A priori estimates for water waves with emerging bottom
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Abstract

We study the beach problem for water waves. The case we consider is a compact
fluid domain, where the free surface intersects the bottom along an edge, with a non-zero
contact angle. Using elliptic estimates in domains with edges and a new equation on the
Taylor coefficient, we establish a priori estimates, for angles smaller than a dimensional
constant. Local existence will be derived in a following paper.

1 Introduction

Suppose we are given a fixed smooth simply connected domain O of R™, with n > 2. We
call M its boundary, which we assume to be connected. An incompressible fluid fills a time-
dependent domain Q; C O, delimited by M and a time dependent hypersurface S;. We
suppose this surface to be at all times connected, and such that €; is always compact and
simply connected. The part of M that bounds €, called the bottom, is thus time-dependent.
We denote it by B;.

Our last hypotheses on the domain is that for all times the intersection between M and S;
is along a time-dependent compact codimension 2 submanifold, the water line £;. This inter-
section is supposed to be transverse, so that notably the contact angle along £; is bounded
away from 0 on each compact time interval. The situation is drawn in figure 1.

Figure 1: Geometry of the problem
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The fluid is described by its velocity v € R™ defined for each t on the domain €2, which
satisfies the incompressible Euler equations in a constant gravity field

O+ v-Vu=—-Vp—ge,,

(E) _
V-v=0,

where for each time ¢, the function p : ; — R is the pressure of the fluid. The constant g > 0

measures gravity, and e, is a fixed unitary length vector which we think of as the upward

direction. The fluid domain moves with the velocity field, and pressure at the boundary is 0,

so that

(BC) {Dt = 0y +v -V is tangent to {(t,x):x € Q} C R",

p(t,x) =0, z€&.

Here Dy is the material derivative, and the first condition equivalently says that the velocity
of & is given by v - N with N the unit outward normal to &, and that v - v = 0 with v the
unit outward normal on M.

At a time t and a point x € L; of the waterline, the angle between B; and S; measured in the
plane of ¥ and N, will be denoted w(z).

Our objective is to give a local well-posedness result for the associated Cauchy problem. In
this paper, we concern ourselves with establishing a priori estimates. The study of the water-
waves problem has a long story, starting with Cauchy in [6]. The rigorous derivation of local
existence in Sobolev spaces, however, was only established in 1997, by Wu ([21, 22]). Then
a number of other proofs, improving on the regularity, the shape of the bottom, or using
different approaches, appeared in the last 20 years. We only quote Beyer and Gunther in [4],
Christodoulou and Lindblad in [7] Lannes in [14], Coutand and Shkoller in [8|, Alazard, Burq
and Zuily in [1, 2|, Hunter, Ifrim and Tataru in [12], and with vorticity, Castro and Lannes
in [5], and Shatah and Zeng in [18, 19, 20].

However, all of those papers assume a laterally infinite ocean, where there is no contact line.
One trick to study such a configuration, when the walls are vertical, is to periodize and
symmetrize. This was done by Alazard, Burq and Zuily in [3|, for right angles, and later
developed in the case of general angles by Kinsey and Wu ([13]) and then by Wu ([23]). The
case of a more general angle has only been tackled, to the best of our knowledge, by Ming and
Wang in [16]. In this paper, they study the Dirichlet to Neumann operator associated with
such a configuration, in 2D, and give a complete description of its singularities at the corner.

The model of the Euler equation, with the boundary condition described above, is only an
approximation of the real physical phenomenon, and we expect it to be an adequate model for
the study of large amplitude waves, such as those occurring in an ocean. In practice, viscosity
and surface tension are fundamental to a precise description of the motion close to the corner,
and a model taking those into account will be more adapted to the study of small amplitude
phenomenons, such as occur in a glass of water or a calm pond. Steps in this second direction
have been done by Guo and Tice for stability of the equilibrium in [11] and by Tice and Zheng
in [24] for well-posedness, both for the Stoke flow. In contrast to their, the model in this paper
is Hamiltonian and preserves the energy.

Our theorem, stated informally, is as follows. The notation H? is for the Sobolev spaces based
on L2



Theorem 1.1. Suppose S;, a C? in time family of H® hypersurfaces, and v € C*(H*(§Y)),
are solution of the equations.

Here s > 1+ 5, and s < % + 5=, where @ > 0 is a number, such that Vt, Vx € Ly, w(z) < @.
Notice this implies w < nL—l—l

Assume also that there is a number ag > 0 such that the Taylor coefficienta := —V yp > ag > 0
for allt, and a number w > 0 such that w > w for all t.

Then, for some energy E(t) = E (4, v(t,-)), to be defined below, and giving a control of S
in H® and v € H*(SY), there exists a time T > 0, such that Vt € [0,T],

t
E(t) < E(0) +/ F(E®")) dt,
0

where F is an increasing function depending only on w, s, ag, and a neighborhood of the initial
1 1

data in the rougher topology H*~2 x H*"2(S), and T depends on the same objects and on

the norm of the initial data.

To make this Theorem precise, we need to precise the topology on H?® hypersurfaces, which
will be done in 3, and to define the Energy. Then Proposition 5.1 gives the control of the
unknowns from E and Proposition 5.2 gives the time T and the estimation on the evolution
of E.

A few remarks are in order. First, the condition on the angle arises because of the presence
of an edge in the domain. In such a domain, the elliptic regularity theory degenerates. This
elliptic regularity is needed to make sense of the equations, since p solves an elliptic problem.
It also comes into play often in the analysis. The allowed range for s, and in particular the
condition s < 1/2+m/(2w), is the one where elliptic regularity works as in smooth domains, as
will be seen in Section 3. Thus our prospective solutions can only have intermediary regularity,
at least at the corner.

Second, in the classical case of a well-separated bottom and free surface, we would have the
same Theorem, without the restrictions on the angle. The level of regularity, which corresponds
to v € C! by Sobolev embedding, is the best we can find without using dispersive properties
(see for example [2]). Notice we do not assume the field v to be irrotational.

At last, we expect to be able to prove local well-posedness for the same problem, under the
same regularity and with the conditions on the Taylor coefficients and the angle being satisfied
initially, for a time depending only on the norms of the initial data, on a neighborhood in the
rougher topology, on ag, and w.

In Section 2, we study heuristically the infinite-dimensional geometry of the problem, derive
the linearized equation, and explain its consequences on our strategy. In Section 3, we develop
all the analytical tools needed to study moving hypersurfaces with boundaries and moving
domains with edges the elliptic regularity theory. Since the problem is fully non-linear, a
classical strategy is to find a way to differentiate the equation to reduce it to a quasilinear
form, which we hope to be equivalent to the original one. Usually, one would differentiate in
space. However, this only work for translation-invariant equations, which is not the case of
this problem. Instead, we take advantage of the time-translation invariance, and differentiate



in time. This is accomplished in Section 4. At last, the Energy is defined and studied in
Section 5, where the two main Propositions are stated.

In our analysis, we are heavily indebted to two works, in which we draw heavily. The first is
the book by Dauge, [9], from which we take the analysis of the elliptic problem. Our main
contribution in this domain is to precise the dependence of the constants in the geometry. To
the best of our knowledge, the div-curl estimates are new. The second work is the series of
three articles by Shatah and Zeng, [18, 19, 20|, who developed a coordinate-free framework for
the analysis of the water waves problem. Although the analysis ends up being quite different,
due to the failure of the mean curvature to quasi-linearize the equations, the coordinate-free
framework, most of the notations, and a few computations come directly from there.

2 Geometry of the problem

In this section we heuristically derive the linearized equation from the energy. In particular,
we do not discuss the smoothness of the objects involved. Most of this section is from the
work [18] by Shatah and Zeng, where they study the case of a droplet. We show that this
heuristic analysis stays valid in our case, and explain its consequences for our strategy.

2.1 Lagrangian formulation

Under the conditions (BC), the Euler equation (E) is easily seen to admit a conserved energy

2
Eo—/ de—l—g/ " dx,
Qt 2 Qt

where z, is the coordinate of = along e”. We want to express (E) as a minimizer of an
associated Lagrangian, under the constraints (BC).

For this, we introduce the Lagrangian coordinates by solving the ODE

d

?j =v(t,z), x(0)=wy,

which gives the spatial path of a fluid particle initially at position y € 3. Then we introduce
for each t the diffeomorphism wu(t,-) : Qo — € as the flow of this ODE. The divergence free

condition on v induces that u preserves the volume, and now v = u; o w~!'. For any vector

field w on €, we write w = w o u defined on g, and the chain rule implies
(2.1) D,w = dyw + Vyw = wy o u L.

Here and in all the following, V,w := (v, Vw) where (,) is the scalar product.

A solution of the Euler equation is thus a particular path, starting from identity, in the infinite
dimensional manifold

I':={®:Qp— R"| ® is volume preserving and ®(By) C M}.



Its tangent space at the point ® is
Tol' :={w:Q —R"|V-w=0o0n®( ) and w-v =0 on ®(By), forw:ﬂ)o(l)_l}.
The energy now takes the form
1 2 |ut‘2 n
Eo = 5 w20y + 9G(u) = —dy+g [ udy.
2 0 QO 2 Q0

This suggest that the associated Lagrangian action is

/L(u)dtz//ﬂo“‘;dedt—g/@;(u)dt.

It then follows from classical variational principles that a minimizer of this action is a path u
in I whose velocity v(t) should satisfy the equation

(2.2) Dyur + gG' (u) = 0.

Here 2 is the covariant derivative on I' for the L? metric. We have that I' is a submanifold
of the space of diffeomorphisms from €, equipped with L? metric, whose tangent space is
simply the space of vector fields w on €. Its covariant derivative along a path u is simply w;,
so that we have for an element w € TT defined above the path wu(t) the formula

(2.3) D = wy — 1, (ug, W).

Here II is the second fundamental form of I" as a submanifold of this space of diffeomorphisms.

Hodge decomposition To compute II(u;,w) we observe that any vector field X in € can
be decomposed uniquely as

X=w+ Vg,

where ¢ is defined as the solution of

Ap=V-XinQ,

(2.4) dls =0,
Vidls = (X, v).
Thus w verifies
V-w=0in Q,
wls = X|s,
(w,v)|p = 0.

This decomposition is easily seen to be L? orthogonal. Thus we can identify
(2:5) (ToD)* = {=(Vo) o @ | ¢l s = 0}.

However since in (2.4) we define ¢ by inverting the Laplace operator in a domain with corner,
the parts w and V¢ of the decomposition are not necessarily smooth, even if X is. Thus (2.5)
is to be understood only in a heuristic sense.



Covariant derivative Now coming back to (2.3), we see that for a path wu(¢) in I' with
velocity field u; = v, and a vector field w defined on it, there holds

@tw = w + (va,w) ou,

where

Apy . = —tr(DvDw) in €,
pv,w‘S - 07
vl/p’u,w’[j’ = _HB(U7U))7

with IIp the second fundamental form of the bottom. This can be inferred from (2.4) by
taking X = w; ou™! = Dyw.

Now this is in Lagrangian coordinates, and it can be rewritten in Eulerian coordinates, us-
ing (2.1). This gives

D = (Dyw + Vpyw) 0t = (pw + Vyw + Vpyw) 0 u.

Gravity force We then compute G'(u). For any w € T,T, take a path in T' indexed by &
and starting from u at € = 0, with tangent vector at ¢ = 0 equal to w. Then

o I
_d d
<G (u)7 w>L2(QO) de u(Q0) o

= D.z" dx
u(Qo)

= / (w,Vz") dz
u(Q0)

:/ wrz"dS

u(So)

_ / (0, VH (£ u(sy)) da.
u(20)

Here we have used two times the Green formula, and the terms on w(B) vanish since (w,v) =0
there. We have replaced Vz" with VH (x"\u(so)), where H is the harmonic extension with
homogeneous Neumann condition on the bottom, so that now VH (x"\u(so)) € T,I" and we
can identify it with G/(u).

Then the Euler-Lagrange equations (2.2) for our action become in Eulerian coordinates
(2.6) oww+v-Vv=—-Vp,, —gVH (z"|s,) = —Vp— ge",

with p = p,»+g(2" —H (z"|s,)) the physical pressure. Combined with the constraint that vo
u € T,I" is the velocity vector of the domain, this gives the Euler equations (E) with boundary
conditions (BC).

2.2 The linearized equation

To help us study the Euler equations, we want to find a way to linearize them around a given
solution, i.e. a path u(t) in I", such that its velocity v = u; € T, I satisfies the Euler equations.



Since we see the Euler equation as a geodesic flow with potential, the natural linearization is
through the Jacobi equation. It is the equation that a time-dependent vector field w € Ty’
defined on the path u has to satisfy if, by moving the curve u by the flow of w, we want it to
stay a solution of the Euler equations. Classically, this is

(2.7) DA + R (ug, 0)uy + g2*G(u)w = 0,

where % is the Riemann curvature tensor of I' at the point u(t), and 2%G(u) is the Hessian
of G. We need to compute Z(uy, w)u; and 22G(u)w, or at least their principal parts, from
their bilinear forms. To do this, we consider for a given w € T,,(¢)I" a family of curves u(t,e) € I’
such that u(¢,0) = u(t), and 0-u(t,0) = w. Then we extend w to be the tangent vector in e.

The Riemann curvature We use the classical formula

<=@(57w)@aw>m(ﬂo) - <HU(T)7@>7H“(QD’w»LQ(QO) o ’H“(@’w”%%%)

= / <va,va va,w> dx — ’vpv,w‘Q dzx.
Qt Qt

Then assuming enough regularity on v and w, we can repetitively use the Green formula and
the definition of p_ to find

/ <va,va va,w> dr = / pv,vtr(D'lUDw) dz ‘|‘/ pv,vvz/pw,w dsS
Qt Qt Bt

= —/ (Vpyw, Vyw) do +/ Pow((Vpr, w) + (Vyw, v)) dS
Q4 B:

= D2pv’v(w,w) dx/ lewpm) ds.
Qy St

Here we have also used the identity
(Vpv, w) + (Vpw, v) = w (w,v) =0,

where w is taken as a derivation, because (w,v) =0 on B, and V- w = 0.

Then p,, = 0 on &, and thus V,p,, = wLVva,v. Then a last application of the Green
formula gives

/ (VPow, VPww) dz :/ <w,VH(—Vva,va)> dor + D2pv,v(w,w) dz.
Qq Q4 Q¢

Now the second term is expected to be more regular, so that

(0, 0)0 ~ (Ho(v)w) ou

where %Zo(v)w = VH(—Vypy o).



The gravity term To compute G”(u), we use the formulas (4.30) and (5.11) for the evolu-
tions of the normal and the surface element of a surface moving with divergence-free velocity w

>L2 ) —(G'(u), Zew) 12(Q0)

= 0. (G’
=0, /xnwldS / "N - (Dew + Vpy ) dS

/ w'wt — 2w - (Dw)«(N))" +2"N - D.w
S
— 2"wrVyw - N — 2"N - D.w — 2N - Vpw,wdS

= /s <w”wL —2"Vyw - N —z"N - pr,w) ds.

Here T and L are the projection to vector fields respectively tangent and normal to S. Notice
that this operation has limited regularity when S is not smooth. But using repeated Green
formulas give

— [N TpandS == [ THs) - Vpu + W) (Dw)?) da
s Q
+ / H(x"|s)v - VpywdS
B
= —/ VH(z"|s) - Viywdx + / z"Vyw - NdS
Q S
+/H(x"|3)(vww V4 V- w)dS
B
= / D*H(z"|s)(w, w) dx + / 2"Vyw - N — wV,H(z"|s) dS.
Q S

Then by noticing that

Vo H(2"s) = V, 72" + wiN(z"]s) = w" — wrN" + wi N (z"]s),

2
(6" (0)0.) gy = [ (0%) (0 = Wale)) a5+ [ DM ) w) o
= / w-VH [(N" - N(z"|s)) wl] dz +/ D?*H(2"|s)(w, w) dz.
Q Q
Thus again the second term is more regular, so that
G"(u)w ~ (Yw) ou

where Yw = VH [(N" — N (z"|s)) w].

Thus the linearized equation becomes in Fulerian coordinates

(2.8) Dw + Ro(v)w + g9w = bounded terms.



we observe that both %y and ¢ are of order 1, and that their form is similar. In fact, we can
write

(2.9) (%o + 99)w = VH(aw"') =: Z,w,
where a is the Rayleigh-Taylor coefficient
(2.10) a = —Vy (pop + gH(z"|s) — gz") = —Vnp,

where p is again the physical pressure.

The Rayleigh-Taylor coefficient It can be seen on this equation that there is stability
only if the Rayleigh-Taylor condition

(2.11) a(t,z) > c>0,Vx €
holds for all times, with ¢ an arbitrary positive constant.

Assuming enough regularity, we can compute a at the triple line. There holds
Vopow = (v, Vo) = <VT, vav,'u> + (v, N) Wpow = (v, N) VN DPo,v,
because p,, = 0 on S. Here, AT refer to the tangent part at S. On the other hand,
VP = (0, Vpv) = — (v, Vo),

because (v,r) =0 on B. Therefore, assuming (v, N) # 0, we find

v-\V,v
(2.12) ~WWpow = - ‘;\)[ )

A similar computation can be performed on the gravity part :

0=V H("]s) = (v, V H("|s)) + (v, N) WH(a"]s)
= <en77/ - <V7 N> N> + (Vv N> VNH(xn|S)7
and since Vwyz" = N", we find

VTL

(v, N)’

(2.13) —gVn(H(z"|s) —2") =g

again assuming (v, N) # 0.
Thus putting together (2.12) and (2.13) gives for (v, N) # 0 that

g™ + (v, v)
2.14 ==
214 w.N)
To see what this means, we specialize to 2D situations, with zero velocity field. Then (v, N) =
— cos(w), with w the angle between the bottom and the free surface, so that the condition a > 0
is equivalent to v™ and < v, N > having the same sign, and this gives the situation under
study as stable.

Of course, when the velocity field is non zero, it can counterbalance the effect of gravity and
change this situation.



3 Analysis on moving domains

In this section, we develop the norms and estimates we need for our analysis. The main
objective is to derive estimates whose constants are independent of the domain.

3.1 Swurface coordinates

Our first objective is to give a coordinates description of hypersurfaces in a given H®® neigh-
borhood. Take sg > %"1 Using local coordinates, one can easily define what it means to be
an H" function on a given H?®° hypersurface with boundary S. For so > r > —sg, those are
simply functions whose coordinates representatives are locally in H"(R"~!) for interior coor-
dinates and H T(R?F_l) for boundary coordinates. Here R?r_l is the upper half-plane, and H"
functions are simply restrictions of functions that are H" in the whole plane.

It is easy to see that this produce a Banach space, and a norm can be chosen by taking a
covering of & by a finite number of coordinates patch, and an adapted partition of unity.
However such a norm is dependent on those choices of coordinates, and therefore we will
not use it. After that, one can define a topology on the space of H®® surfaces with boundary
contained in our fixed bottom hypersurface M by saying that two are close if a diffeomorphism
from one to the other is close to identity in H*° norm. It is quite easy to see that the subspace
of such surfaces whose intersection with M is transverse is an open set, and therefore we
can consider a neighborhood of a given smooth hypersurface S, consisting entirely of H*°
surfaces intersecting M transversally. By density, any hypersurface is included in one such
neighborhood.

Now we will construct such a neighborhood. Take a compact, smooth, reference hypersur-
face Sy, whose intersection with M is transverse, and whose boundary is this intersection L.
We want to represent close enough surfaces as graphs over S,, and for this we need a good
collar neighborhood of S,. We cannot use normal coordinates because since we want to rep-
resent surfaces with boundary contained in M, we need to straighten M in some way. We
accomplish this through the following lemma. Recall that O is the domain whose boundary

is M.

Lemma 3.1. There exists a smooth unit vector field X, defined on a neighborhood of Sy in O,
that is always transverse to Sy, and always tangent to M. There exists § > 0 such that the
flow of X

¢: S x[-4,0] - R"

is a smooth diffeomorphism from its domain to a neighborhood of Sy in O.

Proof. One start by constructing X; always normal to S, away from its boundary. For this,
we consider S, only as an hypersurface with boundary of R™. We take an open submanifold
of it, which is an hypersurface of R". Now we take the normal to this hypersurface, and we
extend it to a neighborhood in R".

Then in a neighborhood of £, in M, we can construct a smooth vector field Xo tangent
to M and transverse to L, by extending the normal to £, in M. Then we can extend it in a

10



neighborhood of £, in O to a smooth vector field tangent to M and transverse to Sy, because
their intersection is transverse.

To finish, we can cover a small enough neighborhood of S, in @ with this neighborhood
where X3 is defined, and an open set whose closure is in the interior of O, and where X; is
well defined. At last, we can use a partition of unity to glue them smoothly to the vector
field X.

The existence of ¢, its regularity, and the fact that it is a diffeomorphism for small enough §
is a simple consequence of the theory of ODEs. O

If we fix an H®% norm on S,, we can express a neighborhood of it in the space of H®® surfaces
with boundary in M by the condition that there exits a diffeomorphism F' between the two
satisfying

IF = 1] s, ey < .

For 41 small enough, this implies transversality of all the surfaces in the neighborhood. Taking
again ¢; small enough, those surfaces are all contained in the collar neighborhood we just
defined. Then in those collar coordinates, again for §; small, those are necessarily graphs
above S,. Therefore, we can represent such a neighborhood by functions ns defined on S,
with small enough H®° norms, and those give diffeomorphisms

®s(p) == o(p,ns(p))
in H5(S.; R"™).

All those notions can be restricted to Ly, so that L is the graph of a function 7z which is the
trace of ns on L, giving a diffeomorphism ®, which is also the trace of 5. If n = 2, L is
just two points, and these terms are well-defined because ns is H*°, and therefore Continluous.
For n > 3, those are traces in the Sobolev sense, and those traces are well-defined in H*°~2 (L)

since sg > ”TH

Definition 3.2. For § > 0 and sy > ’%1, we define A(S,, sg,0) as the neighborhood of H*°

hypersurfaces S such that their associated 7s satisfies ||778HH50(8*) < 0.

For surfaces S in A(Sx, sg,0), we can define the Sobolev norms H"(S), for —sp < r < sq, from
the reference norm on S,. In the analysis of the evolution problem, we will work with surfaces
in

Ay = A(Ss, s — 1,

2
with s > 14n/2, and where ¢ > 0 is small enough that all the above properties hold. However,
our surfaces will really be of H?® class. The reason for this is that we do not want any smallness
condition in the condition in the norm where the dynamics take place. The set A, takes the
role of a control neighborhood, and by taking S, close to the initial surface Sy, we can treat

9),

alny case.

Since being in A, is sufficient to have a well-defined &g, we can use its H® norm to measure
the regularity of S. More precisely, for § € A,, if both S, and S are in H?®, we write

(3.1) 1] = [1Psllgs s,y -

11



Of course, any other choice of reference surface S, provides an equivalent quantity, as soon as
both are defined.

We also write

(32) £y = N2l g

in dimension n > 3. In dimension n = 2, £ consist only of two point, whose position on M is
controlled by the condition § € A, so that we do not need to control its regularity.

The procedure to prove estimates with constants uniform in A, is to prove th?m on S, and
then pushing them forward to S. If we do not study norms greater than H*2(S), this will
only involve the H 37%(8*) norms of ®s and <I>§1, which are uniformly bounded for S € A,.
For example, it is easy to prove the following product estimates, which will be used freely in
the paper.

Proposition 3.3. If s > 1+ 5, S, is a reference hypersurface, 6 small enough and S € A,
then for any functions f € H*(S) and g € H®2(S), with s1 < s9 < s — %, there holds

n—1

Gl ey szt o S Ol i) 19l ez sy 4 52 < and 0 < s1 + s2,

z(5)

n—1

1f9llgors) < C ISl pror sy 9l oy if 52 > and 0 < s1 + s2.

Here C depends only on A,.

Stmilar inequalities hold on L in dimension n > 3.

3.2 From the curvature to the surface

Recall that the mean curvature x of § is defined as the trace of the second fundamental
form II, whose definition is in turn

(v, w) = = (N, w)
for v,w e TS.
The regularity of the hypersurface S can be measured by its curvature x and the curvature k;
of its boundary £ taken as a hypersurface of M (this is only needed in dimension greater

than 3). More precisely, we have the following lemmas, distinguishing between dimension 2
and dimension greater than 3.

Lemma 3.4. For n = 2, take s > 2, a reference hypersurface Sy, and § > 0 small enough.
Assume the hypersurface S is in Ay, and k € H*2(S). Then the surface S is actually H?,
and we have the following estimates on its geometry:

181, + I 28y + NI -1y < © (14 il oy ) -

Lemma 3.5. Forn > 3, take s > 1+ 5, a reference hypersurface Si, and § > 0 small enough.

Assume the hypersurface S is in A, and k € H*7%(S), K € HS_%(E). Then the surface S is
actually H®, and we have the following estimates on its geometry:

1.+ MW gs(s) + Nl grsgsy < € (1 lpamag) + 1wl 5 )

12



We also have estimates on the geometry of L:

€],y + I < C (14 [llgremags) + I

o+l o)

s "3 w3 (r)

Proof. The proof is standard, and we only give a sketch of it. It rests on the identity
(3.3) —AgIl = —D%k + [TI* 11 — &I12,

which is proved in [18], Proposition A.2, and stays valid for a hypersurface with boundary.
For the case n > 3, a similar identity holds for on £ in M : as in [18], we choose a point = € L,
construct a frame of eigenvectors X; (with eigenvalues \; of the shape operator II; of £ in M,
and parallel-transport it to a neighborhood in £. Then for X = a/ X j, We compute

AL (X, X) = D2rp(X, X) + g (Re(Xi, X)X, X) + g (Xi, Re(Xi, X)X,
exactly as in [18]. Through Gauss’ formula, we can compute
AR (X, X)) Xi - Xy =R (Xi, Xy + X, ) X - (X, + X)) = Re (X, Xy — X)) X - (X, — X))
=4AR (X, X)) Xi - X,
+ e (X, X)Le (X, + Xy, Xy + X)) — He( X5, Xy + X5,)?
- H,C(XiaXi)Hﬁ(le - Xj2’Xj1 - Xj )) - Hﬁ(Xivle - Xj )2'
Using that I, (X;) = A\; X;, the complete formula becomes
—Apll, = 'D2/££ + ‘Hdgﬂﬁ - HEH% - Hﬁ(RiCM) + trll, - Raq,

where Ric(M) is the Ricci tensor of M and in the last term, the product is taken in the first
index of the curvature tensor.

Then one can use ¢, to transfer it to an elliptic equation on some derivatives of 7;, and use
elliptic regularity to find the regularity of £ and the above estimates. Using again ®s and
elliptic estimates, this time in domains with boundary, keeping in mind the regularity of £ as
boundary data, we find the regularity of & and the estimates. In dimension n = 2, we only
need to use the identity on S, since as remarked above, the boundary data consists only of
two point whose range are bounded by the condition § € A,.

O

The advantage of this lemma is that now to control the regularity of S, we only need to
control xk and x;, which are invariantly defined.

3.3 Internal coordinates

We can easily define Sobolev norms on €2 by considering Sobolev functions as restrictions of
functions Sobolev on R". Then

el zr(gy = 10 Ul e ey 30 = Ul }
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This way, the constants of Sobolev injections theorems are independent of the domain €.
Also, if € is a continuous one-parameter family of such domains, we can use that to define
the classes CF(H"(Q)) of functions k-differentiable in ¢ with values in H" (), simply by
requiring that an extension of the function to R™ be C* in time with value in H"(R"). It is
easy to see that any other reasonable definition of C*(H"(£);)) coincides with this one, which
is in particular independent of the chosen (continuous) extension operator.

Our objective in this section is to construct a diffeomorphism from Q to €2, with maximal
regularity. As can be seen from the boundaryless case, any construction based on an affine
change of variable would be only of H® regularity, while we want it to be H st3. As we will
see, the existence of this diffeomorphism is a consequence of Sobolev extension theorems in
domains with edges. All of those are based on the following theorem in the model case of the
quarter-space.

Lemma 3.6. For m € Ny, the mapping u — {(fx)o<k<m—1, (91)o<i<i—1} defined by

fr = 0Ful.—0, g1 = Oulszo

foru e C®RT x RY x R"™ %) has a unique continuous extension from H™(RT xR xR"2)
onto the subspace of

m—1 m—1
[T ™" 2R xR ) x [] H" (R x R"2)
k=0 1=0

defined by

e OLf1.(0) = 0%q(0), I +k<m—1 and

1 2
o Jo 105fu(t) = 05 ()| o gn—2) F < +o0, L+ k=m—1.
It has a continuous right inverse, the extension operator.

This is a trivial extension of theorem 1.5.2.4 in [10]. From this we can construct an extension
operator on {2, as follows.

Lemma 3.7. There is a bilinear operator E such that for any s > 2, any (a,b) € H*(S,) X
H?(By) with a =0b on Ly, E(a,b) is in H”%(Q*), has traces a and b on S, and B, and

1B, D) yevg g, < € (lallgrsy + IBllzecs.))

the constant C' depending only on s.

Proof. Using local coordinates and a partition of unity, we only have to construct such an
extension in the model case of the half-plane, which is trivial, and of the quarter-space,
where we want to use Lemma 3.6. The construction of this F is immediate for the case of
integers m > 2, because we only need to prove that we can find the f%, g;, with fo = a, go = b,
and with the compatibility conditions. The only condition needed between a and b is their
equality at L,. Then finding the other f%, g; is a simple exercise.

Then in the general case, since s > 2, and since the operator £ on H™*! is the restriction of
the one on H™, we can use interpolation between consecutive integers to find our F. O
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With smooth local charts for the manifold with corner €2,, we can transfer results on the
quarter-space to results close to £.. One such example is the Sobolev extension theorem, used
in the following Proposition on global coordinates.

Proposition 3.8. For § > 0 small enough, and s > 1+ 5, for any S € A, there exists a
global diffeomorphism ®q from 4 to ), restricting to ®s on Sk, and satisfying

1@all s (.) + 126 || o0y < €

with C uniform in A.

Furthermore, if Sy and S are both in H®, then

[®all + o5 <O+,

H3 () B (Q)
Proof. We give the proof in the case of surface S in H®, the case in H =3 being identical.
As stated, we want the boundary value for ®g to be &5 on S,. On By, which is a compact
hypersurface with boundary L,, we need it to restrict to an H*® diffeomorphism to B, with
value ®g|z, on L. Since this ®gs|z, is only H 37%, we need a diffeomorphism of maximal
regularity. To define such a diffeomorphism, we use the following construction. Recall that we
have constructed in Lemma 3.1 a smooth vector field X whose restriction to M is a tangent
vector field in a neighborhood of £, and such that for p € L., ®s(p) := é(p,nc(p)) with ¢
the flow of X, and 7, an H*3 function on £*. We can extend X to a smooth tangent vector
field on the whole of M by gluing it to the null vector field using a partition of unity. Then
we can extend 7, to an H® function ng on By, using for example a harmonic extension. Then
defining ®(p) := ¢(p,nB(p)), with ¢ still the flow of our extended vector field, we get the
promised diffeomorphism. Since @5 was close to identity and we have extended X by the null
vector field, this diffeomorphism ®5 is also close to identity.

Then we construct ®q as

dq =1d + E((I)S —Id, &5 — Id),
where E(a,b) is the Sobolev extension constructed in Lemma 3.7.
Continuity of E and smallness of the boundary values give us that ®q is a diffeomorphism

satisfying the conclusions of the Proposition. O

We can deduce from the existence those coordinates and from Lemma 3.7 the extension the-
orem we will use in the analysis :

Proposition 3.9. For ¢ > 0 small enough, and s > 1+ 73, for any S € A, and for 1 <o <s,
the restriction operator taking a smooth function in Q to its trace on S extends to an operator
from H?(Q) onto H‘F%(S). This operator is uniformly continuous in S € Ay, and a right
inverse can be chosen so that it is also uniformly continuous in S € Ay,

The same statement holds for restrictions to B.

Proof. We prove the Proposition on 2, and use ®q to construct the right inverse on €2 and
obtain the uniform continuity in A,. Again we work in local coordinate, the hard case being
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the corner coordinates, and we interpola‘i;e between integers m > 1. For those inltegers indices,
we only need to show that any f € H?~2(S) can be associated with a g € H?~2(B) so that f
and g satisfy the compatibility conditions. For m > 2, this is only continuity at the edge, which
is easily achieved. For m = 1, we need to find g such that fol | f(t) — g(t)HQLQ(Rnfz) 4 < +o0.
This is obtained by taking g = f. O

We also remark that since functions in Sobolev spaces H?(Q2), o > % are extendible to functions
in H?(R"™), and since we can take traces on S (or on B) for those functions, the trace part of
the previous Proposition is valid up to o > %

We will also need product estimates, which have exactly the same form as the one on §. Again
they will be used liberally.

3.4 Elliptic regularity

Our next point of order is to study two operators that appear frequently in the analysis. The

first is the harmonic extension operator H, which takes a function f € H"J’%, 0<o<s—32

2
on S to the solution of
AH(f) =01in Q,
H(f)ls = [,
VLH(f)|s = 0.

The second one takes an H°~! function g on © and an H 9=3 function h on B to the solu-
tion ¢ =: A~(g, h) of

Aqg =g in Q,
qls =0,
Voqls = h.

We would like to prove that those mapping are continuous with value in H°+1(€2). These are
both particular cases of the more general problem of finding the regularity of the solution ¢
of the problem

Au = g in §,
(3.4) uls = f,
Voulg = h,

with (f,g,h) € H‘”'%(S) x Ho7H(Q) x H”_%(B), where 0 <o <s—1% withh=0ifo < }
because it would not be defined in a strong sense.

For future reference, we give the full existence and regularity theory for those problems, and
not only the a priori estimates.

In this endeavor, we are faced with two challenges. The first is technical: in order to use our
estimates in the evolution problem, our constants have to be of the form C(1 + |S|,), with C
uniform in A,. To solve this, we use the global coordinates ®q defined in Proposition 3.8 to
pull back the problem to €, which gives us a family of problems with coefficients bounded by
a constant of the form we want. Then we prove a regularity theory for those problems, using
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freely the information that the surface is in A, but using the information that it is in H* only
once. This will give us the regularity for our problems, with constant as above.

The second challenge is deeper. The domain €2, has an edge, and it is well known that
elliptic problems in domain with corners or edges give solution which have in general a limited
regularity at the corner, whatever the smoothness of the data. We will prove below, using
variational methods, that an H' solution always exists. If o > 0, one would expect from the
case of a regular boundary that the solution should be H°*!. However, in general for domains
with corner, the solution is not necessarily H°*! at the edge. To be more specific, it can be
decomposed between a regular H°+! part and an explicit sums of singularities of the form r*
or r* Inr where 7 is the distance to the edge, and the \ are a discrete set of real numbers, here
of the form (k+ 1/2)7/w with w the contact angle. Therefore, the first singularity to appear,
for A = -, limits the regularity of the solution to H 1435, To avoid the presence of those
singularities in the evolution problem, we restrict our attention to the case where w < 7w /(n+1),
so that we can take the regularity of the surface to be H*® with 1+ 5 < s < g — % and have
at the same time solutions of (3.4) with the expected regularity, and enough regularity of
the surface to find solutions to the Cauchy problem. Our analysis follows closely the method
in [9].

Because the meaning of the problem changes from variational to classical as ¢ increases, we
recast it as follows. First, we define for each S € A, the bilinear form

aq(u,v) := / Vu-Vodr = You - Vv dzy,
Q Q.
where V, and dz, are the pullback by @ of the gradient and the Lebesgue measure to €2,.
They both derive from the pullback of the Euclidean metric to §2, giving a bounded family

of H2 metrics on Q.. We also identify u and v with their pullback to keep notations simple.
Those forms are well-defined on H* ().

Define the variational space
V= {v = Hl(Q*),U =0 on S*}.

The family of diffeomorphisms ®q induce an uniformly bounded family of isomorphism be-
tween V and the space Vg = {v € H'(Q),v=0on S}. Therefore if a is strongly coercive
on Vo with a constant independent of €2, then it will be strongly coercive on V' uniformly
in A,. This means that we have to prove that for any v € Vg,

||U||H1(Q) <C ||VU||L2(Q) )
with C' depending only on A,.

To prove this, we first remark that since €2 is Lipschitz, the space V is the adherence for the H'!
norm of C2°(Q\S). Also, because s —% > "7“, the set A, is bounded in the L* topology, and
therefore all the domains {2 are contained in a band delimited by two parallel hyperplanes.
The function in C°(2\ S) are simply the restriction of smooth functions that are zero near
the “upper” hyperplane. Because we have defined the H® norms in 2 as the quotient norm
from R"™, our inequality is a consequence of the fact that for those smooth function,

[l < ClIVV g2,
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with C' depending only on the distance between those hyperplanes, which is simply the
Poincaré inequality. In summary, we have proved the following lemma.

Lemma 3.10. There ezists a constant C depending only on A, such that for any S in A,
the form aq satisfies for any u € V

30y < Calu, u).

Therefore by Lazx-Milgram, the family a generates a bounded family of isomorphisms Ag be-
tween V' and its dual V', defined by (A&u)(v) = aq(u,v).

To simplify the notations, we now omit the subscript 2 from our operators, keeping in mind
that we are really dealing with a family of problems on which our estimates have to be uniform.

The meaning of our problem (3.4) changes, as o increases, from variational to classical. To be
precise, we introduce the following family A of operators A(©).

° Forogagé,wetake

A€ HOHY(Q,) = HOPE(S,) x (VI9Y,
where V177 := {v € H'77(Q,);v|s, = 0}. It is defined by
A= (uls., 9),

where for any v € V179,
9(v) = a(u,v).

° For%<a<1, we take
A©) L HOTN(Q,) 5 HOVE(S,) x (HOH(QL)) x HO73(B,),

defined by
A(U)U = (U|5*7g; (VV)*U‘|B*)7

where for any v € H'77(€,),
g(v) = alu,v) — / (Vy)<um,
with (V,)su the pullback to B* of V,u on B. Here we have identified H°~! as the dual
to H' "% since 0 < 1 — 0 < %
° Forlgags—%, we take

A©) L gOH Q) — HOV3(S,) x HOY(Q,) x HO 2 (B,),

defined by
Ay = (uls,, A, (V)suls.),

where A, is the Laplace operator for the pulled-back metric.
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We remark that this family of operators correspond more properly to —A, which of course
does not change anything.

Because of Green’s identity on the domain 2, there holds

o, ) :/*(—A*)uv—i—/*(vy)*uv—&—/*(VV)*uv

for regular functions.

The expression

Viu - Vov dz,
Q*

makes sense when the integral is interpreted as a duality product in H” x H=7, for 0 < ¢ < %
Therefore if 0 < o < %, for u € H'*, a(u,.) can be thought of as a linear form on V1=7. The
definition is to be interpreted in this sense.

If v is zero on § and the functions are regular enough, there holds
o, v) — / (V,)oui = / (—AL)us,

and again if we take the integral as a duality product, for % < 0 < 1 the right-hand side makes
sense for v € H'*7 as a linear form on v € H'~7. It is again in this sense that the definition
is to be interpreted.

For o0 = 1, the Green formula tells us the classical and variational formulations coincide.

Proposition 3.11. The operator A©) is an isomorphism between H' () and H? (Se) x (V)
whose inverse has bounded norm as S wvaries in A..

Proof. Being given (f, g) € H%(S*) x (V), We want to find u € H°t1(Q,) such that f = uls,
and g(v) = a(u,v) for v € V. We consider a Sobolev extension f — f from H%(S*) to H1(€2,).
It exists by a construction similar to the one in the proof of Proposition 3.8. Then we use the
strong coercivity of a to find u € V' such that

a(a,v) = g(v) - a(f,v),

and we set u = u + f . The fact that the constant associated to this construction is uniform
in A, comes from the uniformity of the constant in the coercivity of a. O

We link those different formulations using the following injections I, ;s of the target of A
into the target of A for o < o’

e If 0 < 0 <0’ < 1, they are the canonical embeddings of the space H‘H'%(S*) x (Vi=oy
in H7't2(S,) x (V=Y.

e If0<o< % < o', we pose I, ,(f,g,h) = (f,g') with
J (@) =g(0)+ [ ho
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which define an embedding from H”+%(S*) x (H179 () x HU_%(B*) to H‘7+%(S*) X
(Vl_g),.

e If 1 <0 <o’ again we take the trivial embedding.

We remark that the definition does not depend on a, and is therefore the same for all S € A,.
The following is immediate.

Lemma 3.12. 1. For0<o <o’ <o”,

IU,O" o Io”,a” = I0.70.//,

2. For0<o <o,
A(U)‘thf’ = IO',O'/ © A(U )

3. For 0 <o <o, I,, is compact.

A a consequence of this and of Proposition 3.11, being given (f,g) € HU+%(S*) x (Vi=ey
for 0 <o < 3, or (f,g,h) € HU‘*'%(S*) x H°71(Q,) x H”_%(B*) for 2 <o <s—1 wecan
always define an H' variational solution u by

u= (AN "o (f,9.h).

Because we have included transversality in our definition of A, for any S in it and any point
on its waterline £, we can define a contact angle as the angle between the inward normal
vector to £ in B and the inward normal vector to £ in §. This define a continuous function
on L because s — % > "TH and n > 2. Therefore by taking ¢ small enough, which shrinks A,
we can assume that all the angles of all the surfaces in A, lie in an interval [w,®] with 0 < w
and W < 2m. Our aim is then to prove the following theorem.

(o)

=), the operator Ay’ is an

Theorem 3.13. For any S in Ay, for any 0 < 0 < min(s — 1, 5=
isomorphism. The norm of the inverse is uniformly bounded in A.

If S is also in H®, and if o < min(s — %, 5=), then the operator Ag) 1s still an isomorphism,

and the norm of the inverse is bounded by C(1+ |S|,), with C uniform in A,.

Because we already now that a variational solution u exists, and because A(O)| gitor = log o
A9 the statements is really on the regularity of this variational solution.

Since Q. is compact, the regularity of the solution is equivalent to its regularity in a neigh-
borhood of each point. More precisely, if we show that for any point of €, a solution of
the problem supported in a small enough neighborhood of this point (the neighborhood being
uniform in A,) satisfies the elliptic regularity estimates, then we can cover Q by finitely many
open sets of this form, take an associated smooth partition of unity, and decompose any so-
lution of the elliptic problem into pieces supported in those open sets, satisfying the elliptic
problem with right-hand side the sum of the localized right-hand-side of the original problem,
and a more regular localization term. Those pieces will therefore satisfy the regularity theory,
which we can then transfer to the original problem.
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Regularity near interior points and near regular points of the boundary is classical, because A
is an elliptic operator so that A, also is. In fact, the maximal angle does not limit the
regularity there. The dependence on the constant comes from the bootstlrap nature of the
estimates: we prove the regularity at level H? by assuming it at level H° 2, so that we only
need to use the information that S is H® once.

We concentrate on the case of the neighborhood of a point z € £. The methods rest on
the analysis of a constant-coefficients model operator on an angular sector, which we think
of as “frozen” at the point x, the regularity of which will imply the regularity of the original
problem.

Model operator The model operator is constructed as follows. We start with the form a

on .. It can be written
n
a(u,v) = E / a;,j0;u0;v,

ij=1
where

@ j(@) = (O(Dg") 0 Pa(x)) (O(Dg") 0 Pa(z)) | ARy ()
are H“"’*% functions in ..

Because s—% > "T‘H, those are continuous functions and therefore make sense at a point 0 € L,.
We can then consider the constant coefficient form p on I'y, x R”72, where

I,:={zeR*:2=(r0) € R% x (0,w,) in polar coordinates }

is the conical sector of the plane of summit 0 and angle w,, the contact angle in Q, at 0 € L,,
defined by the formula

p(u,v) = Z /F ozm(O)aiu@.

inj=1 /T xR
Then we further reduce the problem to the form [ defined on I'y by

2

(u,v) =) / ;. ;(0)d;ud;v

ij=17Tx
where we have only kept the derivatives corresponding to the variables in T',.

The operations we just did (pull-back of the family of problems from the various € to €,
freezing of the coefficients to a constant-coefficient problem on I'y x R" ™2, and omission of
the transversal variable to reduce to a problem in I',) could have been performed in another
order: we first consider the original form

/Vu-Vvdx
Q

on 2. We freeze the coefficients at 0 € L, reducing to the form

/ Vu - Vude,
I'xR?2
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where T is the angular sector in the plane of angle w (the angle at  in ). Then we can forget
the tangential variable, reducing to

/ Vu - Vode.
r

At last we can pull-back this family of constant-coefficients problems on a family of sectors I,
to a family of problems in I'y. To do so, we consider the linearization of ®¢ at 0, the constant
coefficients linear map d®q(0). From topological considerations, this linear map sends I'y x
R" 2 to T' x R"2. Some linear algebra implies that T, is mapped to I': see [9]. We can
use this linear map from I'y to I' (we will call it G) to pull-back the reduced form. We get
precisely the form [ above. Notice that the euclidean Laplace operator in I' is pulled-back
by G to a constant-coefficients operator

L := «; (0)0;0;
on I'y, the one corresponding to the form .

The form on I', on smooth compactly supported functions vanishing at the top boundary S,
satisfies the Green formula

/FVU‘VU = —/F(Au)v—i-/B(V,,u)v,

where B is the bottom boundary and v its outward normal. This correspond to the Dirichlet
and Neumann conditions attached to A, respectively at S and B.

If we pull this back to I'yx by G, we find the Green formula for [, on functions vanishing at the
top boundary Si:

) = - [ (L + / L

where v, is the pull-back of v by G, which is not the outward normal to I'y, but is still
transverse to B,. This gives the appropriate Dirichlet and Neumann boundary conditions
for L.

The point of this discussion is that since we need uniform estimates for a family of domains €2,
we need to pull them all back to a given domain €2, and study them as a family of problems;
for those the appropriate model operators are the family of operators L on I'y. However
various algebraic identities, like the Green formula above, are more easily proved in I' for the
euclidean Laplace operator, before being pulled-back to (I'x, L) by the linear map G.

Notice for what follows that L and G, being constant coefficients, depend only on a finite
family of numbers; and those numbers depend continuously on C! variations of S. Thus those
coefficients are bounded when S is in A,.

Recall that we denote by B, the bottom edge and by S the surface edge of I',. Our aim is
to prove the following Proposition.

Proposition 3.14. For any S in A, for any 0 < o < o, if there exists u € HY(T,) compactly
supported and

L. (f,9) € HF3(S.) x (V1=9) for 0 < o < },
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2. (f,g,h) € HV3(S,) x (H'°(I.)) x H" %(B,) for s <o <1,

3. (f.g,h) € H*2 x H*"Y(T,) x H°"2(B,) for1 < o,

such that
L)y = Ino(f,g) (resp. L0y = Ioo(f,9:h)),

then v € HOTY(T,), with constants of the good form , depending on the support of wu.

Here we have abused notation to name V=7 = {v € H'"7(T,),v|g, = 0} and the I, have
the obvious definitions. Their properties are the same, except that since I'y is not compact,
they are only compact on the subspaces of functions supported in a compact K.

The reason of the index g is algebraic, and comes from the following. We let (r,6) be the
polar coordinates in I'. For any A in C, and any o € R, we define

Q
(3.5) §A =Ly = ZTA log? rvy(6); vy € H ([0, ws])
q=0

We say that such a function is a polynomial if it is polynomial in the Cartesian coordi-
nates z1, z9 of the angular sector I'y. This is only possible for A € N*, or if v = 0. We can
define L on SM7 by testing against compactly supported function for the duality of V1=
or H'77 as is easily seen. Then we say that for v € SN, Lv is polynomial if there exists
polynomials (f,g) (resp. (f,g,h)) such that LOv = Iy, (f,g) (resp. LOv = Iy, (f,g,h)).
If X\ is not in N*, then (f, g,h) is zero. At last, L is said to be injective modulo polynomials
if v € SM is polynomial as soon as (f, g, h) are polynomials. Again if A is not an integer, this
is just injectivity.

Lemma 3.15. Let 0 > 0. Then L is injective modulo polynomials exactly for X # (k + %)g,
with k € Z.

Proof. It is easily seen that this notion is invariant by linear diffeomorphism, and therefore it
is sufficient to check it on the euclidean Laplace operator in I'. In polar coordinates, this is

1 2 2
with Dirichlet condition at # = w, and Neumann condition at 8 = 0. There, the inward normal
is Oy. Because of the classical ellipticity of A, this notion is independent of the regularity o.
We can therefore check it for smooth vj.

Then injectivity modulo polynomials can be computed to be a cascade of ODEs on the v, of
the form
vy + Nvg + 2XM(q + 1)vgr1 + (g +2) (g + Dvgra = 0

for ¢ > 1, with vgy1 = vgy2 = 0. Then starting from ¢ = @, we show that if X # (k + %)g,
all the v, are 0 except vg, which is such that v is polynomial. If A = (k + %)g, the fact
that 83 + A2 is not injective yield immediately a counter-example. O
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The rest of the proof is based on the use of the Mellin transform, for which the properties in
Appendix A to [9] will suffice. We only recall its definition,

Mu](\) = / rr 4

R T
and the following proposition :

Proposition 3.16. o Ifue Hﬁ(F*), with B < 1, and u is compactly supported, then the
quantity M{u] is defined up to ReA =  — 1 and analytic in Re\ < f — 1 with values
in HP ([0, w.]).

o Ifu c HPT,), with B > 1, and u is compactly supported, then M{[u] is holomorphic
in Re\ < 0 with values in HP([0,w,]). It can be meromorphically extended up to Re <
B—1. Let U denote that extension. For ReX €]k, k+1[, k € N, U coincides with M]u—
Pyu], where Pyu denotes the Taylor series of order k of u at 0. Finally, the poles of U
are simple and lie in k € N with k < 8 — 1, and we have

Resk:Ar)‘U()\) = P._1u — Pu.

There is an inversion formula,

u(2) 1Arwwwem%ma

T or
valid on any vertical line in the domain of holomorphy of MJu]. At last, one can mea-
sure the HP(T,) regularity of u from the L? norm in ¢ of the H?([0,w.],[¢| + 1) norm in 7
of M[u](—n +1¢). Here and in the following, H?([0,w.], p) is the H? space endowed with the

norm
2

I/

2 2
B =P IfIT+ [V

The interest of the Mellin transform is that it changes r0, into A, so that the problem

Au=gin T,
ulp=o = f,
vl/u‘ezw - h7
would become, through multiplication by the appropriate power of r and the Mellin transform,
(0 + \HU = M[r?g] in Q,
Ulp=o = M(f],
09U 9=, = M[rh].
Of course, we need to work in €2, and with the associated form .

To simplify notations, we concentrate on the case s — 1 > o > %, the proof of the other cases
being similar.

So suppose we are in the hypotheses of Proposition 3.14. Then in Mellin, we give the following
definitions.
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e The Mellin transform of w is U(A), which is holomorphic in ReX < 0 and defined up
to Rel = 0, with values in H([0, w.]).

e The Mellin transform of (f,r%g,rh) is (F, G, H)()\), which is meromorphic on Re) < o,
defined up to Re\ = o, with values in R x (H'=7([0,ws]))’ xR (or Rx H7~1([0,ws]) xR).
Its poles are concentrated at the non-negative integer values of .

e The operator L(®) becomes a holomorphic family of operators £ (X\) : H([0,w,]) —
R x (V(]0,ws]))" defined by

(£0000) () i= (o), 1), 0),

with [(\) a holomorphic family of forms on V ([0, w,]) with constant coefficients, bounded
as S varies in A,.

e The Iy, are transformed in a holomorphic family of compact operators Zp »(\).

Now the equation on u becomes
LONUTM) = Zoo(M(FN), G, HQN).
It is valid on the common domain of holomorphy of those functions, which is Re\ < 0.

Lemma 3.17. For any real numbers o < (3, there is a constant Co g uniform in A, such
that for any a < Rel < B with |[ImA| >> 1, again uniformly in A,, £O(\) is invertible and
satisfies

|cON T E6),, < CaplIFI+IGI-

The family £O(X\)~! is meromorphic in C.
Proof. The first step is to deduce the coercivity of [ from the one of a. We can find an H st3
diffeomorphism sending a neighborhood of our point z to a neighborhood of 0 in R"~2 x T,

such that the frozen forms it produce are the p and [ already defined. It suffices to compose
our local coordinates map with the inverse of its linearized at x.

Then the coefficients of this form a are regular enough that
[p(uw) — alu, w)] < C [p ulldn + [[ul?]
for any w € V' with support in B(0, p),p < 1. Combined with the coercivity of a, this yields
el < € {plu,u) + lul?: }
if p is small enough. Applying this to v = u(%) and letting p go to 0 gives
el < € {p(v,0) + [loll3: }

for v compactly supported, and thus by density for any v. Then applying this to v(y, z) =
Y(y)w(z) with ¢ compactly supported, and equal to one on the unit ball of R"~2, we get

[l < € {i(w, w) + [[w]l g lJw]] 2}
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Applying this result to w(z) = x(r)r*u(f), for x compactly supported, equal to 1 near r = 1

and to 0 near r = 0, and for a < Re\ < (3, this yields

[l gy < Cos { RELN) () + Il g1 g el } -

Remarking that ||u ;. < CA7! [[ull gr1(jp), We get for A big enough

el gy < Cans {REL(N) (u, 1)}

This holds for u € V([0,w,]) and is the required coercivity. This is enough to prove the
inversibility of £(A) and the accompanying estimates.

For the meromorphy, we start by observing that for A\, N € C, the operator £ (\) — £O ()X
is compact. Then if Ay is such that E(O)()\g) is invertible, we can write

LOMN) =LO M) o (I+Z(N)

with
Z(A\) = LOMN) o (£ON) = LO(Ng)).

Thus Z()) is a holomorphic family of compact operators, with I + Z(\g) = I invertible. This
implies the meromorphy of the family of index 0 Fredholm operators E(O)()\), and therefore
the meromorphy of £ (X)~1. O
Then we need to prove the regularity of the family L.

Lemma 3.18. For any Re € [0,0], if U € H*([0,w.]) is such that
LONU =Ty ,(\)(F, G, H),
then U € H°TL([0,ws]), and
10l s < CIF) 4+ Gl ey + 1 H|

with C uniform in X and in A,.

Proof. Because the L are constant coefficients, their coefficients when S varies in A inhabit
a compact set. Therefore it is sufficient to prove this for a fixed S € A,, with a constant
that is an increasing function of the supremum of the coefficients. The operator family L is
elliptic, and with constant coefficients. The classical elliptic regularity theory can be applied
far from 0, near any interior and boundary point. The constant depends on the coefficients
continuously. Then applying this regularity to w(z) = x(r)r*u(f) as above, this function
being compactly supported away from 0, we immediately find the announced regularity. [

Then we want to define U(\), which only made sense for ReA < 0 initially, in the half-
plane ReA < ¢. The formula

(3.6) UM = LONT(FQN),GA), HQN)
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agrees with the definition of U()) in the left half-plane, because
£(0)|H1+a — 1070, o E(U)

Also we have already seen that £°)(\)~! is meromorphic. Its poles are the places where £ (\)
fails to be injective. It is immediate that that the injectivity of £ on H'([0,w,]) is equivalent
to the injectivity of L on S0, the space defined in (3.5). Because of Lemma 3.15, we know
that for o < g, this injectivity is true for any A except the integers, where only injectivity

modulo polynomials holds. Therefore the only possible poles of L’(O)()\) I when o is in the

range of Proposition 3.14 are the integers between 0 and o.

Because of the preceding Lemma, E(")(/\)*1 is also meromorphic with the same poles. Then
because F'; G and H where also meromorphic with integer poles, (3.6) define a meromorphic
extension of U to ReA < o, with integer poles.

We want to take the inverse Mellin transform of U(A) along Re\ = 0. However, because of
the possible presence of a pole at o when o € N, we need to be careful.

First, take ¢/ < o that is not an integer. If already o is not an integer, we can take ¢/ = o.
Then U()) is meromorphic on ReX < ¢’.

Taking the inverse Mellin transform along ReA = ¢’, we find a function uy € Hg +1(T,), with
norm bounded by

2
NN Y

However

[0y < € [IFO) + GO 1o + HO

the value for large A coming from Lemma 3.17 and the elliptic regularity, while for the others
values of A we use the qualitative information that £ is invertible to find the equality with
constants C'y and then we take the supremum of those constants because A is in a compact set.
This constant is also uniform in A, because the coefficients of the problems are in a compact
set. This means that

lollgrss < C [Ifllgr 3+ gllo—s + 1Al

Now because of the Cauchy formula between ReA = 0 and Re\ = ¢/, we find
lo’) /
u—ug =2 Yy Resy—,r* LIV (N)THF(N), G(A), H(N)).
n=0

Then writing u,, for the uth residue, we see that for x a cutoff at 0, for u > 0, xu, € V.
Since u € V, we deduce immediately that yup € V and therefore ug is a polynomial. We
want to prove by recurrence that all the u; are polynomials. By subtracting the ones already
known to be polynomials, it is sufficient to assume that

Vi < k —1,Res,—xr*U(\) = 0.

Then comparing I(u — ug,v) and [(u,v) for v € V shows that a(ug,v) is a polynomial. Then
injectivity modulo polynomials shows that u is a polynomial. The uniformity of the constants
in A, is immediate. This concludes the proof of Proposition 3.14 in the case where o ¢ N.
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If o € N, we just proved that the regularity holds for ¢’ < o. Keeping separate the regular
part ug € H” 1 and the residues (which are polynomials), we see that we only need to prove
that yug € H°T! with x a cut-off at 0. Thus we only need to show that

Ya,|a| = o + 1, D%q € L*(T,).
For this we need to extend
w(A) = (D*(NU(N))|aj=o+1
up to ReA = o, with the punctual convergence
w(o’ +1i-) = w(o +i-) in L*(R x [0,w]) N L% (R; L*([0, w4])),
where D*(\) is the Mellin transform of D% and
L2 (R; H)) = {u; 1+ )7 u()lly € L*(R)} -

Then passing to the limit Rec’ — Reo in the Cauchy formula would give us the result. But
the usual limit case for the Mellin transform (again see [9]) gives the desired result. This
concludes the proof of Proposition 3.14.

Full operator. The objective is now to come prove the regularity of the full problem starting
from this model case. Recall that from the full form a we have first constructed a constant
coefficients form p on R"72 x I, be freezing the coefficients at 0. We can associate to this
form p a series of problems P as we have done for a and [. The first objective is to derive the
following regularity theory for P.

Proposition 3.19. For any S in A, for any 0 < 0 < o, if there exists u € H'(R"2xT,)
and

1

1. (f.9) € HTP2(R"2 x 8,) x (VI79) for 0 <o < 3,
2. (f,9,h) € HT 2(R" 2 x 8,) x (H7(R" 2 xT.,)) x H 2(R" 2 x B,) for 1 <o <1,

3. (f,g,h) € HOV3(R" 2 x S,) x H-YR" 2 xT,) x H 2(R"2 x B,) for 1 < ro,

such that
POy = Ino(f,g) (resp. POy = loo(f,9,h)),

then w € HTH R 2 x T,) near 0, with constant of the good form.

We have again used the obvious definition for V' and the Iy . This statement is different from
the one for L only if n > 3, so that their is actually a transverse direction y € R" 2,

Proof. The spirit of the proof is to first go to Fourier in the unbounded variable y € R" 2,
and then use homogeneity to reduce to the dual variable 7 in the sphere S”~3. Then for such
an 7, the regularity far from 0 will be a simple consequence of the classical regularity theory,
while the regularity near 0 will come from the one of L.

28



Accordingly, for n € S"73, let p(n) be the form deduced from p by going to Fourier in y, or
equivalently replacing the 9y derivatives with multiplication by in®. Let P(n) be the associated

family of problems. Assume we have u € V(I'y) and (f,g,h) € H““'%(S*) x (H'=7(T,))" x
H"_%(B*) such that
P(O)(n)u - IO,U(f?.gv h))

We want to prove that u € H°F(T,), with the associated constant uniform in A,. Here u
need not have compact support, which is important for what follows. We can decompose the
regularity between points far from 0 and 0. The regularity at 0 is an immediate consequence of
the regularity of L and the easily established compactness of P(n)— L on compactly supported
functions, which comes from the fact that the associated form a — p(n) involves no first-order
derivatives.

For the regularity far from 0, we start by remarking that the regularity of P near any
point (0, z) € R"2 x T, with |z| = 1 comes immediately from the constancy of its coefficients
and the classical interior and boundary estimates. The constant can be taken uniformly for
those points because they form a compact set. Then applying the associated regularity theory
and estimates to a cut-off near this set times e" )4 (27z) for v € N* gives the regularity
of u in dyadic crowns exhausting B(0,1)¢, uniformly in 27. Then summing the pieces gives
the regularity far from 0. The constant are of course smoothly dependent on the coefficients
of p and on 1 € S"~2, which inhabits compact set. Therefore it can be taken uniform in A,
and in n € S"2.

Then we derive that for any € R" 2, if u has compact support in B(0,1), then P(n)©y =
Ioo(f,g,h) means that u € H°T! with estimations uniform in the norms H" (T, |n|). This is
immediate for n < 1 because those norms are equivalent to the classical Sobolev norm, and
because P(n) — P(n/|n|) is compact.

For n > 1, we simply apply the regularity of P(n/|n|) to u(z/|n|). The fact that the support
of this function goes to infinity is the reason we needed estimates far from 0 in the preceding
step.

Then by using Fourier, those estimates immediately imply Proposition 3.19.

O

Then the remainder of the proof of Theorem 3.13 is simple. We first deduce from the regularity
of P near 0 the regularity of A near x € £, by mapping a neighborhood of z to a neighborhood
of 0 in R"2 x I, so that p is its associated frozen coefficients form, then using the H s=3
(with s > 1 + %) regularity of the coefficients to write that the form a is close to the form p
for functions with support small enough, close to x the size of this support depends only on
the Lipschitz norm of those coefficients, so that it is bounded from below for S € A,. Those
steps are where the regularity of the solution gets limited to s + %

Then combining this with the classic regularity near other points, and using the compactness
of ., we can finish the proof. For the last step of regularity, assuming S is H®, one needs sim-
ply to use the H*(2) regularity of the solution, with constants uniform in A,, and then prove
the regularity up to H”%(Q) by repeating the proof above, taking care that the dependence

in the Hs_%(Q) norm of the coefficients, and therefore in |S|,, is linear.
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It can be remarked in the proof above that the regularity is limited by the angle only at L.
Therefore, if s > -7, the regularity of the solution in the full domain will only be H I S
but we still have the following.

Lemma 3.20. Take s > 1+ 5, an H® surface S. as above, and 6 > 0 small enough. As-
sume S € A is also in H®. Take u a variational solution as above, with data (f,g,h) €

H™3 x H" x H“%, with 0 <r <s— % Then u is locally in H™' near any point of Q\ L.

Other elliptic problems Another elliptic problem in €2 we will need to solve is

Au =g in §,
VNU|S = f7
vl/u|B = h7

subject to the natural condition

/gdx:/fd5+/hd5’.
Q S B

The resolution is completely analogous to the previous one, although it has to be performed

modulo constants since they are always solution of the homogeneous problem. The only

real change is the model operator, which will of course be the Laplace operator on a sector of

angle w, but with Neumann condition at both sides. It is readily checked that the singularities
km

appear for A = 7%, k € N*, and therefore the solution is (modulo constants) in H™ ! with 0 <

rgmin(s—l ks )

27 Wmax

In the same vein, one obtain the same regularity result for the Dirichlet-Dirichlet problem,
assuming the two pieces of data can be pasted together at the angle to form a smooth enough
function. The singularities are at the same place as in the Neumann-Neumann case.

3.5 The Dirichlet to Neumann operator

The fundamental operator for the dynamic is the Dirichlet to Neumann operator N, defined
on functions on S by

Nf=WwH(f),
where H(f) is the harmonic extension of f in ), satisfying
AH(f) =01in Q,

H(f)ls = f,
VoH(f)ls = 0.

o]

As a consequence of the preceding analysis, this operator is continuous, elliptic, and self-adjoint
on L*(S), for S in A..

Proposition 3.21. Let s > 1+ 5. Let Si be an H3 reference hypersurface, and § small
enough, so that in the corresponding A, the mazimal angle satisfies s <1+ o=, and all other
geometric conditions imposed above apply. Let 1 <o < s — %
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1. Continuity: there is a constant C, depending only on A, and o, such that if S is an
hypersurface in Ay, and f € H(S),then N'f € H*~1(S), and

INFllgo-1(s) < Clliflgos) -

2. Ellipticity: there is a constanth, depending only on A, and o, such that if S is an
hypersurface in Ay, and f € H2(S) is such that N'f € H*~Y(S), then f € H°(S), and

1oy < C [INFllge-sgs) + 1 llzags) | -
3. Self-adjointness on L*(S): If f and g are in H*(S), then

/stgdS:/sngdS

Proof. The operator can be defined on H %(S ) through the following weak formulation : for
any (f,g) smooth enough, the Stokes formula is valid since the domain is Lipschitz, and gives

/f/\/'gdS:/VHf-V’Hgdx.
S Q

Since the right-hand side is well-defined for f and g in H > (8), Ng is well defined with values
in H _%(S) (or more precisely in the dual of H %(8), which is contained in H _%(3)) From
elliptic regularity for the Dirichlet-Neumann problem, and since the angle condition is verified,

it is well defined and continuous in the range 1 < o < s — %

To prove the ellipticity, we simply remark that under the hypotheses, the harmonic exten-
sion Hf is well-defined in H'(Q2) and satisfies, in the weak sense, the Neumann-Neumann
problem with value N'f on S. Since the angle condition folr this problem is also respected, the
preceding analysis gives us the required control with an H2(S) norm of f in place of the L?(S)
norm. But then a simple interpolation argument enables us to conclude.

To check that N is symmetric, we observe from the Stokes formula that for f and g in H(S),
/ fNgdS = / VHf -VHgdx :/ngdS.
S Q S

To check self-adjointness, one should consider the closure N of the Dirichlet-Neumann operator
and its adjoint N, as unbounded operators on L2 (S). Then we want to prove that all of those
have domain H'(S). As in the proof of Lannes ([15, Proposition A.14]), we show

HYS) c DIN) c DINT) c HL(S).
The first inclusion is obvious, the second comes from the symmetry of A, and the last one

from the previous part on ellipticity, with ¢ = 1. O

We can then use Borel’s functional calculus (see for example [17] to define complex powers N
of N. Those will form an analytic family of operators, which coincides at integer powers r = k
with the operator N'* defined by applying N k times. By the properties of A" and complex
interpolation, we will find the following Proposition.

31



Proposition 3.22. Let s > 1+ 5. Let Si be an H3 reference hypersurface, and § small
enough, so that in the corresponding A, the mazimal angle satisfies s +1 < o=, and all other
geometric conditions tmposed above apply. Let O <r < s — %

Then, uniformly in A, there evists a self-adjoint unbounded operator N on L*(S), with
domain H"(S), which is continuous and elliptic from H?(S) to H°™"(S), for any r < o <
s L,

They form an analytic family of operators, coinciding with classical powers of N for r-integers,

and with the Identity for r = 0.

3.6 Div-curl Problem

In order to recover the velocity in the following analysis, we will need an elliptic regularity
statement for the following problem on a vector field v : Q — R

V:-v=gin ),
V Xv=pin ),

(3.7) -
(Vo,N)¥)T =fon S
(v,v) = h on B.

Here V x v is a shorthand for the vorticity form p(X)-Y = (Vxv,Y) — (W, X) which, as is
well-known, can be seen as a function in dimension n = 2 and a vector field in dimension n = 3.
The musical isomorphisms £ and b respectively raise and lower the indices through the metric.
Thus f transforms a linear form into a vector. The metric used being the Euclidean metric
in €, or the metric induced on &, M or £ when the fields are tangent to either S, B, or S.
Notice that in the cases of S and L, this operation has limited regularity.

In our problem, g = 0 and we could assume p = 0, however this does not simplify the proof,
and therefore we may as well study the general case.

The strange boundary condition at S replaces the condition on (v, N'); whose regularity would
be limited by N and not by v. Of course, since v is smooth, no such difficulty arises at the
bottom.

In this paper, we will not need the existence of a variational solution for such a problem, so
we concentrate on regularity theorems. We will have two main difficulties.

The first one is already present in the usual case without corners. The surface S is H®,
and we will want the velocity field v € H*(§2). However, if we see v as a vector field on
the H**3-manifold with corner ), its maximal regularity would be H s_%(Q), since change
of coordinates on vector fields involve multiplication by D¢g. The way out of this is to
transport v by v o ®q, which means considering v as an array of functions, whose regularity
are only limited at H 5+%(Q), and satisfying some additional relations. Since this is not the
canonical way to transport vector fields, it does not preserve being a gradient, and does not
transport the divergence and curl correctly. Therefore any technique invariant by change of
coordinates on vector fields, like the Hodge decomposition, is useless in this setting. Remark
however that there is no problem of definition for the data, which are all less regular functions.

32



The second difficulty is again due to the presence of the corner. Since we do not want to
perform an analysis of the singularities as above, our aim is to reduce the problem to a scalar
one, at least locally near the corner, and use the preceding results.

The reason why the boundary data on S is not under the more classical form (v, N) is that N
would limit the regularity of this expression, being only in H 57%(3 ) for S € A,. Since v has
maximal regularity on B, this is not the case on B.

For the following Proposition, remark that since we only want v € H*(S) at he maximum, we
do not need to now that & is H®. The information that it is in H 57%, which is included in
the hypothesis S € A,, is sufficient. Thus, the constants will not depend on |S|,.

Proposition 3.23. Take s > 1+n/2, an-H® hypersurface S, and 6 > 0 small enough, so that
in particular as above, s < 52— + % Then if S € Ay, if (g, p, f,h) € HTH(Q) x HO=HQ) x

2wmax

H‘P%(S) X H‘F%(B), with s —1 < o < s, if v is a solution of (3.7) in H?(Q), then

[0l o) < C |9l o) + el o1y + ”fHHo-g(S) + ”hHHU_%(B) + HUHLQ(Q)} :

where C' is uniform in A,.

The dependence on ||v||, 2 is good, since as a part of the Hamiltonian, it is a bounded quantity.
Also the condition on the angle correspond to what would be expected for v = V4 and a
smooth geometry, if we wanted ¢ to be in H5H!.

Proof. First, remark that by interpolation it is enough to prove the inequality with the quan-
tity ||v|| s ©) for some € > 0 in place of the L? norm. The proof is based on the observation
that (3.7) implies that the euclidean coordinates of v satisfy

(3.8) Avi = 8]',[1/;" + alf in Q,
so that one can study v’ as a function satisfying an elliptic equation.

The regularity will again be proved locally near any point of €. Near interior points, equa-
tion (3.8) is enough.

Near a boundary point zg not in the edge L, the analysis is more involved. Since it is
no different in both components, we concentrate on §. First, we freeze coefficients. More
precisely, we use a local coordinate map 1, of class H®, and such that D is the identity
at xo, and a cutoff to transfer the functions v* close to = to compactly supported functions
with value v*() close to zg. Thus, by pulling back the v’s as functions, we avoid the loss
of regularity. Then those functions, close to zg, satisfy a certain div-curl problem with non-
constant coefficients, depending smoothly on Dt ~!, which, if frozen at zg, give the euclidean
divergence and curl operators, and the boundary conditions with the good normals. For
example on the divergence part, if ¥ denotes the inverse of 1 and v* = w'(x), we have

X’ ' = g(),

with Dx(0) = I, and therefore writing

diw' = 0w’ (1 - 9ix') = > _ 00w’ +g
i i#j
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gives the control
IV - wll s < lgllgs—1 + 1Dw]| o1 |1Dx = Id| poo + COX) [[Dw]| oo -
Then since Dy is Lipschitz we find that on a ball of radius p,
IV - wll o < Clllgllgs—1 + pllwllgs + llwll o]

for e > 0 small enough, with C' uniform in A,, independent of p. The same can be done for the
curl and for the boundary data. Then one only needs to prove the regularity near xg for the
frozen constant coefficients, and then take p small enough to absorb the term in the left-hand
side. Remark that even if the right-hand side of the original problem was 0, we would still
need to study the inhomogeneous version since the freezing process produces a right-hand
side.

Then one needs only to prove the regularity for a solution of (3.7) in a half-space for some
function compactly supported near 0. We again transform the problem into (3.8), and study
each coordinates separately. If e,, is the normal coordinate in our half-space, the coordinates v?,
for i # n satisfy a Laplace problem, and in terms of boundary data, we find

V' =V, (v, ;) = (V, e;) = (V,v,n) + (V x v)(n), e;),

and both of those terms are part of the data. Therefore we have a Neumann boundary
condition for v;, and the regularity is classical. On the other hand, v™ also satisfies a Laplace
problem, and

VBivn - <v6iv7 TL>

which is part of the data for all ¢ # n, so that we control the full gradient of v™ on the boundary,
and thus using ||v|| ;.- we can control the value of v™ on the boundary. We therefore have a
Dirichlet problem for v™, and we can easily conclude.

The last step is the control near a point of L. As above, we reduce it to the same problem in the
angular sector R""2 x I'. The components of v in the unbounded direction, being tangential
to all parts of the boundary, can be treated as above. We are left with two components, and
we would like to reduce the problem to a 2D system in the angular sector I'. As in the proof
of the scalar problem, we apply the Fourier transform in the unbounded variables. Treating
all terms in the tangential variables and all lower order terms as a right-hand side, we have a
problem with parameter & € R" 2, of the form

(3.9)

Here 0(§) is for each £ a vector field on I'. Also, Ty is the projection to vector fields tangent
to M. We need to prove weighted in & estimates for this problem. Again, as in the scalar
case, it is sufficient to prove them for fixed £ on the sphere, but with arbitrary large support,
and constants independents of the support.

Now since we are on a straight domain, there is no problem anymore to use vectorial methods.
One can use Hodge decomposition in the angular sector, which exists since I' is piecewise
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regular and the function has compact support, writing v = V¢ + VJ‘QE, where V= here is
the perpendicular gradient (0, —0;), and such that Vy¢ = 0 - N on S and the same on B.
Differentiating those boundary conditions along the tangential direction 7, we find that we
control

and since we also control v in H*7¢, we control the Neumann data dy¢. The same can be
done on the bottom B, so that we can use A¢ = dive = ¢ and our preceding regularity result
for functions satisfying some elliptic problem with Neumann data on both sides to control V¢
as expected.

We at last find A¢ = V x & = §, and since <VL¢~),N> = V.¢ =0, we find ¢ to be constant

on the boundary, and we can again use elliptic regularity for functions with Dirichlet data at
both sides to conclude.

O

We notice that for the case ¢ = s — 1, the boundary data can be given under the form (v, V)
and (v,v), because N € Hsfg(S).

4 Quasi-linearization

In this section, we want to find a quantity satisfying the linearized equation. As explained in
the introduction, we want to differentiate the equation in time. Since

Dyv = —Vp — gey,

we look for an equation on Vp = Vp, , — gVH(2"|s) + gVa" (the term ge,, does not depend
on time.) As we will see later, the regularity of Vp is equivalent to the regularity of its normal
part a = —Vypls, the Taylor coefficient, so we will in fact prove that a satisfies the linearized
equation.

Proposition 4.1. Let s > 1+75. Let S, be an H?® reference hypersurface, and 6 small enough,
so that in the corresponding A, the mazimal angle satisfies s < %—{—%, and all other geometric
conditions imposed above apply.

Then if S is a continuous family of H® hypersurface belonging to A, if v € C(H*()), and
if they satisfy the water waves equations, then the Taylor coefficient a € C(H*~Y(S;)) follows
the equation

(4.1) Dja+aNa = R.
Here, the remainder R is in C’(HS_%(St)), with at each time t
(42) 1RO 35,y < @ (5t [0l

where @ is a time-independent polynomial in its variables, whose coefficients depend only on A,
and g.
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Proof. This is only a long computation. To start with, we recall that p is the solution of the
elliptic equation

Ap = —tr ((DU)Q) in O,
(4.3) pls, =0,
Vopls, = —Im(v,v) + gv"

where Iy (v, w) = — (Mv,w) is the second fundamental form of M and v™ is the component
of v along e,. 1As a consequence of Theorem 3.13, recalling that IIx4 is smooth, we find
that p € C(H*"2(€;)) with for each time

“4) Hp”H“‘*%(Qo =@ (|3t|s ’ ”“”Hs—%(m))

where @ is as in the Proposition. The fact that we can use only the H =3 norm of v means
that the regularity of p is limited by the domain, and not its data.

Then
(4.5) D,Vp = — (Vu, Vp)¥ + VDyp.

We want to find the elliptic problem satisfied by Dyp.

Elliptic problem for D;p First, using (4.3),

(4.6) Dipls, = D¢ (pls,) = 0.

In Qt,
ADyp = D;Ap + 2tr (DQp . Dv) + (Av, Vp),

where - represents the matrix product. But, using (4.3), we find
D;Ap = —Dytr ((DU)Q) = —=2tr (DDyv - Dv) + 2tr ((Dv)3) ,
and the Euler equations give
D Ap = 2tr (D?*p - Dv) + 2tr (Dv)?) .
Thus we have proved that in €,

(4.7) ADyp = 4tr (D2p . Dv) + 2tr ((Dv)g) + (Av, Vp) .

Since both v and IIy4 are smooth and independent of ¢, we compute easily that on points

of Bt,
(4.8) Div|p = Vv
and for w and w’ tangent to B,

(4.9) Dy (Iy(w,w")) = Ly (D, w,w') + g (w, D] w') — <D21/(U, w),w'),
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where T represents the orthogonal projection to the tangent plane of M.
On the other hand,
% (Dep)ls, = Dy (%pls,) + (Yv, Vo)|s, + (v, V p).
Using the elliptic equation (4.3) on p and the preceding computations (4.8) and (4.9), we find
D; (Vplg,) = —2lm(D{ v, v) + (D*v(v,v),v)|5, + g (V)" |5,
FEuler equations let us conclude
D; (Vpls,) = 2m(V ' p,v) + (D*v(v,),v)|5, — 9 (V)" |,
Therefore,
(4.10) V., (Dip)|B, = BHM(VTp,v) + <D21/(v, v),v>\3t — g (V%)"B, + (Mo, Vp) s, -
By grouping together terms of same regularity, we therefore find for Dyp the expression

(4.11)
D;p =A"" ((Av, V), (Yv, Vp))

+ AL <4tr (Dgp . Dv) + 2tr ((Dv)3) ,3IA(V 'p, ) + <D21/(v, v), v> - g(Vvy)”> ,

where u = A~!(g, h) is the solution of

Au = g in §2,
uls, =0,
Voulp, = h.

The elliptic regularity Theorem 3.13, combined with pr(l)duct estimates gives us that the first
term of (4.11) is in H*(£;), while the second is in H*"2.

If we plug this into (4.5), we find
(4.12)
D,Vp = — (Vu, Vp)¥ + VA~ ((Av, Vp) , (Vv, Vp))

+va~l <4tr (D?p - Dv) + 2tr ((Dv)?) , 3m(V ' p,v) + (D*v(v,v),v) — g(Vvy)”) .
The first line of the right-hand side is in H*~1(€2;), the second in Hsfé(Qt). Let us call
a = AT ((Av, Vp), (Vo V),
and
B:=A"1 <4tr (D?p - Dv) + 2t ((Dv)?) 3T (Y p,v) + (D*v(v,v),v) — g(Vvy)”> ,
so that in short,

(4.13) D/Vp = — (Vu, Vp)* + Va + V3.

Now we need to compute the second derivative in time. For this, we compute the derivative
of each of the three terms of (4.13).
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First term We first compute
=D, (Vo, Vp)* = = (VDy, Vp)* + (Voww, V)* — (Vo DiVp)F.
From Euler equations, the first term is
—(VDyw, Vp)f = <D2p7 Vp>ti .
Using the evolution of Vp from (4.13) to express the third term, we find
~Dy (Vo, Vp) = (D%, Vp)* + 2 (Voww, Vp)F — (Vu, Va)t — (Vo, VB)E.
Using the product estimates we can sum this up as
(4.14) ~D, (Vo, Vp)t = (D%, Vp) + R

with R satisfying

(415) HRHHS—l(Qt) S Q (|St|s ’ ||U”H5(Qt)>

with ) as in the Proposition.

Second term We now compute
(4.16) D,Va = VD;a — (Vu, Va)?.

To find expression for Dya, we use the same method as for p. We look for an elliptic problem
it satisfies.

It is immediate that

(4.17) Dials, = 0.

In the domain €,
(4.18) ADa = Dy Aa + 2tr (D - Dv) + (Av, Vay).
Let us concentrate on the first term, using that
Aa = (Av, Vp).
We find
D;Aa = (ADyv, Vp) — 2tr (<D2v, Vp) - Dv) — (Vayv, Vp) + (Av,D;Vp) .
Thanks once again to Euler’s equations,
(ADw, Vp) = — (AVp, Vp) = (Vitr ((Dv)?), Vp),
so that again, using the evolution of Vp from (4.13),

D;Aa = <Vtr ((Dv)Q) ,Vp> — 2tr (<D2v, Vp> . Dv) —2(Vayv, Vp) + (Av, Va) + (Av, V) .
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Combined with (4.18), this gives

(4.19) D;Aa = (Vir ((Dv)2) ,Vp) — 2tr (<D2v, Vp) - Dv)
—2(Vayv, Vp) + 2 (Av, Va) + (Av, V) + 2tr (D*a - Dv) .

At last on B,
V,Dia = D(V,a) + (Vv,Va) — (v, Va) .
The first term can be computed from
VVO[|Bt = <VI/U7 Vp> )

and is

D:(V,a) = (V,Dyw, Vp) + (Vg,uv, V) — (N0, V) + (V,o, D Vp) .

Using Euler’s equations and (4.13) once again,
(4.20)
VDo = —D?*p(v, Vp) + (Y0, Vp) — 2 (S0, V) +2 (Vv, Va) + (Yo, VB) + 11y (v, V' a).

Combining (4.17), (4.19) and (4.20) with elliptic and product estimates, we find

(4.21) DVa =-VA~'(0,D%(v,Vp)) + R
with
(4.22) IRlo10) < Q (1Su; - 0l ) -

Third term We finish by computing
(4.23) D,V3 = VD, — (Vuv,VB)*.

Again we look for an elliptic problem on Dyf.

As above,
(4.24) D.8ls, = 0.
In Qt,
ADtB = DtAﬁ + 2tr (D25 . DU) + <A’U,5a> )
and

D;AB = 4tr (DDyVp - Dv) + 4tr (D*p - DDyv) — 8tr (D*p - Dv - Dv)
+ 6tr (DD - Dv - Dv) — 6tr ((Dv)*) .

At the end end, each of those terms lies in H*72(€);), so that

(4.25) |ADBl o2y < Q (ISt 10y ) -
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On the bottom,
VD5, = D (MBls,) + (Mo, VB) = (Vr, V),

Since
V. 8ls, = 31 m (VTp, ’U) + <D2y(v,v),v> —g (V)"
we only need to compute the evolution of each of those three terms. The first gives
3DII 4 (VTp, U> = 3l (DtTVTp, U) + 3\ (VTp, D:U) -3 <D21/(VTp, v), v> ,
which is easily seen to lie in H*~2 (Bt). For the second term,

D, <D21/(U, v), v> = <D41/(v, v, V), v> +2 <D2V(Dt’l), v), U> + <D21/(v, v), Dtv> ,

3
2

which is again in H*"2(B;). The last term is

—gD¢ (V)" = =g (Yo,¥)" + g (D*v(v,0))",
still in Hsfg(Bt). Putting all of this together, we see that
(4.26) I9DeBl g g,y < Q (1St Il

Thus in the end, using elliptic regularity,
(4.27) 1Bl e < @ (1t 0l o) -

Equation on Vp We have therefore proved that
D2Vp = (D%, Vp)' — VA~ (0, D*p(v, Vp)) + R
where
IRlze10) < Q (IS 10l () ) -
To finish, we remark that the first two terms of the right-hand side can be rewritten as
1 1 _ 1
5V (199P) = VA~ (0.9 199 ) = 59 (IVls,) - V7,
where f is solution of
Af =2(Vp,Vtr ((Dv)?)) + 2tr (D*p)?) in Q,
f’St =0,
vl/f‘Bt = 07
and is therefore in H*({;). Remarking that on &;, because p|s, = 0, Vp = VypN, we find
1
D?Vp = 5V’H(cﬂ) +R
with R as above. To finish, we notice that
H(a®) = (H(a)) + H*T3(Q)
because of the elliptic problem satisfied by the difference, so that in the end,

(4.28) D?Vp = H(a)VH(a) + R
with
(4.29) IRlze10) < Q (IS 10l (e ) -
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Equation on a To transform this into an equation on a, we need to compute the evolution
of the normal to the surface, D;N. We redo the computations of Shatah and Zheng in [18].
First, because |N| =1,

D:;N L N.

Then we can choose 7y tangent to S, at the point zy € Sy, and transport it in time as a
solution of
DtT - VTUa T(tO) = 1T0-

Immediatly,
(D¢N,10) = — (N, D7) = — (V,v, N) .
Thus
T 3
(4.30) DN = — (<W,N>ﬁ) e H3(S)).

This also gives

(4.31) (DIN,N) = — D,N? € H*"3(5)).

Now since a = — (Vp, N)|s,, we find
D}a = — (D?Vp,N) — 2(D;Vp,D;N) + a (D{N,N),

and the last two terms are in H 57%(875). Thus by taking the scalar product with N of the
trace of (4.28),

3
2

(4.32) Dia +aNa = H2(S;),

with estimates on the remainder as in the Proposition.

5 The energy

Using this quasi-linear form (4.32) for the equations, an obvious choice for the energy is

(5.1) E =
Si

2
A Dyl dS+/S a [N 1af? 48 + a0 -
t

Here, we use the powers of the Dirichlet to Neumann map A, defined in Subsection 3.5, and
we integrate according to the surface element dS of &;. The first two terms correspond to the
energy for the linearized equation satisfied by a. We will see that those terms do not control
the vorticity part of v, and therefore we added the H*~1(£};) norm of y := Dv — Dv*, which
will be well controlled because the vorticity is a conservation law for Euler equations. We
call Ey := E(t = 0) the initial energy.

We first need to show that one can recover the original unknown from this energy.

41



Proposition 5.1. Let s > 1+ 5. Let Sy be an H?® reference hypersurface, and 6 small enough,
so that in the corresponding A, the maximal angle satisfies s < %—f—%, and all other geometric
conditions imposed above apply.

Then if S is an H® hypersurface belonging to Ay and v € H®(S) are solution of the equations,
and if the Taylor condition a > ag > 0 is satisfied, then E is well-defined, finite, and we have

2 2

where F is a non-decreasing continuous function of its arguments, depending only on A, ag
and w.

Proof. If § is in H® and v is in H*(2), our elliptic regularity theory gives Vpin H =3 and
therefore a € H* !(S), while the formula for D;a tells us it lies in H 87%(8). Thus the
quantities composing E are all well-defined.

Now to prove our result, we start with the basic preliminary controls

VDl ge-1(q) < C HUHZV%(Q)

because of the elliptic equation (4.3) on the pressure, and

IDVpl,. g () <F (llvHHr%(m) ’

because of (4.13) and the elliptic equations on a and 5. We notice that
Dta/ = - <Dtvp7 N) - <vp7 DtN> = - <Dtvp7 N>

because Dy NV is tangent to S and Vp is normal. Thus

(5.2) lall o5, + IDeallzesisy < F (110l

o3 (s HS’%(Q)> '

Here the traces on S are well-defined because s > 2.

The next step is to use the ellipticity of N to find

lallre-is) < F (1ol oy i) [NV all sy + 1]

1 s—1
SF(”””HS*%@) [HﬁHm(s) IV ell iz +1

so that
lallfress) < F (Il oy ) [+ ED.

Similarly,

Il o < F (Il 1+ E].

H*™2(S) HS‘%’(Q)) [
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Next, we want to control Vp and D;Vp with those quantities. To avoid the apparition of |S|
in the right-hand side, we use the div-curl problems

V- Vp = —tr ((Dv)?) in Q,
V xVp=0in €,
(VVp, NHT = —(Va)T on S
(Vp,v) = —Ilpq(v,v) — g™ on B;
and
V -D;Vp = 3tr (D*p- Dv) + 2tr (Dv)?) in Q,
V x D;Vp = D*p- Dv — (Dv)* - D*pin Q,
(DyVp,N) = —-Diaon S
(D;Vp,v) = 3\ (V ' p,v) + <D2u(v,v),v> + gl (v, e,) on B.

If s was greater than 3/2 + n/2, we could use the information v € Hs_%(Q) directly to
conclude. However, here with s > 1+n/2, this information only gives tr ((Dv)?) € HS_ng(Q)
for example, and this is not enough to conclude. We therefore need to implement a bootstrap
procedure. We see from the above elliptic problems that if s — % < 0 < s, and if we choose € <
o— S+ %,

53) 900 g+ PPl 10 < F (Wl E)

HO=3(
Here we have first proved the estimate on Vp, then used it to prove the one on D;Vp.

Then we use the problem satisfied by v,

V-v=0in Q,
V Xv=pin Q,
1
(Vu, N T = g(Dtvp)T on S
(v,v) =0 on B,

to deduce
[0l 0y < F (Ioll o3 ) [1+ B2 + DDl 0y |-

Then a simple bootstrap procedure can close the estimates : we find

(5.4) 1991103 gy + 1D VPl sy + [0l2eg0) < F (0o g B) -

HS_

To control the regularity of S, we use the formula
Ap = Asp — kVyp + D’p(N, N),

so that, since p|s = 0,
1
=~ (Ap- D?p(N,N)) .
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Thus we can conclude that
(5.5) Il =25y < F (o oy )+ E) -
If n = 2, this is enough. For n > 3, we need also to control ;. The same formula as above,

seeing L as the boundary of B with exterior normal n gives

1
Ky = “S (Algp — sz(n,n)) =

1

W (ABP - DQP(na n))

where we have used that p = 0 on S to write V,p = (IN,n) Viyp. Observing that (n, N) is
bounded from below because § > w > w > 0, we conclude

(5.6) 910 o3 gy < F (10l 30 E) -

Here the traces make sense because s > % when n > 3. This concludes the proof.

O

The last proposition is the control on the energy. We need to use a control neighborhood both
in S, which is the role of Ay, and in v € H* 2 ().

Proposition 5.2. Let s > 1+75. Let S, be an H?® reference hypersurface, and 6 small enough,
so that in the corresponding A, the maximal angle satisfies s < %+%, and all other geometric
conditions imposed above apply. Let A > 0.

Take S; a C? family of H® hypersurfaces so that Sy € A., and v € C*(H*(SY)), satisfy-
ing HU(O)HHS%(Q ) < A. Assume that (Si,v) are solutions of the equations, and that the
0

Taylor condition a(t,-) > ag > 0 is satisfied.

Then there exists a time T > 0, depending only on Ay, A, ao, w, |Sol; and [[v(0,-)[| g(q,), 50

that for all times t € [0,T], S € A, Hv(t)HHs_%(Q ) < A, and the energy E satisfies
t

t
E(t) < E(0) +/ F(E®") dt,
0
where F is an increasing function of its argument, and depends only on Ay, A, ag, and w.

Remark that in fact, A, and A can be chosen depending only on the data. Also because
the L evolution of a is controlled by the evolution of S € A, and v in H ‘9_%, it is easily
seen that ag can be chosen depending only on the initial data. Thus at the end the time
of validity 7" of the Proposition only depends on the norms of the initial data and on the
control neighborhood. We do not write the Proposition in this way, since the point is that the
function F in the control of the energy is uniform in a neighborhood of the the initial data in
a rougher topology.

Proof. The equation being quasilinear, one needs to use control neighborhoods in rougher
topologies.
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Control neighborhoods First we prove that S stays in A, and ||v|| stays less

1
H®™2 ()
that A for a short time. This rests on an estimate of the Lagrangian map u(t,-) : Qo — €,
which is the solution of

8tu(t7 y) = U(t7 U(t, y))
with initial data «(0) = I. It is immediate that for any 0 < o < and f € H7 (),
1f oult, ')HHG(QO) <c HfHHU(Qt) Ju(t, ')||(17{s(90) :

Duality then gives
170 ult: M ooy < C I lli-e@n lut: )™ o) -
Then '
) = Dy < € [ Iy Bt 5 0

by writing the ODE in integral form.

Take a large M to be chosen later, and

to = sup {t; v(t, ')HHS(Qt) + Sy, < M,Vt' € [O,t]} .

This time is positive because of the continuity of the solution. Then

t
S
= Dl <M [y -
Thus by ODE estimates, we find a time and a constant C' depending only on p, such that
lu(t, ) = Il g (o) < Ct.

This implies that in local coordinates, the function n that parametrized S above S, grows
linearly, so that there is a time ¢; depending only on u, A, and the norms of the initial data,
so that S stays in A, for 0 < ¢ < min {tg,?; }.

The same construction, using u; = v(¢,u(t)) and uy = (Vp — gey) o u, gives that for a time to
depending only on p, A., A and the norms of the initial data, if 0 < ¢t < min {¢g,t1,t2}

then [o(t)] .-} ) < 4

Evolution of the Curl The evolution of y = Dv — (Dv)* can easily be computed to be
(5.7) Dy = —(Dv)*u — puDw.

Then it is easy to obtain energy estimates,

d
(5.8) = Mellireii0y < Cllols o, il @, -
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Commutators We need to compute the commutator between D; and powers of N. The
one we need is

(5.9) 1D, Nl e (spyszaeseyy < C Molls @y »

for % <o <s—1, with C' depending only on A,. This will be a consequence of

H[Dt’N]HL(HT‘(St);HT—l(St)) <C HUHHS(Qt) ’

for r € [1/2,s — 1/2], which can be proven for r > 1 by writing the commutator formula,

Dy, N f=VnAT (2Dv - D? for + Nawfrs Vg fr — %b(y)fﬂ>
- VVNUfH - <VVTfU ’ N> )

and for r = 1/2 by writing the weak formulation of N, defined by duality from H %(S ) to its
dual by

[ Ntgas = [ Viu-Vou
S Q
extending g by D;g = 0, and computing the time derivative.

Then one can use the formula
[Dt,/\/kﬂ = DL, NN + N [Dt,fvﬂ

and interpolation to conclude.

We will also need the commutator between N and a,

(5.10) [ Ta, V2] | < Cllallgs-1s,) »

L(H*~2(8:),H2 (1))
which can again be proven by interpolation between integer powers, those one being computed

explicitly.

Evolution of the energy Now one can tackle the evolution of the other two terms in the

El—/
St

E, :/ a}/\/'s*la‘2 ds.
St

energy. We write
f 2
N*~Dia| S

and

We recall from [18] that for a function f defined on &,
d

(5.11) / fas= [ (Duf+ (00T weh)) ds,
dt St Si

and because v is divergence-free,

D-v' — kvt = (Wyu,N) € HS_%(St) C L>®(Sy).
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Thus this second term is harmless in the estimates.

First, we prove that

(5.12) %El — (N3 (Dia), A (0N )

vy | <7 (0l - 1,) -

Since Dya € Hsfg(St) C L*(S;), we have

d
—F — <DtN371<a)7 aN#l(a»LQ(St)

- < F (Il 11l )

and (5.12) is a consequence of the commutators estimates (5.9) and (5.10), and of the self-
adjointness of powers of A.

Along the same lines, the commutator estimate (5.9) proves

d 3 3
(5.13) B - <NS*§(Dta),NS*§(D§a)>

sy < F (Il - 18,

Thus, using Proposition 4.1 on the equation satisfied by a, we conclude

d
E| 7 (0l IsiL,).

Using Proposition 5.1 to control the right-hand side by a function of E, we conclude the
inequality of our Proposition on the interval of time [0, min {¢g, ¢1,%2}]. Then if we choose M
big enough depending only on the initial data and the control neighborhoods, the control of
the energy implies that g is bounded from below by a time ¢, depending only on the initial
data. Also since we have fixed M, t; and t2 only depend on the initial data. Therefore the
control is valid up to a time T as in the Proposition. O
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