < My (p Z By l2 + 1IBO% Y2 + pl|AFw,|ls + [|VHU*2);
1<|a]<k+1

with the estimate on V#U* provided by Proposition 5.3, and the following estimate
that generalizes Lemma 5.5 in the spirit of Lemma 3.13

~ ~ 1

PP < (A2 < HO(Clwr e, —

|2 < VRC(IC] NG

we finally get a dimensionless version of the upper bound of Proposition 3.12

[AFVHUH]|y < MMN(‘;B¢|H1 + D I Bwle + 1A wullz + [AFw, - Nb|H(;1/2>-
1<|a|<k+1

)(”Akwu”2+ |wﬂ7b'NM|H(;1/2)7

1
hmin

Following the same steps as in the proof of Corollary 3.14, we deduce an H"!
estimate of VAU from this L? estimate of A¥V+U*. (]

The adaptation to the dimensionless case of the other results presented in §3.5
and §3.6 are then straightforward and we therefore omit them.
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5.5.2. A priori estimates for the vorticity. We prove here that the estimates of
Proposition 4.1 can be replaced in the dimensionless case by

d N
(130) = (el + win - Nol o) < em™ (€, 36,0).
We proceed as in the proof of Proposition 4.1, to obtain the following dimensionless
version of the vorticity equation (79)

atwu +eVe [5C](w7wu) -Vw + %a[‘?d (wawu)azwu = %wu : vgwua’#[gd(i/)a wu)

with, denoting N* = (—/aVa™,1)T (so that N/ = N*),
1 -
aleC](,) = 1 g (UM€1) - N = o)
L i _ 2 Ho o .
=15 o0 (U“’“[ed(w,wu) LN — Z—Oog HeC) (4, w) - N* )

and we are led to study the following equation instead of (80)
Oywy, + eV - Vw + Eaﬁzw“ =ef,
"

(with V' = V7[e(](¢,w,) and a = aleC](¥,w,)). The L2-estimate (81) must be
refined to get a good dependence on p. Taking the L? scalar product of this
equation with w,,, we get

1 e 1
L Oyllol2 —f/<V~V+faza>|wu|2 :e/ f o
2 2 s p s

and therefore

9
Ol 13 < ;(IIV“U“IIOO + VU [loo) llwpll3 + ellwll2 /2

From the continuous embedding HV~1(S) € L*>(8S) and the fact that | U*||gx-1 <
NU*||2 + ﬁ”vHUHHHN—2, we deduce that

3
Orllwnll < ;(IIV”U“IIHN—l +VEIU* [12) w3 + llwpllz 1112

< em™(¢ v w)llwull3 + llwpll2 fll2-

the second inequality stemming from Propositions 5.3 and 5.8. Using this gener-
alization of (81), we obtain the estimate on the H*-norm of w, of(130). For the
bottom vorticity, we have to replace (83) by

Oe(wpup - Np) + eV - (wpup - NpV3) = 0,
and therefore
Onleopp - Nol 172 < [ (L VDM (- No)VE)
< em™ (¢, 0, w,),

the last inequality stemming from the trace lemma, standard product estimates,
and Proposition 5.8. This completes the proof of (130).
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5.6. A priori estimates on the full equations. In dimensionless variables, the
good unknown becomes

Va € N'\{0}, U,y = 9°U" — 8%0d7U".

With a straightforward adaptation, and using the div-curl estimates derived in
§5.5.1, the quasilinear structure exhibited in Proposition 4.2 takes the following
form in dimensionless variables,

1
O+ eV - V)0*C — =9 Uly - N* = eR},
(0 ) PRt
(0 +eV - V)(Ulyy, -ex) +0ad°C = eRZ,
7 + %Uwvmu)a%ﬂ = R,
with a =1+ (9; + eV - V)w and where

|RL |2 + |BR2|2 + || RE|l2 < m™ (¢, 40, wy).
The following dimensionless version of (89) can then be derived along the same
lines as in the dimensional case,

1 « e 1 N
iat(aa Ca 8 C) + ((8t + EK : v)(U&g)H : ek:)a ﬁakgfbﬁ) : N#) S em (C,’(/J,(UM),

from which, proceed as for (94), we get

O {(aaag,aac) + /5(1 + 8z0)|8kU(“ﬂ)|§} < smN(C,w,wu).

Together with the vorticity estimate (130), and mimicking Steps 4 and 5 of the
proof of Proposition 4.5, we get that for all 0 < ¢ < T'/e, one has

1 1
SN(§7 ¢» w,u)(t) S C(T7 Ty T 5N(CO7 1/’(), wo))
ag hmin K
By a classical prolongation argument, this allows one to extend the solution pro-
vided by Theorem 4.7 on a time interval [0,T"/e|, with T independent of £ and p,

thus completing the proof of Theorem 5.1.

5.7. Justification of the shallow water equations with vorticity. Shallow
water models provide simplified models for the propagation of water waves when
p < 1. In the irrotational case, they are typically stated as a set of equations
coupling the evolution of the surface elevation ( to the vertically averaged horizontal
velocity V,

_ 1 e¢(t,X)
V(t,X,2) = —= V(t, X, z)d h=1 .
(X2 = g [ VEXDE (=14
Various models exist, depending on the precision of the approximation, and possi-
ble smallness assumptions on €. The derivation and justification of these shallow
water models is now well understood; we refer to [39] for references and a detailed
description of the many shallow water models and for their rigorous justification.
In the so called shallow water, large amplitude regime corresponding to

e=1, p <1,
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one obtains for instance at first order (i.e. up to O(p) terms) the well known
Nonlinear Shallow Water (or Saint-Venant) equations

K¢+ V- (V) =0,

HV +V-VV +V(=0.

A byproduct of the derivation and justification of this model is that the horizontal
velocity V is, at the precision of the model, independent of the vertical variable z
(in the physics literature, this is is often an assumption, called “columnar motion”
assumption). A consequence is that at the precision of the model, the velocity at
the surface V is equal to the averaged velocity V for which (131) is derived. This
is of importance since direct experimental data are more accessible for V (using
buoys for instance) than for V.

In the rotational case, the picture is less clear and there does not exist any fully
justified shallow water model. Even at the formal level, there is no real consensus
in the physics literature. The assumption of “columnar motion” is often made
to derive asymptotic models, but, as shown below, it is in general wrong at the
precision of the model. As shown in [15] by the authors, a consequence of this fact
is that even though the Nonlinear Shallow Water model (131) remains the same!!
in the presence of vorticity when written in (¢, V') variables, the recovery of the
velocity V at the surface requires the resolution of one more equation,

(132) V=V-yiQ, with 8Q+V -VQ+Q-VV =0,

The goal of this section is to show that Theorem 5.1 provides all the necessary
bounds on the solution to justify the formal computations of [15], and therefore to
bring a full justification of the Nonlinear Shallow Water model'? (131)-(132) as a
model for the description of shallow water waves in presence of vorticity.

(131)

5.7.1. Derivation of the model. For the sake of completeness, we sketch here the
derivation of the NSW model (131)-(132). We refer to [15] for details. For clarity,
we also use the notation

f=0(u") <= Fk20Yn20, |flm < pCE T ¥ w0)

for function defined on R, and with obvious adaptation for functions defined on
Q. We recall that the energy £E"#(¢, 1, wy,) is controlled uniformly with respect to
by Theorem 5.1.

Let us consider therefore (¢,%,w,,), the solution provided by Theorem 5.1. We
denote w,, = w, o 7! the corresponding vorticity in the fluid domain. One can
show that the velocity field U* has the following structure,

(133)

Ut = < vV ) = VIV + ([ (@) = Q) + 0u?l?)
w (L 2)AY =gV 7 [ (@) = [TV V)

with
1 ¢ ¢ N
Q::E/l//(wﬂ)h'

HThis statement is not obvious and deserves a proof!

120ther, more precise, models are derived in [15], showing for instance the creation of horizontal
vorticity from an initially purely vertical vorticity. A good local well-posedness theory for these
models is the only thing to prove in order to deduce a full justification along the procedure
described here for the NSW model (131)-(132).
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Plugging this expression into the vorticity equation (119), we obtain, for the hori-
zontal components,
AW n+V -V (w)n = 1+2)V- V. (wu)n = (wu)n VV = (V- V) (w,)y +O(Va);
integrating this equation then gives the following equation for @,
(134) Q+Q -VV+V-VQ=0(/n).

Using (133) again, we can relate Uﬁ‘ to the averaged velocity V through the
approximation

Uﬁ‘zK—i—QVC

o 1 ¢ ¢
=V —pQ+O0(n) where Q:= E/ / (Wi
—-1Jz
This approximation is then plugged into (117) to obtain
OV +V -VV+V(=/n[0Q+Q -VV+V-VQ]+O(n)
(135) = O(p),
the second identity stemming from (134). B
Using the exact relation U* - N# = —uV - (hV) in the equation for the surface

elevation, we get moreover
(136) ¢+ V- (hV)=0.

The Nonlinear Shallow Water model with vorticity (131)-(132) corresponds there-
fore to (134), (135) and (136) without all the terms of order O(u).

5.7.2. Justification of the model. Let us denote by ((sw, Vsw,@sw) the exact so-
lution to (131)-(132) with initial conditions

0 0 0
(137)  Qu = ngzl/< VO ngzl/c /C (@O
! o),V iro ), ),

The following proposition shows that (Csw, Vsw, @sw) is a good approximation®?
at order O(u) to the full water waves equations (122).

Proposition 5.9. Let N € N be large enough, e = 1 and pn € (0,1). Let (¢°, wo,wg)
be such that the assumptions of Theorem 5.1 are satisfied.

There exists T > 0 (independent of p) such that

i. There exists a unique solution ((sw, Vsw, Qsw) € C([0,T]; HN (R?) x HN (R%)2 x
HN=YR) to (131)-(132) with initial condition (137);

ii. There exists a unique solution ((,%,w,) € EN to (122) with initial data
(€°, 9% wp);

iii. The following error estimates hold,

€ = Csw Lo (jo,77xR?) + [V = Vsw|Le([0,11xRe) + VHIQ — Qsw|Le=([0,1)xre) < pic,
1 1

with ¢ = C(EN(C 4%, W), 57—, —).
min 0

1310 the statement of the theorem, the quantities V and Q are given by

- 1 ¢ ! ¢ r¢ N
V*m/_lv[d(dﬂku)a Q*m/_l/zl(wu)ha

with w,, = wy, 0 371 and V[¢](v),w,) the horizontal component of the U[¢](,w,), as given in
Definition 2.3.
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Proof. The first point of the proposition is classical and stems directly from the hy-
perbolic structure of (131), and the second point is a direct consequence of Theorem
5.1. For the third point, we have shown in §5.7.1 that (¢, V, Q) solves (131)-(132) up
to O(p) terms. Standard hyperbolic estimates then give a O(u) control of the error
in H2-norm (provided than N is chosen large enough), from which the L>-estimate
given in the statement of the lemma follows from Sobolev embeddings. O

6. A HAMILTONIAN FORMULATION OF THE WATER WAVES EQUATIONS WITH
VORTICITY (19)

The total energy is given by the sum of the potential energy E and the kinetic
energy K,

H = EFE+K

1 2 1 2
- = - [ U
2/Rd94+2/94||,

where we always assume that ¢ satisfies the nonvanishing depth condition (14)
and where ¢ is the fluid domain delimited above by the graph of ¢ and below
by the flat bottom z = —Hp (when no confusion is possible, we simply write
1 = Q¢ as everywhere else in this paper). In [59], Zakharov showed that, in the
irrotational case, the water waves equations could be formally written under a
canonical Hamiltonian formulation, namely,

. 0 1

Several authors have proposed formulations of the water waves equations in presence
of vorticity that also have a Hamiltonian structure (but without addressing the
well-posedness of these formulations). Let us mention for instance [46, 17] in a
Lagrangian framework, [54] in an Eulerian framework for one dimensional flows
with constant vorticity, and the general approach of [43] (see also [37], and [36]
for comments on the validity of these formulations). We investigate in this section
if our new well-posed formulation (19) has a structure similar to (138) when the
vorticity is non zero.

We first define admissible functionals in §6.1, show how to compute the gradients
of such functionals in §6.2, and finally show in §6.3 that the formulation (19) has a
formal Hamiltonian structure.

6.1. The set of admissible functionals. With the notations introduced in Def-
inition 2.3, we can write the energy as a function of ({, ¢, w),

H=H(( b, w / 9¢* + /IUC%
=: UG, ¥, w)),

where H and H are respectively functionals on M and N, defined as follows.

(139)

Definition 6.1. i. We denote

M= { Ch,w),(C,0) € H®(RY)?, ¢ satisfies (14),
w e H®(Q)?, divw =0, wy, - N, € H°(RY)}.
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ii. We denote
N ={((,U),( € H°(R?) satisfies (14),
U € H=(Q0)%, div U =0, Uy - Ny = 0}.

Denoting ¢ = H%)(z + Hy)(, and recalling that div®¢ is defined in (43), we also
define the straightened version of A by

N ={(¢,U),¢ € H®(RY) satisfies (14),U € H*®(S)3, div’U = 0, Uy, - N = 0}.

Any functional F on N can be equivalently defined as a functional F° on N°
through the relation

Fo(GU)=F(Uox Y with  B¢(X,2) = (X, 2+ 0¢(X, 2));
we use this observation to define the class C°°(N) of smooth functionals on N.

Definition 6.2. A functional F belongs to C*°(N) if and only if F° belongs to
C>®(N).

We can also use this observation to define Gateaux-derivatives of functional
C>®(N); the following assumption is made on these derivatives:

b )
597 € H*(RY),Vi¢ € H®(R?Y), dcF-6¢= / —fdg,
o¢ Ra 0C
oF oy 3 g OF  OF B
(140) HE eH (QC) , div E =0, E'z:_HO - Ny =0,

VU € H*(Q¢)3 such that div U = 0, (6U)
_ d
one has dyF - 60U = ch % 20U

Hy' Nb = 0)

.

We can finally define the class A of admissible functionals to which the Hamiltonian
H belongs.

Definition 6.3. A functional F' on M belongs to the set A of admissible functionals
if and only if there exists F € C°°(N) satisfying (140), and such that

V(Chw)eM, F((v,w)=F((U[C(Y,w)).

6.2. Gradients of admissible functionals. We give in the following proposition
an expression for the gradient of admissible functionals, as well as an expression
for the cotangent bundle 7M. Note that the tangent space T¢ 4 /M, in which we
take the variations (6¢, 51, dw), is defined'* as
TepwM = {(6¢, 89, 6w) € H®(RT) x H*(R?) x H™(Qc)?,
div dw = 0, (6w)y - Ny € Hg°(RY)};

we also recall that the operator curl ™! is defined in Corollary 3.9.

14The fact that the variations 0¢ are taken in HS® (R9) is to ensure the conservation of the
volume of the fluid domain; consequently, the variations d1 are taken in HOO(Rd).



72 ANGEL CASTRO AND DAVID LANNES

Proposition 6.4. Let F' be an admissible functional and F be the associated func-
tional on N'. One can write, for all variations (6¢, 09, 0w) € T¢ y .M,

06 oF S5F SF

< ¢, 5:‘6 >TC,#),WM_TC~’¢st iy 64. <+ nd 5¢) w"‘ QC 6w w

e
= (gradi,w,w F §¢ )LQ(Rd)xL2(Rd)><L2(Q<)
w

with the L?-gradient grad; ,, ., I given by

OF OF OF OF
_ =~ _w——.N-— €. A_li N
3 sc “su Wi VA5G
A, F=| % |= 0F
grade yw £ = @ = mb_('N
67 curlflé—]:.
ow 6U

Identifying the cotangent space with the set of the L?-gradients of all the admissible
functionals, one has moreover

T M = {(a,b,C) € H*(R?) x H*(R?) x H> (),
diVCZO, VL-C” Zb, CbZO}.

Proof. Let us first consider the derivative with respect to . Since F' is admissible,
one has

F(¢ 1, w) = F(U[C] (4, w))
with F € C*°(N) satisfying (140), and therefore

dwF(ST/J = dyF- (d¢U[<](7W)6,¢))
oOF

= QE . UI[C]&/’

OF
- rr1z2=C" N )
y 5o = NoY

where we used the definition of U;[(]0% and the fact that % is divergence free and
that its normal component vanishes at the bottom.

For the derivative with respect to w, one proceeds along the same lines as above to
get

oF
duF - 0w = — U dw
w , o0 11[¢]
Since g—lfj is divergence free and has zero normal component at the bottom, we can

use Corollary 3.9 and Green’s identity and write

doF - dw = /chrl_lgﬁ -dw + g N x (curl_l%) ~(Ugr[¢low))...,
= / curl ™' = - fw +/ (curl_lts—]:)l‘ - (Urr[¢)ow)
0 sU Rd su’ll =T I
The second term in the above expression vanishes because (curl ™! %)ﬁ- =-VA~YC:

N), which is L?-orthogonal to (U;;[¢]dw) = VAT (0w, - N), and we therefore
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have
dyF - dw = /chrrl%.aw.

Finally, for the derivative with respect to (, we get

dyF -0 = dcf 5C+de ( U] (%, w) - 6¢)

Vo
=[S0+ [ G+ X - ko0
where we used'® Proposition 3.17 to substitute d¢U[](¢, w) - §¢ = U;[¢](—wd¢ +
X - (wr6¢)) in the second term. Since 2Z is divergence free and has zero normal
component at the bottom, we can use Green’s identity to get
OF v
dyF -6 = —40 —wdC + — - (wibd
oF s = [ ST [ S NCwic S - (ki)
0F OF 6]-"
= = N — AP =N
(5~ -k A

and the expression for grad, ,, ., /" given in the statement of the proposition follows
easily.
Recalling the identity V+ - C) = (curl C)|_,

T¢ ywM C {(a,b,C) € H*(R?) x H*(R?) x H*(Q¢), V- C| =b, C, = 0}.

In order to prove the reverse inclusion, we need, for all (a,b, C) satisfying the con-
dition defining the space in the right part of the identity, to construct a functional
F € C*°(N) satisfying (140), and such that

- N, one immediatly deduces that

i(g, U) = a+ wb —wj - VA™b.
¢
This is achieved by taking F defined as

Few) - |
Qu
for all (¢, U’) e NV. O

oOF

E(C’U) = curl C,

curl C- U’ +/ (a+wb—wj - VAT — (curl C)|__, - U){,
Rd

This proposition can be used to compute the gradient of the total energy (139).

Corollary 6.5. Let H be the functional on M associated to the total energy (139).
One has
9C+ 31017 = 3L+ [V¢P)w? —wy - VATIU - N
grad; , ,H = U-N
curl"'U

Proof. The functional H is admissible, with associated function H on A given by

BN AP R
GO =g [ o5 [ 10

The result follows from Proposition 6.4 and the observation that

oH , oM
5 “*L' su - ¥

15proposition 3.17 actually gives a formula for the time derivative of U[¢](¢,w); the shape
derivative formula used here is obtained exactly in the same way.
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d

6.3. The Poisson bracket and the Hamiltonian formulation. As said above,
Zakharov showed that the irrotational water waves equations (21) can be written
under the form

¢ . 0 1Y,
8t<¢>:JgradC,¢H7 with J:<_1 O>’

in particular, J is an antisymmetric operator on H§®(R%) x H>°(R%). In order
to generalize this result to the rotational case, we need to define the notion of
antisymmetric operator on the cotangent bundle T M.

Definition 6.6. A mapping J : T*M — TM is antisymmetric if on each fiber of
the cotangent bundle, the bilinear mapping

ey oM X Ty oM — R
(e wFrdewwG) = (gradey o F e werade g o G) Loy p2(ma)x 1200

is antisymmetric.
We can now state the following generalization of Zakharov’s result.

Theorem 6.7. The water waves equations (19) can be written

¢
o | v = Jewwerade , o, H.
w
with
0 1 0
Jeapw = -1 (gh-% ° —1—%-(@,10)) %- (gh(curl e)-N — w-N(curl ')h) ;
0 0 curl (w x curl o)

the field of linear mappings J = (J¢ p.w)(¢pwyem : T*M — T M is antisymmetric.
Proof. Let us define J2 by

0 < 0 1 )
= 1 €1 .
” 1 (wp x5 (wye)
IF

We have therefore for all admissible functionals F,G € A (and writing 0. F = 3¢
etc.),

SF N o [ 6G

1

+ <5¢F, VX - (wp,(curl 6,G),.,.., - N —w- N(curl 5wG)\Sm-f,h)>

|surf

L2(Rd)

(141) + (&,F, curl (w x curl (5wG)>L2(Q).
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Focusing our attention on the last two terms of the right hand side, we remark first
that

1
(51/)F, VT . (gh(curl (L,G)hurf N —w- N(curl 5wG)|mf,h))
Vl
=— (X(SwF,gh(curl 0wG) | N —w - N(curl 5wG)Ism,h)

Y6, F
(curl 0G| e W X < %5¢F~VC ))

For the last term of (141), we use Green’s identity to get

(5wF, curl (w x curl 6wG)) .

surer & X (N X (6wF))|surf)L2(Rd)
(O F)jr

= (curl 0w, w x curl 5wG> L2(Q)+ ((curl 0wG) | s> @ X (wa)J_ -|VC> )L2(Rd)'

= (curl 0w F,w x curl (5wG> L2(Q)—|— ((curl 0, Q)

We therefore get from (141) that

5. F 5:G
oy F w | 0,G
< 5zF ’JCJZJ, 5:iG >L2><L2><L2

B 0cF 0 0cG
,( < 5o F ) ,Jg,u ( 50G > )L2><L2 + (curl dwF,w x curl 5"’G)L2(sz)

(0w F)j + XOu F

+ ((curl 0w @) W X ( (6w F)i + X0 F) - V¢ > )Lzmd)'

Now, the assumption that F' € A implies by Proposition 6.4 that the last term
vanishes, so that

OcF oG

6uF | Jeww | 056 )
( 6wF N 6wG L2xL2xL?

w w

_ O F 0 oG

(142) ~( < SoF ) 0 ( o )LW + (ourl 4, F,w x curl 6,G) .
Since moreover J¢ , is obviously skew-symmetric for the L?(RY) x L2?(R%) scalar
product, the result follows directly. (I

We can now deduce the following corollary that shows that the water waves
equations with vorticity can be formally written in Hamiltonian form.

Corollary 6.8. The water waves equations (19) are equivalent to the Hamiltonian
equation

VF € A, F={F H},
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where H is the Hamiltonian (139), while the Poisson bracket {-,-} is defined as

dF G OF 6G SFVL6G  SGVL SR
(may= [ O00G 010G AL A
ra 0C Y 0 5C Rd oy A oY Y A oY
OF 0G
+ /ﬂ(curl E) - (w x curl E)’
for all F,G € A.

Remark 6.9. As said above, the Hamiltonian formulation derived above is only
formal. In order to obtain a valid Hamiltonian structure [36], one must also prove
that the Poisson bracket satisfies Jacobi’s identity, and that it is closed (i.e. that for
all F,G € A, F,G is also an admissible functional). Checking these points is left for
future work. Note that it is proved in [36] that the Poisson brackets derived in [43]
are not valid; actually, even in the irrotational case, it does not seem to be known
whether Zakharov’s formulation (138) provides a valid Hamiltonian structure.

Proof. The fact that if (¢, 1, w) solves (19) implies that the Hamiltonian equation is
satisfied follows directly from Theorem 6.7 after remarking that (142) corresponds
exactly to the Poisson bracket.

Conversely, if the Hamiltonian equation is satisfied for all admissible functional F,
one deduces from Theorem 6.7 that

718
VI € A, (grad<7w7wF, atw — J<7w7wgrad<,w7uH) L2XL2x L2 =0.
W

Using the last point of Proposition 6.4, one readily deduces that

0
o = Jewwerade , ,H =0,
atw

and the result is proved. O
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