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Abstract

This paper is concerned with a priori C* regularity for three-
dimensional doubly periodic travelling gravity waves whose fundamen-
tal domain is a symmetric diamond. The existence of such waves was
a long standing open problem solved recently by Iooss and Plotnikov.
The main difficulty is that, unlike conventional free boundary prob-
lems, the reduced boundary system is not elliptic for three-dimensional
pure gravity waves, which leads to small divisors problems. Our main
result asserts that sufficiently smooth diamond waves which satisfy a
diophantine condition are automatically C*°. In particular, we prove
that the solutions defined by looss and Plotnikov are C*°. Two no-
table technical aspects are that (i) no smallness condition is required
and (ii) we obtain an exact paralinearization formula for the Dirichlet
to Neumann operator.
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1 Introduction

The question is to prove the a priori regularity of known travelling waves
solutions to the water waves equations. We here start an analysis of this
problem for diamond waves, which are three-dimensional doubly periodic
travelling gravity waves whose fundamental domain is a symmetric diamond.
The existence of such waves was established by Iooss and Plotnikov in a
recent beautiful memoir ([22]).



After some standard changes of unknowns which are recalled below in
for a wave travelling in the direction Oz, we are led to a system of
two scalar equations which reads

G(o)Y — 05,0 =0,
1 (Vo Vi +8s,0)° (1.1)

2 1+|Vo2

1
Ho + 0t + 5 (Vo =

where the unknowns are o,1: R> — R, p is a given positive constant and
G (o) is the Dirichlet to Neumann operator, which is defined by

G(o)(@) = V1+ Vo2 0u0ly=o(a) = (0y0) (2, 0(2)) =V (2)-(V$)(z,0()),
where ¢ = ¢(x,y) is the solution of the Laplace equation

Apyd=0 in Q:={(z,9) eR*xR|y <o(z)}, (1.2)
with boundary conditions

d(z,0(x)) =¢(z), Vyyuo(r,y) = 0asy— —oc. (1.3)

Diamond waves are the simplest solutions of one can think of. These
3D waves come from the nonlinear interaction of two simple oblique waves
with the same amplitude. Henceforth, by definition, Diamond waves are
solutions (o,1) of System such that: (i) 0,1 are doubly-periodic with
period 27 in z; and period 27/ in x5 for some fixed £ > 0 and (ii) o is even
in 1 and even in x; ¥ is odd in 1 and even in x5 (cf Definition .

It was proved by H. Lewy [29] in the fifties that, in the two-dimensional
case, if the free boundary is a C! curve, then it is a C“ curve (see also
the independent papers of Gerber [15] 16, 17]). Craig and Matei obtained
an analogous result for three-dimensional (i.e. for a 2D surface) capillary
gravity waves in [10, [I1]. For the study of pure gravity waves the main
difficulty is that System is not elliptic. Indeed, it is well known that
G(0) = |Dy| (cf §2.5). This implies that the determinant of the symbol of
the linearized system at the trivial solution (o,1) = (0,0) is

so that the characteristic variety {& € R? : p|¢| — &2 = 0} is unbounded.

This observation contains the key dichotomy between two-dimensional
waves and three-dimensional waves. Also, it explains why the problem is
much more intricate for pure gravity waves (cf where we prove a priori
regularity for capillary waves by using the ellipticity given by surface ten-
sion). More importantly, it suggests that the main technical issue is that
small divisors enter into the analysis of three-dimensional waves, as observed
by Plotnikov in [36] and Craig and Nicholls in [12].



In [22], Iooss and Plotnikov give a bound for the inverse of the symbol of
the linearized system at a non trivial point under a diophantine condition,
which is the key ingredient to prove the existence of non trivial solutions
to by means of a Nash-Moser scheme. Our main result, which is
Theorem asserts that sufficiently smooth diamond waves which satisfy
a refined variant of their diophantine condition are automatically C*°. We
shall prove that there are three functions v, kg, k1 defined on the set of H'?
diamond waves such that, if for some 0 < § < 1 there holds

K1 (:ua g, 1/}) 1
k2 - <l/(:ua g, d})k% + KO(M? g, ¢) + k’% > ‘ > k%-}&’
for all but finitely many (k1, ko) € N2, then (0,1) € C*. Two interesting
features of this result are that, firstly no smallness condition is required, and

secondly this diophantine condition is weaker than the one which ensures
that the solutions of Iooss and Plotnikov exist.

The main corollary of this theorem states that the solutions of Iooss and
Plotnikov are C*°. Namely, consider the family of solutions whose existence
was established in [22]. These diamond waves are of the form

0°(z) = eo1(2) + 209(2) + 303(2) + O(eY),
UE (@) = e (2) + () + 5s(2) + O(eY), (1.4
1E = pe + 21 + O(eh),
where ¢ € [0, g¢] is a small parameter and

so that (o1,11) € C®(T?) solves the linearized system around the trivial
solution (0,0). Then it follows from the small divisors analysis in [22] and
Theorem 2.5 below that (o€, ) € C*.

The main novelty is to perform a full paralinearization of System .
A notable technical aspect is that we obtain exact identities with remainders
having optimal regularity. This approach depends on a careful study of the
Dirichlet to Neumann operator, which is inspired by the important paper
of Lannes [27]. The corresponding result about the paralinearization of the
Dirichlet to Neumann operator is stated in Theorem [2.12] This strategy
has a number of consequences. For instance, we shall see that this approach
simplifies the analysis of the diophantine condition (see Remark in .
Also, one might in a future work use Theorem to prove the existence of
the solutions without the Nash—Moser iteration scheme. These observations
might be useful in a wider context. Indeed, it is easy to prove a variant of
Theorem [2.12] for time-dependent free boundaries. With regards to the anal-
ysis of the Cauchy problem for the water waves, this tool reduces the proof
of some difficult nonlinear estimates to easy symbolic calculus questions for
symbols.



2 Main results

2.1 The equations

We denote the spatial variables by (z,%) = (21, 72,7) € R? x R and use the
notations

V= (00, 05), A=03 +0;

2
or Vay = (V,0y), Agy =0, +A.
We consider a three-dimensional gravity wave travelling with velocity ¢ on
the free surface of an infinitely deep fluid. Namely, we consider a solution
of the three-dimensional incompressible Euler equations for an irrotational

flow in a domain of the form
Q={(z,y) e xR* xRy <o)},

whose boundary is a free surface, which means that o is an unknown (think
of an interface between air and water). The fact that we consider an in-
compressible, irrotational flow implies that the velocity field is the gradient
of a potential which is an harmonic function. The equations are then given
by two boundary conditions: a kinematic condition which states that the
free surface moves with the fluid, and a dynamic condition that expresses a
balance of forces across the free surface. The classical system reads

2 . .
0,0 +Ap=0 in €,
Oyp—Vo-Vo—c-Vo=0 on 0,

1 1 (2.1)
99+ 35 ]V¢\2+§(8y¢)2+c-v¢:0 on 99,

(Vo,0y¢) — (0,0) as y — —oo0,

where the unknowns are ¢: @ — R and o: R?> = R, ¢ € R? is the wave
speed and g > 0 is the acceleration of gravity.

A popular form of the water waves equations is obtained by working
with the trace of ¢ at the free boundary. Define ¢: R?> — R by

V() = ¢z, 0(x)).
The idea of introducing 1 goes back to Zakharov. It allows us to reduce the
problem to the analysis of a system of two equations on ¢ and 1 which are
defined on R?. The most direct computations show that (o,) solves

G(o)Y —c-Vo =0,

1 (Vo V¢ +c- Vo)’

2 1+ Vo] =0

1
ga+c-w+§yw\2—

Up to rotating the axes and replacing g by p := g/ ]c|2 one may assume that
c=(1,0),
thereby obtaining System (|1.1]).



Remark 2.1. Many variations are possible. In §7.2| we study capillary
gravity waves. Also, we consider in the case with source terms.

2.2 Regularity of three-dimensional diamond waves

Now we specialize to the case of diamond patterns. Namely we consider
solutions which are periodic in both horizontal directions, of the form

o(x) =o0(x1 +2m,22) = 0 (v1,22 + 27) ,
Y(x) = P(21 + 27, 22) = ¢ (21,72 + 270)
and which are symmetric with respect to the direction of propagation Ox;.
Definition 2.2. i) Hereafter, we fir £ > 0 and denote by T? the 2-torus
T? = (R/27Z) x (R/2n(Z).

Bi-periodic functions on R? are identified with functions on T2, so that the
Sobolev spaces of bi-periodic functions are denoted by H*(T?) (s € R).

it) Given p > 0 and s > 3, the set D3 (T?) consists of the solutions
(0,v) of System which belong to H*(T?) and which satisfy, for all
x € R?,

o(x) =o(—x1,x2) = o(x1, —x2),
P(x) = —Y(—x1, 22) = Y(x1, —22),
and
1+ (0z,9)(z,0(z)) # 0, (2.2)

where ¢ denotes the harmonic extension of ¢ defined by (1.2)—(1.3)).
iti) The set D*(T?) of H® diamond waves is the set of all triple w =
(1, 0,9) such that (o,) € D5(T?).

Remark 2.3. A first remark about these spaces is that they are not empty;
at least since 2D waves are obviously 3D waves (independent of z3) and
since we know that 2D symmetric waves exist, as proved in the twenties by
Levi-Civita [28], Nekrasov [34] and Struik [37]. The existence of really three-
dimensional pure gravity waves was a well known problem in the theory of
surface waves. It has been solved by Iooss and Plotnikov in [22]. We refer
to [22, 8 12, 18] for references and an historical survey of the background
of this problem.

Remark 2.4. Two observations are in order about , which is not an
usual assumption. We first note that is a natural assumption which
ensures that, in the moving frame where the waves look steady, the first
component of the velocity evaluated at the free surface does not vanish (cf
the proof of Lemma which is the only step in which we use )
On the other hand, observe that is automatically satisfied for small
amplitude waves such that ¢ = O(e) in C.



For all s > 23, Iooss and Plotnikov prove the existence of H®-diamond
waves having the above form for e € € where £ = £(s,¢) has asymp-
totically a full measure when ¢ tends to 0 (we refer to Theorem below
for a precise statement). The set £ is the set of parameters ¢ € [0, ] (with
g0 small enough) such that a diophantine condition is satisfied. The follow-
ing theorem states that solutions satisfying a refined diophantine condition
are automatically C°°. We postpone to the next paragraph for a statement
which asserts that this condition is not empty. As already mentioned, a nice
technical feature is that no smallness condition is required in the following
statement.

Theorem 2.5. There exist three real-valued functions v, kg, k1 defined on
D'2(T?) such that, for all w = (u,0,v) € D'2(T?):
i) if there exist § € [0,1] and N € N* such that

ko — <y(w)/c§ + ko(w) + ’flk(%v)ﬂ > kf1+5’ (2.3)

for all (ky1, ko) € N? with k1 > N, then (0,1) € C®(T?).
ii) v(w) > 0 and there holds the estimate

-1+

ko(w) — mo(u,0,0)' + |k1(w) — m(u,0,0)’

1
<c <|r<o,w>||Hm Tt M) 10, 0) e

for some non-decreasing function C independent of (p,o,1)).

Remark 2.6. i) To define the coefficients v(w), ko(w), k1 (w) we shall use
the principal, sub-principal and sub-sub-principal symbols of the Dirichlet
to Neumann operator. This explains the reason why we need to know that
(0,%) belongs at least to H'2 in order to define these coefficients.

ii) The important thing to note about the estimate is that it is second
order in ||(o, %) j12. This plays a crucial role to prove that small amplitude
solutions exist (see the discussion preceding Proposition [2.10)).

2.3 The small divisor condition for small amplitude waves

The properties of an ocean surface wave are easily obtained assuming the
wave has an infinitely small amplitude (linear Airy theory). To find nonlin-
ear waves of small amplitude, one seeks solutions which are small pertur-
bations of small amplitude solutions of the linearized system at the trivial
solution (0,0). To do this, a basic strategy which goes back to Stokes is to
expand the waves in a power series of the amplitude €. In [22], the authors
use a third order nonlinear theory to find 3D-diamond waves (this means



that they consider solutions of the form (2.5))). We now state the main part
of their results (see [22] for further comments).

Theorem 2.7 (from [22]). Let ¢ > 0 and s > 23, and set p. = ﬁ. There

is a set A C [0,1] of full measure such that, if u. € A then there exists a set
E = E(s, pe) satisfying

2
r=0r EN[0,7]

such that there exists a family of diamond waves (u°,0°,1°) € D*(T?) with
e €&, of the special form
0°(z) = eo1(z) + 20a(x) + 303(x) + 28 (2),
V(1) = ey (2) + *a(w) + My (w) + 05 (), (2.5)
[E = pie + €21 + O,

where 01,09, 03,11, 19,13 € H®(T?) with

o1(x) = _,ulc COS 1 COS <%>, 1(x) = sinx; cos <%>,

the remainders ¥.°, W€ are uniformly bounded in H*(T?) and

He 9
1= —5 -5~ — +2+— — ——.
Apd 2p2 Ape 2 42— pe)
To prove this result, the main difficulty is to give a bound for the inverse
of the symbol of the linearized system at a non trivial point. Due to the
occurence of small divisors, this is proved in [22] under a diophantine condi-

tion. Now, it follows from the small divisors analysis by Iooss and Plotnikov
in [22] that, for all € € £,

[z = (v(4*, 0%, U)K + mo (4, 0%, 9%)) |

T o

for some positive constant ¢ and all k = (k1, k2) such that k& # 0,k # £(1, 1),
k # £(—1,1). As a result, Theorem implies that, for all € € £,

(0%, 9%) € C%(T?).

The main question left open here is to prove that, in fact, (0%, 1¢%) is analytic
or at least have some maximal Gevrey regularity.

To prove Theorem the first main step in [22] is to define approximate
solutions. Then, Iooss and Plotnikov used a Nash—Moser iterative scheme
to prove that there exist exact solutions near these approximate solutions.
Recall that the Nash method allows to solve functional equations of the form



®(u) = ®(up) + f in situations where there are loss of derivatives so that
one cannot apply the usual implicit function Theorem. It is known that the
solutions thus obtained are smooth provided that f is smooth (cf Theorem
2.2.2 in [19]). This remark raises a question: Why the solutions constructed
by Iooss and Plotnikov are not automatically smooth? This follows from
the fact that the problem depends on the parameter € and hence one is led
to consider functional equations of the form ®(u,e) = ®(ug,e) + f. In this
context, the estimates established in [22] allow to prove that, for any ¢ € N,
one can define solutions (o, ) € C*(T?) for ¢ € £NJ0, o], for some positive
constant €9 depending on £.

The previous discussion raises a second question. Indeed, to prove that
the solutions exist one has to establish uniform estimates in the following
sense: one has to prove that some diophantine condition is satisfied for all
k such that k; is greater than a fized integer independent of . In [22],
the authors establish such a result by using an ergodic argument. We shall
explain how to perform this analysis by means of our refined diophantine
condition. This step depends in a crucial way on the fact that the estimate
of v(p,o,19) —v(u,0,0), ko(u, o,1¥) — Kko(w,0,0) and K1 (p, 0,v) — k1(p, 0,0)
are of second order in the amplitude. Namely, we make the following as-
sumption.

Assumption 2.8. Let v = v(e), ko = ko(¢) and k1 = k1(e) be three real-
valued functions defined on [0, 1]. In the following proposition it is assumed
that

v(e) =v+ /e +epi(e?),
ko(e) = Ko + pa(e%), (2.6)
r1(e) = K1 +3(e?),
for some constants v, v/, kg, k1" with
v #0,

and three Lipschitz functions ¢;: [0, 1] — R satisfying ¢;(0) = 0.

Remark 2.9. In [22], the authors prove that the assumption v/ # 0 is
satisfied for v(e) = v(u®, 0%,19°) where (u®, 0%, %) are the solutions of The-
orem Assumption [2.8] is satisfied by these solutions.

Proposition 2.10. Let § and &' be such that
1>6>48>0.

Assume in addition to Assumption that there exists n > 2 such that

1

k2 — vk} — Kol > 7,
kl

(2.7)



for all k € N? with ki > n. Then there exist K >0, rg >0, No € N and a
set A C [0,1] satisfying

!

1 =g
vre0r, — AN =1~ Kro (2.8)

such that, if €2 € A and k1 > Nq then

K1 (E)

ko — v(e)k} — ko(e) — (2.9)

for all ke € N.

Remark 2.11. (i) It follows from the classical argument introduced by
Borel in [7] that there exists a null set N C [0, 1] such that, for all (v, ko) €
([0,1] \ NV) x [0,1], the inequality is satisfied for all (ki,ks) with &y
sufficiently large.

(73) If A satisfies then the set & = {¢ € [0,1] : €2 € A} satis-
fies . The size of set of those parameters ¢ such that the diophantine
condition is satisfied is bigger than the size of the set £ given by The-
orem 2.7

Proposition [2.10] is proved in Section [6]

2.4 Paralinearization of the Dirichlet to Neumann operator

To prove Theorem we use the strategy of Iooss and Plotnikov [22]. The
main novelty is that we paralinearize the water waves system. This approach
depends on a careful study of the Dirichlet to Neumann operator, which is
inspired by a paper of Lannes [27].

Since this analysis has several applications (for instance to the study of
the Cauchy problem), we consider the general multi-dimensional case and
we do not assume that the functions have some symmetries. We consider
here a domain 2 of the form

Q={(z,y) e T'xR|y <o(z)},

where T is any d-dimensional torus with d > 1. Recall that, by definition,
the Dirichlet to Neumann operator is the operator G(o) given by

G(O—)w =V 1+ ‘VO—POTL(P‘@/:U(QC%
where n is the exterior normal and ¢ is given by
Apyp =0, @ly—g@) =%, Vaeyp—0asy— —oo. (2.10)

To clarify notations, the Dirichlet to Neumann operator is defined by
(G(o)y)(x) = (9yp)(z,0(x)) — Vo(z) - (Vo)(z,0(x)). (2.11)

10



Thus defined, G(o) differs from the usual definition of the Dirichlet to Neu-
mann operator because of the scaling factor \/1 + |Va|?; yet, as in [27, 22]
we use this terminology for the sake of simplicity.

It is known since Calderén that, if o is a given C°° function, then
the Dirichlet to Neumann operator G(o) is a classical pseudo-differential
operator, elliptic of order 1 (see [3, [38] [39] 43]). We have

G(o) = Op(Ao)¥,
where the symbol A, has the asymptotic expansion
Ag(,€) ~ Ao (,€) + X9 (2, €) + A7 (2,) + - (2.12)

where )\fj are homogeneous of degree k in &, and the principal symbol A} is
elliptic of order 1, given by

A (,6) =\ (1 + V(@) Il (Voa) - )2 (2.13)
Moreover, the symbols A2, \>1, ... are defined by induction so that one can

easily check that A¥ involves only derivatives of o of order < |k|+2 (see [3]).
There are also various results when o ¢ C*°. Expressing G(o) as a
singular integral operator, it was proved by Craig, Schanz and C. Sulem [13]

that
oe CtHL e H*! with k € N = G(o)y € HF. (2.14)

Moreover, when o is a given function with limited smoothness, it is known
that G (o) is a pseudo-differential operator with symbol of limited regularityﬂ
(see [41, [14]). In this direction, for ¢ € H**1(T?) with s large enough, it
follows from the analysis by Lannes ([27]) and a small additional work that

G(o) = Op(Az)¥ + (0, ), (2.15)
where the remainder r(o,1)) is such that
¥ € H*(TY) = r(o,9) € H(TY).

For the analysis of the water waves, the think of great interest here is that
this gives a result for G(0)® when o and v have exactly the same regularity.
Indeed, implies that, if o € H*TY(T9) and ¢ € H*1(T) for some
s large enough, then G(o)y € H*(T%). This result was first established by
Craig and Nicholls in [I2] and Wu in [45] 46] by different methods. We refer
to [27] for comments on the estimates associated to these regularity results
as well as to [4] for the rather different case where one considers various
dimensional parameters.

We do not explain here the way we define pseudo-differential operators with symbols
of limited smoothness since this problem will be fixed by using paradifferential operators,
and since all that matters in (2.15) is the regularity of the remainder term r(o, ).

11



A fundamental difference with these results is that we shall determine
the full structure of G(o) by performing a full paralinearization of G(o)y
with respect to ¢ and o. A notable technical aspect is that we obtain exact
identities where the remainders have optimal regularity. We shall establish
a formula of the form

G(o)y = Op(Ao)¥ + B(o,¥) + R(0, 1)),
where B(o,) shall be given explicitly and R(c,1) ~ 0 in the following
sense: R(0,1) is twice more regular than o and .

Before we state our result, two observations are in order.

Firstly, observe that we can extend the definition of A\, for o ¢ C°° in the
following obvious manner: we consider in the asymptotic expansion (2.12)
only the terms which are meaningful. This means that, for o € C¥+2\ C*+3
with k € N, we set

Ao(@,€) = Ao (2,8) + A (2, ) + -+ + A7 (2,9). (2.16)

We associate operators to these symbols by means of the paradifferential
quantization (we recall the definition of paradifferential operators in §4.1J).

Secondly, recall that a classical idea in free boundary problems is to use
a change of variables to reduce the problem to a fixed domain. This suggests
to map the graph domain € to a half space via the correspondence

(z,y) — (x,z) where z=y—o(x).

This change of variables takes A , to a strictly elliptic operator and 9, to a
vector field which is transverse to the boundary {z = 0}. Namely, introduce
v: T9x] — 00,0] — R defined by
v(z,2) = p(x,2 + o (x)),
so that v satisfies
U‘ZIO = w‘y:a(x) =1,

and
(14 |Va|?)0?v + Av — 2Ve - VO,v — 0,vA0 = 0, (2.17)

in the fixed domain T%x] — co,0[. Then,

G(o)y = (1 +|Vo|*)0.v — Vo - Vv

_ (2.18)

Since v solves the strictly elliptic equation with the Dirichlet boundary
condition v|,—o = 1, there is a clear link between the regularity of ¢ and the
regularity of v. We formulate this link in Remark below. However, to
state our result, the assumptions are better formulated in terms of o and v.

12



Indeed, this enables us to state a result which remains valid for the case of
finite depth. The trick is that, even if v is defined for (z, z) € T¢x] — o0, 0],
we shall make an assumption on v|pa,|_1 g only (we can replace —1 by any

negative constant). Below, we denote by C°([—1,0]; H"(T¢)) the space of
functions which are continuous in z € [~1, 0] with values in H"(T4).

Theorem 2.12. Letd > 1 and s > 3+ d/2 be such that s —d/2 ¢ N. If
o€ H(TY), wve0[-1,01; H(TY), v e CO(-1,0); H*1(T?)),

(2.19)
then

G(o)p =T, (Y —Tyo) — Ty - Vo — Tawvo + R(o, ), (2.20)

where T, denotes the paradifferential operator with symbol a (cf , the
function b = b(z) and the vector field V = V(x) belong to H*~1(T?), the
symbol N\, € Eif1fd/2<Td) (see Definition is given by (2.16]) applied
with k = s —2 —d/2, and R(0,) is twice more reqular than the unknowns:

Ve >0, R(o,0) € H= 22T, (2.21)
Ezxplicitly, b and V' are given by

Vo VY4 G(o)p
N 1+ Vo2 7

V = Vi — bVo.

There are a few further points that should be added to Theorem [2.12

Remark 2.13. The first point to be made is a clarification of how one
passes from an assumption on (o, v) to an assumption on (o,v). As in [4],
it follows from standard elliptic theory that

o€ H3(TY), o € HYTY) = v € H*2([-1,0] x T%),

so that v € C%([~1,0]; H*(T%)) and d,v € C°([-1,0]; H*"1(T%)). As a
result, we can replace (2.19) by the assumption that o € H S“'%(Td) and
Y € HS(TY).

Remark 2.14. Theorem [2.12] still holds true for non periodic functions.

Remark 2.15. The case with which we are chiefly concerned is that of
an infinitely deep fluid. However, it is worth remarking that Theorem [2.12
remains valid in the case of finite depth where one considers a domain 2 of
the form

Q:={(z,y) e T xR |b(z) <y < o(z)},

with the assumption that b is a given smooth function such that b + 2 < o,
and define G(o)y by (2.11) where ¢ is given by

Aw,y@ =0, <p|y:cr(a:) =1, 8n§0|y:b(x) =0.
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Remark 2.16. Since the scheme of the proof of Theorem [2.12]is reasonably
simple, the reader should be able to obtain further results in other scales
of Banach spaces without too much work. We here mention an analogous
result in Holder spaces C*(R?) which will be used in §7.2} If

o€ C*RY, wvel-1,0;C*RY), d.ve C%-1,0];C HRY),
for some s € [3,400], then we have with
beCYRY), Vel YRY, N exl (RY,
and R(o,v) € C*727¢(R%) for all € > 0.

Remark 2.17. We can give other expressions of the coefficients. We have

b(z) = (9yp)(x,0(2)) = (0:0)(x,0),
V(z) = (Vo) (z,0(x)) = (Vo)(2,0) = (9:0)(x,0) Vo (z),

where ¢ is as defined in (2.10). This clearly shows that b,V € H*~1(T4).

As mentioned earlier, Theorem has a number of consequences. For
instance, this permits us to reduce estimates for commutators with the
Dirichlet to Neumann operator to symbolic calculus questions for symbols.
Similarly, we shall use Theorem to compute the effect of changes of
variables by means of the paracomposition operators of Alinhac. As shown
by Hoérmander in [20], another possible application is to prove the existence
of the solutions by using elementary nonlinear functional analysis instead of
using the Nash—Moser iteration scheme.

The proof of Theorem [2.12] is given in §4 The heart of the entire
argument is a sharp paralinearization of the interior equation performed in
Proposition To do this, following Alinhac [2], the idea is to work with
the good unknown

¢ - TbO'.

At first we may not expect to have to take this unknown into account, but
it comes up on its own when we compute the linearized equations (cf .
For the study of the linearized equations, this change of unknowns amounts
to introduce dy — bdo. The fact that this leads to a key cancelation was
first observed by Lannes in [27].

2.5 An example

We conclude this section by discussing a classical example which is Exam-
ple 3 in [23] (see [22] for an analogous discussion). Consider

¢=0 and o =o0(x3).
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Then, for any o € C', this defines a solution of (2.1)) with g = 0, and no
further smoothness of the free boundary can be inferred. Therefore, if g = 0
(i.e. w = 0) then there is no a priori regularity.

In addition, the key dichotomy d = 1 or d = 2 is well illustrated by

this example. Indeed, consider the linearized system at the trivial solution
(0,¢) = (0,0). We are led to analyse the following system (cf §3):

A, zv=0 in z<0,
0,0 — Ogy0 =0 on z=0,
po + 0z v =0 on z=0,
V.ev —0 as z — —oo.

For o = 0, it is straightforward to compute the Dirichlet to Neumann oper-
ator G(0). Indeed, we have to consider the solutions of (|¢]> —82)V(z) = 0,
which are bounded when z < 0. It is clear that V must be proportional
to e?ll. so that 0,V = |¢|V. Reduced to the boundary, the system thus
becomes

|Dglv — 00 =0 on z=0,
po + 0z, v =0 on z=0.

The symbol of this system is
[3 —i§1>
. , 2.22
(Zfl jz (2.22)

ule| - €. (2.23)

If d =1 (or if p < 0), this is a (quasi-)homogeneous elliptic symbol. Yet,
if d =2 (and p > 0), the symbol is not elliptic. It vanishes when
plé] = €2, that is when |&| < |&|. The singularities are linked to the set
{u|&| = €2}. We thus have a Schrédinger equation on the boundary which
may propagate singularities for rational values of the parameter p. This
explains why, to prove regularity, some diophantine criterion is necessary.

whose determinant is

To conclude, let us explain why surface tension simplifies the analy-
sis. Had we worked instead with capillary waves, the corresponding symbol

(2.22) would have read
<|§’ —i&1 2) .
i&1 p+ €

The simplification presents itself: this is an elliptic matrix-valued symbol
for all p € R and all d > 1.
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3 Linearization

Although it is not essential for the rest of the paper, it helps if we begin by
examining the linearized equations. Our goal is twofold. First we want to
prepare for the paralinearization of the equations. And second we want to
explain some technical but important points related to changes of variables.

We consider the system

29+ Agp =0 in {y <o(z)},
dy¢ — Vo -Vé—c-Vo=0 on {y=o(z)},
M0+%|V¢|2+%(ay¢)2+c'v¢=0 on {y=o(z)},

Vaiyd — 0 as Yy — —oo,

where 1 > 0 and ¢ € R%2. We shall perform the linearization of this system.
These computations are well known. In particular it is known that the
Dirichlet to Neumann operator G(o) is an analytic function of o ([9, [35]).
Moreover, the shape derivative of G(o) was computed by Lannes [27] (see
also [5l, 22]). Here we explain some key cancelations differently, by means of
the good unknown of Alinhac [2].

3.1 Change of variables

One basic approach toward the analysis of solutions of a boundary value
problem is to flatten the boundary. To do so, most directly, one can use the
following change of variables, involving the unknown o,

z=y—o(x), (3.1)
which means we introduce v given by
o(@,2) = $(a, 2 + o (a)).

This reduces the problem to the domain {—oco < z < 0}.

The first elementary step is to compute the equation satisfied by the
new unknown v in {z < 0} as well as the boundary conditions on {z = 0}.
We easily find the following result.

Lemma 3.1. If ¢ and o are C2, then v(z, 2) = ¢(z, 2 + o(z)) satisfies
(1+|Va)0?v + Av—2Vo -VO,v —d.vAe =0 in 2<0, (3.2)
(1+|Vo]?)dv —Vo-(Vu4c¢)=0 on z=0, (3.3)

2
1 Vo - (V
po + ¢ Vo + = |Vol? (Vo (Vo +c))

1
2 2 1+ |Vo|? on = (34)

16



Remark 3.2. It might be tempting to use a general change of variables
of the form y = p(x, z) (as in [10} 11} 26, 27]). However, these changes of
variables do not modify the behavior of the functions on z = 0 and hence
they do not modify the Dirichlet to Neumann operator (see the discussion
in [44]). Therefore, the fact that we use the most simple change of variables
one can think of is an interesting feature of our approach.

Remark 3.3. By following the strategy used in [22], a key point below is to
use a change of variables in the tangential variables, of the form 2’/ = x(z).
In [22], this change of variables is performed before the linearization. Our
approach goes the opposite direction. We shall paralinearize first and then
compute the effect of this change of variables by means of paracomposition
operators. This has the advantage of simplifying the computations.

3.2 Linearized interior equation

Introduce the operator
L:=(1+|Va?0?>+ A —-2Vo-Va,, (3.5)
and set
E(v,0) = Lv — Ac0O,v,

so that the interior equation (3.2)) reads £(v,0) = 0. Denote by &, and
&', the linearization of £ with respect to v and o respectively, which are
given by

£1(v.0)0 := lim 1 (£(v + £6.0) ~ £(v,0)),

e—0 ¢

) | N
E(v,0)0 = ggr[l)g(é’(v,a +¢0) 5(1},0)).

To linearize the equation £(v,0) = 0, we use a standard remark in the com-
parison between partially and fully linearized equations for systems obtained
by the change of variables z = y — o(z).

Lemma 3.4. There holds
gwmw+gwﬁw:gwmmnwawﬂ. (3.6)
Proof. See [2] or [32]. O

The identity (3.6) was pointed out by S. Alinhac ([2]) along with the
role of what he called “the good unknown” % defined by

i =1 — (0,v)0.
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Since £(v,0) is linear with respect to v, we have
E(v,0)0 =E(0,0) = Lo — Acd,,

from which we obtain the following formula for the linearized interior equa-
tion.

Proposition 3.5. There holds
(1+ |Vo|*)0*u+ At — 2V - VO, — Acd,i = 0,
where U := 0 — (0,v)6.

We conclude this part by making two remarks concerning the good
unknown of Alinhac.

Remark 3.6. The good unknown @ = v — (9,v)d was introduced by Lannes
[27] in the analysis of the linearized equations of the Cauchy problem for the
water waves. The computations of Lannes play a key role in [22]. We have
explained differently the reason why « simplifies the computations by means
of the general identity (compare with the proof of Prop. 4.2 in [27]).
We also refer to a very recent paper by Trakhinin ([42]) where the author
also uses the good unknown of Alinhac to study the Cauchy problem.

Remark 3.7. A geometrical way to understand the role of the good un-
known v — d,v6 is to note that the vector field D, := V — Vo0, commutes
with the interior equation (3.2)) for v: we have

(L - Aa@z) Dyv = 0.

The previous result can be checked directly. Alternatively, it follows from
the identity

(L - Aa@Z)va — (D2 + 0%) Dyv,
and the fact that D, commutes with 0,. This explains why % is the natural
unknown whenever one solves a free boundary problem by straightening the
free boundary.

3.3 Linearized boundary conditions

It turns out that the good unknown « is also useful to compute the lin-
earized boundary conditions. Indeed, by differentiating the first boundary
condition ({3.3)), and replacing v by @ + (9,v)d we obtain

(1+|Vo|?)0.t— Vo - Vi — (¢ + Vv — 0,0V0) - Vi
+ c)’<(1 + |Vo|?)d*v — Vo - V@Zv) =0.
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The interior equation for v implies that
1+ |Vo|?)d%v — Vo - Vo = — div (w - azvva).
which in turn implies that
1+ |Vo|?)d,i — Vo - Vi — div ((c + Vo — 8ZUVU)<'7> —0.
With regards to the second boundary condition, we easily find that
ac + (c+ Vv — 8ZUVJ) -Vu =0,

with a:= g+ (¢ + Vv — 9.vVo) - VO,v.

Hence, we have the following proposition.

Proposition 3.8. On {z = 0}, the linearized boundary conditions are

Nu —div(Vea) =0,
(3.7)
ac + (V-V)u =0,
where N is the Neumann operator
N=Q1+|Ve»d, - VoV, (3.8)

and
V=c+Vv—0,oVo, a=pu+V- -Vo,v.

Remark 3.9. On {z = 0}, directly from the definition, we compute
V=c+(Vo)(z,0(x)).
With regards to the coefficient a, we have (cf Lemma

a=—(0yP)(z,0(x)).

4 Paralinearization of the Dirichlet to Neumann operator

In this section we prove Theorem

4.1 Paradifferential calculus

We start with some basic reminders and a few more technical issues about
paradifferential operators.
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4.1.1 Notations

We denote by @ or Fu the Fourier transform acting on temperate distribu-
tionsu € &’ (Rd), and in particular on periodic distributions. The spectrum
of u is the support of Fu. Fourier multipliers are defined by the formula

p(Dz)u=F ' (pFu),

provided that the multiplication by p is defined at least from S(RY) to
S'(R%); p(D,) is the operator associated to the symbol p(&).

According to the usual definition, for p €]0,400[\N, we denote by C?
the space of bounded functions whose derivatives of order [p] are uniformly
Holder continuous with exponent p — [p].

4.1.2 Paradifferential operators

The paradifferential calculus was introduced by J.-M. Bony [6] (see also [21]
31, B3, 40]). It is a quantization of symbols a(zx,&), of degree m in £ and
limited regularity in x, to which are associated operators denoted by T,, of
order < m.

We consider symbols in the following classes.

Definition 4.1. Given p > 0 and m € R, F;”(Td) denotes the space of
locally bounded functions a(z,€) on T x (R4\0), which are C° with respect
to & for & # 0 and such that, for all o € N? and all ¢ # 0, the function
z — Oga(z,§) belongs to CP(TY) and there exists a constant Cy, such that,

Vi > 5, [l0ga- ), < Call+ (41)

Remark 4.2. The analysis remains valid if we replace C? by W+ for
p € N.

Note that we consider symbols a(z,£) that need not be smooth for
¢ = 0 (for instance a(x,&) = [¢|™ with m € R*). The main motivation for
considering such symbols comes from the principal symbol of the Dirichlet
to Neumann operator. As already mentioned, it is known that this symbol
is given by

A(,6) = /(1 + [Vo(@) ) |67 - (Vo) - €2

If ¢ € C*(T) then this symbol belongs to '}, (T%). Of course, this symbol
is not C™ with respect to ¢ € R

The consideration of the symbol A, also suggests that we shall be led
to consider pluri-homogeneous symbols.
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Definition 4.3. Let p > 1, m € R. The classes E:,”(Td) are defined as the
spaces of symbols a such that

a(z,§) = Y am—j(z,9),
0<j<p
where ap,—; € F:)n__jj(Td) is homogeneous of degree m — j in &, C* in & for
€ # 0 and with reqularity C*~7 in x. We call a,, the principal symbol of a.
The definition of paradifferential operators needs two arbitrary but fixed
cutoff functions x and . Introduce x = x(#,7) such that x is a C* function

on R? x R\ 0, homogeneous of degree 0 and satisfying, for 0 < &1 < &
small enough,

x(0,m) =1 if [0] <eilnl,
x(0,m) =0 if (0] > ean|.

We also introduce a C'*° function ¢ such that 0 < <1,

Y(n) =0 for <1,  p(n) =1 for |nf>2.

Given a symbol a(zx, &), we then define the paradifferential operator T, by

—_

Tou(e) = (2m)~ / (€= mma — noyp(am) dn,  (42)

where @(0, &) = [e~®Y%(z,£) dx is the Fourier transform of a with respect
to the first variable. We call attention to the fact that this notation is not
quite standard since v and a are periodic in . To clarify notations, fix
T?¢ = RY/L for some lattice L. Then we can write as

Tou(€) = (2m)™" > X(€ = n.n)ale — n,mw(n)i(n).

neL*

Also, we call attention to the fact that, if Q(D;) is a Fourier multiplier
with symbol ¢(§), then we do not have Q(D,) = T, because of the cut-off
function . However, this is obviously almost true since we have Q(D,) =
T, + R where R maps H! to H® for all t € R.

Recall the following definition, which is used continually in the sequel.

Definition 4.4. Let m € R. An operator T is said of order < m if, for all
s € R, it is bounded from H*T™ to HS.

Theorem 4.5. Let m € R. If a € T3(TY), then T, is of order < m.
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We refer to (4.7)) below for operator norms estimates.

We next recall the main feature of symbolic calculus, which is a symbolic
calculus lemma for composition of paradifferential operators. The basic
property, which will be freely used in the sequel, is the following

a € IP(TY), b eI (T = T, Ty — Ty is of order <m +m/ — 1.

More generally, there is an asymptotic formula for the composition of two
such operators, whose main term is the pointwise product of their symbols.

Theorem 4.6. Let m,m’ € R. Consider a € I‘;”(Td) and b € I‘;’"‘/(Td)
where p €]0,+oo[, and set

afb(z,§) =

ca(r,§)0yb(x,§) € ZFerijd

lal<p Jj<p
Then, the operator T, Ty, — Tay, is of order < m + m' — p.

Proofs of these two theorems can be found in the references cited above.
Clearly, the fact that we consider symbols which are periodic in x does
not change the analysis. Also, as noted in [31], the fact that we consider
symbols which are not smooth at the origin £ = 0 is not a problem. Here,
since we added the extra function ¢ in the definition , following the
original definition in [6], the argument is elementary: if a € F;”(Td), then
Y(&)a(z, ) belongs to the usual class of symbols.

4.1.3 Paraproducts

If a = a(x) is a function of x only, the paradifferential operator T, is a called a
paraproduct. For easy reference, we recall a few results about paraproducts.

We already know from Theorem [4.5|that, if 3 > d/2 and b € HP(T?) C
CO(T?), then Ty is of order < 0 (note that this holds true if we only assume
that b € L*). An interesting point is that one can extend the analysis to
the case where b € H?(T?) with 8 < d/2.

Lemma 4.7. For all a € R and all 5 < d/2,
ac HYTY, be HH(TY) = Tyae H* P 5(T).
We also have the two following key lemmas about paralinearization.
Lemma 4.8. For a € H*(T%) with a > d/2 and F € C*,
F(a) = Tpi(gya € H* 5 (T%. (4.3)
For all o, 8 € R such that o+ 8 > 0,

a€ H*(TY,be H (T = ab—Tyb—Tha € H*P2(T9).  (4.4)
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There is also one straightforward consequence of Theorem 4.6 that will
be used below.

Lemma 4.9. Assume that t > d/2 is such that t —d/2 ¢ N. If a € H® and

bec Ht, then

d
T, 1y — Ty is of order < — (t — 2) .

4.1.4 Maximal elliptic regularity

In this paragraph, we are concerned with scalar elliptic evolution equations
of the form

du+Tou=Tu+f  (2€[-1,0,z €T,

where b € T')(T¢) and a € ['}(T9) is a first-order elliptic symbol with positive
real part and with regularity C? in z.

With regards to further applications, we make the somewhat unconven-
tional choice to take the Cauchy datum on z = —1. Recall that we denote
by C°([—1,0]; H™(T?)) the space of continuous functions in z € [~1,0]
with values in H™(T9). We prove that, if f € C°([~1,0]; H*(T%)), then
u(0) € H5F1=¢(T9) for any ¢ > 0 (where u(0)(x) = u|,—o = u(z,0)). This
corresponds the usual gain of 1/2 derivative for the Poisson kernel. This
result is not new. Yet, for lack of a reference, we include a detailed analysis.

Proposition 4.10. Let r € [0,1], a(z,€) € T'1,,(T9) and b(z,¢) € TH(T?).
Assume that there exists ¢ > 0 such that

V(z,&) € T x RY,  Rea(z, &) > clé|.
If u € CY([~1,0]; H=°°(T%)) solves the elliptic evolution equation
ou—+Tou="Tyu+ f,
with f € CO([~1,0]; H*(T%)) for some s € R, then
u(0) € HST(TY).

Proof. The following proof gives the stronger conclusion that u is continu-
ous in z €] — 1,0] with values in H*T"(T%). Therefore, by an elementary
induction argument, we can assume without loss of generality that b = 0
and v € C°([—1,0]; H*(T%)). In addition one can assume that u(t,z,z) = 0
for z < —1/2.

Introduce the symbol

G(Z; z, é) = eO(Z; x, é) + 6_1(2’; x, 5)
2
= exp (za(2,6)) + exp (za(x,€)) 7 Oca(w,€) - dra(. ).
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so that e(0;z,£) = 1 and
1
0.e = ega+e_1a+ gﬁgeo - Oga. (4.5)

According to our assumption that Rea > ¢ ||, we have the simple estimates

(z1€)" exp (za(x,€)) < Cr.

Therefore

eo € CO([-1,05 19, (T%), ey € CO[-1,0; 1,1 (T)).
According to (4.5) and Theorem then, Ty, — TcT, is of order < —r.
Write

0. (Teu) = Tef + F,

with F' € C9([~1,0]); H**"(T%)) and integrate on [—1,0] to obtain
0 0
1) = [ Py + [ (@5 0)dy (16)

-1
Since F' € C°([~1,0]; H**"(T%)), the first term in the right-hand side be-
longs to H**7(T%). Moreover u(0) — T1u(0) € HT*°(T%) and hence it re-
mains only to study the second term in the right-hand side of (4.6[). Set
0
i0) = [ (@)

To prove that u(0) belongs to H**"(T%), the key observation is that, since
Rea > c¢|¢], the family

{(yllED e(ys2,8) | -1 <y <0}

is bounded in T'5(T9). Once this is granted, we use the following result (see
[31]) about operator norms estimates. Given s € R and m € R, there is a
constant C' such that, for all 7 € I'*(T¢) and all v € H*T™(T9),

ITeollge <€ sup  sup [[(1+ )08 (- 8)]
la|<gd+1€[21/2

SN PR Ry

This estimate implies that there is a constant K such that, for all -1 <y <0
and all v € H*(T9),

1yl D))" (Tev) s < K (0] s -

By applying this result we obtain that there is a constant K such that, for
all y € [-1,0],
K
[(Tef) W)l grsser < W 1f ) s -

Since |y|™" € L*(]—1,0]), this implies that %(0) € H**"(T%). This completes
the proof. O
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4.2 Paralinearization of the interior equation

With these preliminaries established, we start the proof of Theorem [2.12
From now on we fix s > 3 + d/2 such that s — d/2 € N, o0 € H*(T%
and ¢ € H*(T%). As already explained, we use the change of variables
z =y — o(x) to reduce the problem to the fixed domain

{(z,2) e T¢x R : z < 0}.
That is, we set
v(z,2) = p(z, 2 + o(x)),
which satisfies
(1+|Va|?)0?v + Av —2Ve - VO,v — 0,vAc =0 in {z <0},  (4.8)
and the following boundary condition
(1+|Vo?)0.v — Vo -Vu=_GCG(o)p on {z=0}. (4.9)

Henceforth we denote simply by C°(H") the space of continuous functions
in z € [~1,0] with values in H"(T¢). By assumption, we have

ve COH?®), dveCOlH). (4.10)
There is one observation that will be useful below.
Lemma 4.11. For k =2,3,
kv e CO(H*H). (4.11)

Proof. This follows directly from the equation (4.8]), the assumption (4.10)
and the classical rule of product in Sobolev spaces which we recall here. For
t1,ts € R, the product maps H* (T9) x H*(T9) to H*(T?) whenever

t1+1 >0, t<min{t;,t,} and t <t +to—d/2,
with the third inequality strict if ¢; or ty or —t is equal to d/2 (cf [21]). O

We use the tangential paradifferential calculus, that is the paradiffer-
ential quantization T, of symbols a(z,x,€) depending on the phase space
variables (z,£) € T*T? and possibly on the parameter z € [—1,0]. Based
on the discussion earlier, to paralinearize the interior equation , it is
natural to introduce what we call the good unknown

u:=v—"Ty,0. (4.12)

(A word of caution: ¢ — Tyo, which is what we called the good unknown in
the introduction, corresponds to the trace on {z = 0} of w.)

The following result is the key technical point.
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Proposition 4.12. The good unknown uw = v — Ty , o satisfies the paradif-
ferential equation

T4 902070 — 2Tv0 - VO, u+ Au — Tas0.u = fo, (4.13)
where .
fO c CO(HZS_g_i).
Proof. Introduce the notations
E:=(1+|Va?0?-2Ve VI, + A — Acd,

and
P = T(1+‘VO'|2)83 — 2Ty, - VO, + A — Tr,O0,.

We begin by proving that v satisfies
Ev — Pv — Ty, IVo|? + 2Ty, Vo + Ty ,Ac € CO(HZS_‘?‘_%)_ (4.14)
This follows from the paralinearization lemma [4.8] which implies that
Vo Vo0 — Toy - Vv — Tyo., - Vo € CO(H*37%),
Vo020 = Tigopd2v — Top, Vo € COH™ 772,
0.00,0 — Ty.oAc — Tagdsv € CO(H2375),

We next substitute v = u + Tp_,0 in (4.14). Directly from the definition
of u, we obtain

O*u = 0%v — T30,
Vazu = V@zv - TQEUVU - Tvagv(f,
Au = Av —Ty ,Ac + 2Ty, - Vo — Tap, 0.

Since

(1+|Vo|})0?v —2Veo - VO.v + Av — Acd.v = 0,

by using Lemma and we obtain the key cancelation

Tt (vo2) T30 — 2Tv6Tya2,0 + Tao.v0 — Tozun,o € CO(H*372). (4.15)
Then,

Pu — Pv+ Ty A0 — (2T, - Ty, Vo — 2T, Vo) € CO(H?37%),
so that
Ev— Pu+ <2Tw Ty, Vo — Tpe, yvg|2) € CO(H23-%),
The symbolic calculus implies that
2Ty2,Tyo - Vo — Tz, Vol € CO(H*27%).

Which concludes the proof. O
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4.3 Reduction to the boundary

As already mentioned, it is known that, if o is a C'° given function, then
the Dirichlet to Neumann operator G(o) is a classical pseudo-differential
operator. The proof of this result is based on elliptic factorization. We here
perform this elliptic factorization for the equation for the good unknown.
We next apply this lemma to determine the normal derivatives of u at the
boundary in terms of tangential derivatives.

We have just proved that
Ty 41902 0%u — 2Ty - VO,u + Au — Tagdou = fy € CO(H*737%). (4.16)

Set
1

b= ———.
1+ |Vol?
Since b € H*~1(T9), by applying Lemma we find that one can equiva-
lently rewrite equation (4.16)) as
82u — 2Tywy - VOu + ThAu — TyapOou = f1 € CO(HZ372).  (4.17)

Following the strategy in [39], we shall perform a full decoupling into a
forward and a backward elliptic evolution equations. Recall that the classes

27(T?) have been defined in §4.1.2

Lemma 4.13. There exist two symbols a, A € Ei_l_d/Q(Td) such that,

(0, = To) (0. — Ta)u = f € CO(H*37%), (4.18)
Proof. We seek a and A in the form
a8 = Y a (2,8, A= > A9, (4.19)
0<j<t 0<j<t

where
t:=s5—-3-d/2,

and
A, Am € Pﬁ1+m (—t <m < 1)

We want to solve the system
afA = apiAy = =l +7(z,£),

(4.20)
a+ A= Zak—i-Ak = 20(iVo - €) + bAo,

for some admissible remainder » € I';?(T%). Note that the notation f, as
given in Theorem depends on the regularity of the symbols. To clarify
notations, we explicitly set

aa= 3% %8&"%8?14@

|a|<t+min{k,(}
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Assume that we have defined a and A such that (4.20) is satisfied, and
let us then prove the desired result (4.18)). For r € [1,+00), use the notation

1 (0% (0%
atyb(2,€) = Y ——0¢alz, )07b(x,£).
la|<r
Then, Theorem implies that
d

Ty, Ta, —Toyg, 14, isoforder <14+1—(s—1)— 5= —t,
d

ToTag — Tayt, 04, isoforder <140—(s—2)— 5= —t,
d

TagTa, — Togs, 04, isoforder <04+1—(s—2)— 5= —t,

and, for —t < k, £ <0,

d

To,Ta,—Ts is of order < k+€—(s—2+min{k,€})—§ < —t—1.

ks —2rmin{k,e} Ae

Consequently, T,T4 — Ty34 is of order < —t. The first equation in (4.20))
then implies that
T.Tau — bAu € CO(HT),

while the second equation directly gives
0:Ta + To0.u — (2Tyvo - VOu — Tyas0:u) € CO(H™).

We thus obtain the desired result (4.18) from (4.17).

To define the symbols a,, A,,, we remark first that afA = 7 + w with
w € T3 5(T?) and

T = ZZ Z Z_O}Wé??akﬁg‘%lg. (4.21)

|oo| <s—3+k+¢

We then write 7 = ) 7,,, where 7, is of order m. Together with the second
equation in (4.20)), this yields a cascade of equations that allows to determine
am and A,, by induction.

Namely, we determine a and A as follows. We first solve the principal
system:

a1 Ay = —bléf?,
a1 + Ay = 2ibVo - €,

by setting

a1(z, &) = ibVo - £ — \/blE]2 — (bVo - €)2,
Ai(z,6) = ibVo - £+ \/BE)? — (Vo - £)2.

28



Note that b|¢|? — (bVo - €)% > b2[€]? so that the symbols ai, A; are well
defined and belong to I‘i_l_d/Z(Td).

We next solve the sub-principal system

1
apA1 + a1Ap + gagalaxAl =0,
ap + Ag = bAo.

It is found that

i0cay - O, A1 — bAoay i0¢ay - 0, A1 — bAoAy
apg = N AO = .
Al —aq ap — Ay
Once the principal and sub-principal symbols have been defined, one can
define the other symbols by induction. By induction, for —t 4+ 1 < m < 0,
suppose that aq,...,a;, and Ay, ..., A, have been determined. Then define

am—1 and A,,_1 by

Am—l = —am-—1,

1 1 ., o
Ap—1 = pR— ZZZ @85 a0y Ay

where the sum is over all triple (k,/, o) € Z x Z x N such that

and

m<k<l, m<{(<1l, J|a=k+{—m.

By definition, one has ap,, Apm € Y}, for =t +1 < m < 0. Also, we
obtain that 7 = —b[¢|*> and a + A = 2b(iVo - £) + bAo.
This completes the proof. O

We now complete the reduction to the boundary. As a consequence of
the precise parametrix exhibited in Lemma we describe the boundary

value of 0,u up to an error in H23—2_%_0(Td).

Corollary 4.14. Let € > 0. On the boundary {z = 0}, there holds
(D2u — Tau)|—g € H22275(T9), (4.22)
where A is given by Lemma [4.13].

Proof. Introduce w := (9, — T4)u and write a = a; + a where a; € T'5(T)
is the principal symbol of @ and @ € T'J(T?). Then w satisfies

O,w —To,w =Thw + f.

Since f € CO(H25737%), and since Rea; < —K |£|, Proposition applied
with r = 1 — ¢ implies that

(Dsu — Tat)|.—g = w(0) € H2"2725(T4),
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4.4 Paralinearization of the Neumann boundary condition

We now conclude the proof of Theorem Recall that, by definition,
G(o) = (1 +|Vo|?)d.v — Vo - Vul.—o.
As before, on {z = 0} we find that
Ti14190p) 00 + 2To.0v0 - Vo — Ty, - Vo — Ty, - Vo € H*272(T9).

We next translate this equation to the good unknown v = v — Ty 0. It is
found that
_o_d
Ty 4 vopyd=tt = Ty - Vi = Toy—o.0vs - Vo + Too € H*7272(T),

with
a=(1+|Vo|>)d?v — Vo - V..

The interior equation for v implies that
a = —div(Vv — 0,vVo),
so that

_o_d
T(1+|V0-‘2)azu —Tys - Vu— TvaazvVU Vo — Tdiv(vaaz’UVO')o' € H2S 22 .

(4.23)
Furthermore, Corollary implies that
T(1+|VU|2)aZU - TVU -Vu = T)\UU + R, (424)

with R € H2~27%-(T9) and
Ao = (1+|Va|)A —iVo - €.

In particular, A\, € Zi—1— d /Q(Td) is a complex-valued elliptic symbol of

degree 1, with principal symbol

Ao(@,6) = \/(1 +[Va(@)) €2 = (Vo(z) - €)%
By combining (4.23) and (4.24)), we conclude the proof of Theorem [2.12]

5 Regularity of diamond waves

In this section, we prove Theorem which is better formulated as follows.

Theorem 5.1. There exist three real-valued functions v, kg, k1 defined on
D'2(T?) such that, for all w = (u,0,v) € D*(T?) with s > 12,
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i) if there exist § € [0,1] and N € N* such that

ko — <I/(OJ)/{7% + ko(w) + m;?) ‘ > k%l%’
for all (ky, ko) € N? with ky > N, then
(0,0) € H*T'2(T?),
and hence (a,1) € C*°(T?) by an immediate induction argument.

ii) v(w) > 0 and there holds the estimate

-1+

ko(w) — no(u,0,0)’ + |k (w) — ﬁl(u,0,0)'

1
SC(meme+M+M)meW§L

for some non-decreasing function C independent of (u,0,1).

We shall define explicitly the coefficients v, kg, k1. The proof of the
estimate is left to the reader.

5.1 Paralinearization of the full system

From now on, we fix £ > 0 and s > 12 and consider a given diamond wave
(u,0,1) € D5(T?). Recall that the system reads

G(o)y —c-Vo =0,
(Vo - (VY +¢))? (5.1)

1
2 1+ |Vof? -

1
ua+c-w+5|w12

where ¢ = (1,0) so that ¢- V = 0,,. In analogy with the previous section,
we introduce the coefficient

b Vo - (c+ Vi)
T 1+ |Vo]?

and what we call the good unknown
u =Y — Tyo.

A word of caution: this corresponds to the trace on {z = 0} of what we
called the good unknown (also denoted by u) in the previous section.

The first main step is to paralinearize System ([5.1]).
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Proposition 5.2. The good unknown u = 1 — Tyo and o satisfy

Ty,u—Ty Vo —Tyyvo = fi € H*7(T?), (5.2)
Too +Ty - Vu = fo € H*73(T?), (5.3)

where the symbol Ay = Ao (7,€) € XL o(T?) is as given by Theorem m
The coefficient a = a(x) € R and the vector field V = V(x) € R? are given
by
Vi=c+Viy—->bVo, a:=upu+V-Vb.

Remark 5.3. The Sobolev embedding gives A\, € X1 ,(T?) if and only if
s ¢ N. For s € N we only have A\, € X1 , _(T?) for all € > 0. Since this
changes nothing in the following analysis, we allow ourself to write abusively
Ao € XL 5(T?) for all s > 12.

Proof. The main part of the result, which is (5.2), follows directly from
Theorem and the regularity result in Remark [2.13] The proof of ([5.3))
is easier. Indeed, note that for

(a-b)?

F(a’b): 1—|—|(l|2’

DN =

there holds

_ (a-b) _ (a-b) (a-b)
OF = T4 ol \aPa’ 0. F = T+ P (b T ]aPa)'

Using these identities for « = Vo and b = ¢ 4+ V), the paralinearization
lemma (i.e. Lemma [4.8) implies that

po + Ty - Vi — Tyy - Vo € H*73(T?).

Since s — 1 > d/2, the product rule in Sobolev spaces successively implies
that

b= w € HY(T?), V=c+Vy—bVoec H(T?).
1+ |Vo

Then we use Lemma [4.9| (applied with ¢ = s—1), which implies the following:

Tyvy - Vo — Ty - V(Tyo) + Ty - Tyeo = (Tye — Ty'Ty) - Vo € H*73(T?).
Similarly, Lemma applied with t = s — 2 implies that

Ty - Tyyo — Ty.weo € H*73(T?).
As a corollary, with a = ;1 + V - Vb, there holds
Too + Ty - Vu € H*73(T?).

This completes the proof. O
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5.2 The Taylor sign condition
Let ¢ be the harmonic extension of v as defined in so that

2 .
0,0 +Ap=0 in €,
Oyp—Vo-Vo—c-Vo=0 on 0,

po -+ 5 IV + (0,67 +¢- V6 =0 on o,
(Y6, 8y0) = (0,0) s y = —oo,

where Q = { (z,y) € R?> x R|y < o(x) }. Define the pressure by

Pla,y) i= —py = 3|Vo(w ) — 5(0y6(z.9))? — ¢ Vo(z,y).

The following result gives the coefficient a (which appeared in Proposi-
tion [5.2)) in terms of the pressure P.

Lemma 5.4. There holds a(x) = —(0yP)(z,0(z)).
Proof. We have
a(z) = p+ (c+ (Vo) (2,0(x))) - V((0y9)(z,0(2))).

This yields

a(z) = p+ (8y (%ywﬁ Yo v¢) +(c+ Vo) vga§¢) (z, o (x)).

The Neumann condition dy¢ — Vo - V¢ — c- Vo = 0 implies that

a(w) = 0y (my + 5IVOP + S0, + ¢ V9) (¢,0(x) = ~(0,P)(, 0(x)),
which concludes the proof. ]

The Taylor sign condition is the physical assumption that the normal
derivative of the pressure in the flow at the free surface is negative. The
equation

Oyp—Vo-Vo—c-Vo=0,

implies that 0,P = 0,P at the free surface. Therefore, the Taylor sign
condition reads
Vo € T2, (9,P)(z,0(x)) <O0. (5.5)

It is easily proved that this property is satisfied under a smallness assumption
(see [22]). Indeed, if ||(o,9)| 2 = O(g), then

10y P)(z,0(2)) + pll oo = O(e)-
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Our main observation is that diamond waves satisfy automatically: No
smallness assumption is required to prove (5.5)). This a consequence of the
following general proposition, which is a variation of one of Wu’s key results
([45,146]). Since the result is not restricted to diamond waves, the following
result is stated in a little more generality than is needed.

Proposition 5.5. Let > 0 and c € R2. If (0, ¢) is a C? solution of
which is doubly periodic in the horizontal variables x1 and xs, then the Taylor
sign condition is satisfied: (0yP)(x,0(x)) <0 for all x € T2. As a result it
follows from the previous lemma that

a(z) >0,
for all x € T?.

Remark 5.6. (i) In the case of finite depth, it was shown by Lannes ([27])
that the Taylor sign condition is satisfied under an assumption on the second
fundamental form of the bottom surface (cf Proposition 4.5 in [27]).

(ii) Clearly the previous result is false for u = 0. Indeed, if g = 0 then
(o,¢) = (0,0) solves (5.4).

Proof (from [16],[27]). We have P = 0 on the free surface {y = o(z)}. On
the other hand, since ;4 > 0 and since V; ,¢ — 0 when y tends to —oo, there
exists h > 0 such that

P(z,y)>1 for y< —h.

Define
O ={(z,y) ER*xR : ~h <y <o(z)}

Since P is bi-periodic in z, P reaches its minimum on €2;. The key obser-
vation is that the equation A, ¢ = 0 implies that

Ay yP = —|Vy.Vy0)* <0,

and hence P is a super-harmonic function. In particular P reaches its min-
imum on 0€2, and at such a point we have 9, P < 0. We conclude the proof
by means of the following three ingredients: (i) P reaches its minimum on
the free surface since Ply—_; > 1 > 0 = P|y_,(;); (ii) P = 0 on the free
surface so that P reaches its minimum at any point of the free surface, hence
O, P <0 on {y=o(x)}; and (iii) 0, P = 0y P on the free surface . O

Remark 5.7. According to the Acknowledgments in [46], the idea of ex-
pressing a as —(0yP)(x,0(x)) and using the maximum principle to prove
that —(9,P)(x,0(x)) < 0 is credited to R. Caflisch and Th. Hou.

After this short détour, we return to the main line of our development.
By using the fact that a does not vanish, one can form a second order

equation from ((5.2))—(5.3).
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Lemma 5.8. Set
V(z, &) = —a(z) ' (V(z) - &) +idiv (a(z) ' (V(z) - )V (z)). (5.6)

Then,
Ty, +vu € H*72(T?). (5.7)

Remark 5.9. The fact that a is positive implies that the symbol A\, + V
may vanish or be arbitrarily small. If a were negative, the analysis would
have been much easier (cf Section |7.1]).

Proof. As already seen we have b € H*"1(T?) and V € H*"!(T?). There-
fore the product rule in Sobolev space implies that

a=p+V-Vbe H(T?).
Then, by applying Theorem with p = s — 3 we obtain that,
Tyu — (Ty -V + Taiyy ) Ty Ty - Vu € H¥TE5)(T2),
On the other hand, since a,a~! € H* 2(T?), Lemma implies that
To-1Ty, — I isof order < —(s—3),

and hence
0 — (=Ty-1Ty - Vu) € H*4(T?). (5.8)

The desired result ((5.7)) is an immediate consequence of ((5.2)—(5.3)). O

5.3 Notations
The following notations are used continually in this section.

Notation 5.10. i) The set C(o, e) is the set of function f = f(z1,z2) which
are odd in z; and even in zo. Similarly we define the sets C(o,0), C(e,0)
and C(e,e).

ii) The set I'(o, €) is the set of symbols a = a(z1, z2,&1,&2) such that

(I(—xl, x2, _51) 52) - _a($la X2, 517 52))
Cl(l'l, —T2, 517 _62) - (I(.Tl, T2, 617 52)
Similarly we define the sets I'(0,0), I'(e, 0) and I'(e, e).

Remark 5.11. (i) With these notations, by assumption we have o € C(e, ¢)
and ¢ € C(o,e) so that

b= 02,0(1 4 0y, 0) + Oy 005,10 c
1+ |Vo|?

C(o,e),
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and hence u = 1p — Tyo € C(o,e). Also, we check that the vector field
V = (W,V2) = c+ Vi — bVo is such that V; € C(e,e) and V5 € C(o,0).

(ii) If v € C(o,e) and a € T'(e, e) then T,v € C(o,e) (provided that T,v
is well defined). Clearly, the same property is true for the three other classes
of symmetric functions.

To simplify the presentation, we will often only check only one half of
the symmetry properties which are claimed in the various statements below.
We will only check the symmetries with respect to the axis {x; = 0}. To do
this, it will be convenient to use the following notation (as in [22]).

Notation 5.12. By notation, given z = (21, 20) € R?,

2* = (=21, 22).

5.4 Change of variables

We have just proved that Ty, 1y u € H?*75(T?). We now study the sum of
the principal symbols of A, and V. Introduce

p(,€) = /(1 +Va(@)) |6 - (Vo(@) - €2 — a(@)  (V(z) - &)

By following the analysis in [22], we shall prove that there exists a change
of variables R? 5 2 — x(x) € R? such that p(z,’y/(z)¢) has a simple
expression.

Since we need to consider change of variables x — x(z) such that uo x
is doubly periodic whenever u is doubly periodic, we introduce the following
definition.

Definition 5.13. Let x: R?> — R? be a continuously differentiable diffeo-
morphism. For r > 1, we say that x is a C"(T?)-diffeomorphism if there
exists X € C"(T?) such that

Ve € R x(z) =z + x(2).
(Recall that bi-periodic functions on R? are identified with functions on T?.)

In this paragraph we show

Proposition 5.14. There exist a C°~*(T?)-diffeomorphism x, a constant
v >0, a positive function v € C~*(T?) and a symbol o € T?_(T?) homo-
geneous of degree 0 in & such that, for all (z,€&) € T? x R?,

p(z, X (2)€) = y(x) (€] = veT) +ia(z, )&,
and such that the following properties hold:
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i) x = (x!, x?) where x' € C(o,¢€) and x* € C(e,0);
i) a € T(o,e), v € Cle,e).
Proposition will be deduced from the following lemma.
Lemma 5.15. There exists a C*~3(T?)-diffeomorphism x1 of the form

= (4)

such that d solves the transport equation
V(z) - Vd(z) =
with initial data d(0,z2) = x9 on x1 = 0, and such that, for all x € R?,

d(z1,z2) = d(—x1,22) = —d(21,—22), (d € C(e,0)) (5.9)
d(.ﬁlfl,l‘g) = d(.%'l + 27T,.21?2) =d (xl,:nz + 271'@ — 27/, (5 10)

Remark 5.16. The result is obvious for the trivial solution (o,%) = (0,0)
with d(x) = x2. It can be easily inferred from the analysis in Appendix C
in [22] that this result is also satisfied in a neighborhood of (0,0). The new
point here is that we prove the result under the only assumption that (o, ¢)

satisfies condition ([2.2)) in Definition

Proof. Assumption (2.2)) implies that Vi(z) # 0 for all z € T2 We first
write that, if d satisfies V' - Vd = 0 with initial data d(0,x2) = x2 on z1 = 0,
then w = 0,,d solves the Cauchy problem

Op,w + Eﬁmw + w0y, V) 0, w(0, z9) = 1. (5.11)
Vi Vi

To study this Cauchy problem, we work in the Sobolev spaces of 2w/-periodic
functions H*(T) where T is the circle T := R/(27¢Z). Since

Va/ V1,00, (Va/ V1) € H*2(T?) C L™(R; H**(T)),

and since s > 4, standard results for hyperbolic equations imply that (5.11))
has a unique solution w € CO(R; H*~3(T)). We define d by

2
d(zy,x2) := / w(zy,t)dt. (5.12)
0
We then obtain a solution of V' - Vd = 0, and we easily checked that

dx) -z € [ CIR;H>7(T)).

0<j<s—2

The Sobolev embedding thus implies that d(x) — x9 € C*73(R?).
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We next prove that d satisfies (5.9)—(5.10). Firstly, by uniqueness for
the Cauchy problem ([5.11)), using that Vi, Vs are 2wf-periodic in zo and
using the symmetry properties of Vi, Vo (cf Remark |5.11]) we easily obtain

w(xy, x2) = w(—x1,22) = w(x1, —T2) = W (21,22 + 27) .

To prove that w is periodic in x1, following [22], we use in a essential way
the fact that w is even in z1 to write

w(—m,x9) = w(+m, xa),
which yields, by uniqueness for the Cauchy problem,
w(zy —m,x2) = w(x] + 7, T2).

This proves that w is 2m-periodic in z;. Next, directly from the defini-
tion (5.12)), we obtain that d is 27-periodic in z1 and that d satisfies (5.9)).
Moreover, this yields

27l
d(zy,xe +21l) — d(z1,22) = / w(z1, x2) dro.
0

Differentiating the right-hand side with respect to x1, and using the identity
Opyw = =0y, (Vow/V1), we obtain

27l 27l
/ w(wy, o) drg = / w(0, x2) dre = 27,
0 0
which completes the proof of (5.10]).
We next prove that
Vo € T2, w(x) = dpd(z) # 0. (5.13)

Suppose for contradiction that there exists z € [0,27) x [0,27¢) such that
w(z) = 0. Set

a =inf{x; € [0,27) : Tz € [0, 27(] s.t. w(z1,x2) = 0}.

By continuity, there exists y such that w(a,y) = 0. Since w(0,z2) = 1, we
have o > 0. For 0 < 1 < a, we compute that 1/w satisfies

Vo Vs - 1 _
(81:1 + Vlaxg - 82:2 <Vv1>) E = 0, w(O,CCQ) =1.

Let 0 < § < 1. By Sobolev embedding, there exists a constant K such that

L)

w HHl(T)'

< K sup
z1€[0,0a]

1
E(xlaﬂb)

sup
(z1,22)€[0,0a] x[0,27¢]
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Therefore, classical energy estimates imply that

l(a:) < (K + KCO)etoe

w

sup
(z1,22)€[0,0a] x[0,27¢]

with

Y2 (@1,

C:= sup %
1

z1€[0,0c]

oxry
Therefore, if 0 < z1 < «, then

w(x) > (K + KC) e 40,

This gets us to w(c,-) > 0, whence the contradiction which proves (5.13).
Consequently, detx/(z) # 0 for all + € R2  The above argument also
establishes that there exists a constant ¢ > 1 such that, for all 2 € R?,

2 < d(z) < cxo.
c

This implies that i is a diffeomorphism of R?, which completes the proof.
O

The end of the proof of Proposition follows from Section 3 in [22].
Firstly, directly from the identity V - Vd = 0, we obtain

V() - ("xi(2)€) = Vi(z)&,
and hence

p(z, X1(2)€) = A (@, X1 (2)€) — a() ™ (Vi(2)&1)*.

Our next task is to rewrite A} (x, x} (7)€) in an appropriate form.

Lemma 5.17. There holds
M@ =3 (206 () ) g+ oa. 619

where r € FS_4(T2) 18 homogeneous of degree 0 in £ and such that
r € I'(o,e).

Proof. This follows from the fact that AL(z,!x)(z)¢) is the square root
of an homogeneous polynomial function of degree 2 in £. Indeed, write
AL(z, i} (2)€)? under the form

Ao (2, "X (2)€)? = Pi(2)&} + Pia(2)616 + Pa(2)&5. (5.15)

39



Then
Ay (2, X3 (2)€)? = Pa() [€° = (Pu(x) — Pa(2)) & + Pra(2)é16s.
Directly from applied with & = ey := (9), we get
Py(z) = AL (2,5 (2)e2)”. (5.16)

Since A, > 0, using the elementary identity v/a — vb = (a — b)/(v/a + Vb),
we obtain the desired result ((5.14) with

_(P@) ~ P@) & + Poln)s
Ao (@, 0 (2)€) + / Pa(z) [€]

Since d € C*~3(R?), we verify that r belongs to I'?_,(T?). It remains to
show that r(z, &) € I'(o,e). To fix idea we study the symmetry with respect
to the change of variables (z,&) — (z*,£*) (see Notation [5.12). We want to
prove that r(ax*,£*) = —r(x,£). To see this, r is better written as

L (Ap(z, X4 (2)€))° — Pa(a) [€*
BGEY o (2,11 (2)€) + v/ Pa() €]

Note that (5.9) implies that ‘x(z*)¢* = ['x (a:)§]* which in turn implies
that A} (x*, t Xy (x*)€%) = A} (m ' (x)€). Moreover, directly from the def-
inition of Pg we see that Py(x*) = Py(z). This yields the desired result

T($*,€*) = 77‘(:’5’6)' O]

T'(JZ,§> -

r(z,§) =

Introduce next the symbol p; given by

p1(xa(x),€) == p(z, "X} ()€).

Lemma 5.18. There exists a constant v > 0, a C3*4(T2)-diﬁeomorphz'sm
X2, a positive function M € C*~4(T?) and a symbol & € T'_4(T?) homoge-
neous of degree 0 in & such that, for all (z,&) € T? x R?,

p1(z, "Xo(2)€) = M(x) (1€ — v€D) +ia(z, )&,

and such that the following properties hold: M € C(e,e) and o € I'(o,e),
and xs 1s of the form

x2(w1,22) = <x1$_2‘_ﬁ(§(;;2>) , (5.17)

where d € C**(T2) is odd in z, and even in o, and € € C53(R/2mlZ) is
odd in x9.
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Proof. If x9 is of the form (5.17)), then

X ( ) <§1> " (1 +az1dv(x))§1 )
&2 8$2d(x)§1 + (1 + 8m2€(.7,'2))452
By transforming the symbols as in the proof of Lemma we find that it

is sufficient to find v > 0, d = d(z1, x2) and € = () such that

P2a -1

(1+ 8y, d(m1, 2))? = vT(x)(1 + Opye(x2)), where I'(z) := VTZ<X1

Therefore, we set

~ 1
d(x1,29) = / VULt 29) (1 + Opye(x2)) dt — ;.
0
Then, d is 2m-periodic in x if and only if,

2m
Vzo € [0, 27¢], V(1 + 83325(.1?2))/ VI(x1,x9) dxy — 2w = 0.

0

This yields an equation for € = é(x2) which has a (27¢)-periodic solution if
and only if v is given by

o 27l 21 -2
V= </ VI(z1,x2) d$1> dxo.
0 0

Now, notice that there exists a positive constant C such that P, > C
(by definition of P, cf (5.16)), a > C (by Proposition , VE > C (by
the assumption ) Hence, with v, d and € as previously determined, we
easily check that xs is a C*~4(T?)-diffeomorphism. O

To complete the proof of Proposition set

x(z) = x2(x1(x)),

to obtain

p(z,"X (2)¢) = p(z,"x} (w)tx’g(m(w))&)
—pl(Xl(fU ), X5 (x1(2))€)
M(x1(x)) (€] = veD) + ia(xa(z), £)é,

so that we obtain the desired result with

V(@) = M(xa(z)), oz, §) = alxa(e),§).
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5.5 Paracomposition

To compute the effect of the change of variables x — x(x), we shall use
Alinhac’s paracomposition operators. We refer to [I], 41] for general theory
about Alinhac’s paracomposition operators. We here briefly state the basic
definitions and results for periodic functions. Roughly speaking, these re-
sults assert that, given 7 > 1, one can associate to a C"(T?)-diffeomorphism
x an operator x* of order < 0 such that, on the one hand,

Va € R, uc H*T? & x*u € HY(T?),

and on the other hand, there is a symbolic calculus to compute the commu-
tator of x* to a paradifferential operator.

Let ¢: R — R be a smooth even function with ¢(t) = 1 for |¢| < 1.1
and ¢(t) = 0 for |t| > 1.9. For k € Z, we introduce the symbol

or(€) = o (271 + 1))
and then the operator

ALF(E) = (6r(6) — dr1(6)) F(©).

For all temperate distribution f € S’(R%), the spectrum of Af satisfies
spec Apf C {€ @ 2F71 < (¢) < 21}, Hence Apf = 0 when k < 0. Thus,
one has the Littlewood—Paley decomposition:

=Y At

k>0

Definition 5.19. Let x be a C"(T?) diffeomorphism with r > 1. By defini-

tion
=3 AcAf)ev),

JEN |k—j|<N

where N is large enough (depending on ||X|| -1 only, where x(v) = x(x) —x).

Two of the principal facts about paracomposition operators are the fol-
lowing theorems, whose proofs follow from [I] by adapting the analysis to
the case of C"(T?)-diffeomorphisms. The first basic result is that x* is an
operator of order < 0 which can be inverted in the following sense.

Theorem 5.20. Let x be a C"-diffeomorphism with r > 1. For all o > 0,
f € HY(T?) if and only if x*f € HY(T?). Moreover, x*(x ')* — I is of
order < —(r —1).

This theorem reduces the study of the regularity of u to the study of
the regularity of x*u. To study the regularity of x*u we need to compute
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the equation satisfied by y*u. To do this, we shall use a symbolic calculus
theorem which allows to compute the equation satisfied by x*u in terms of
the equation satisfied by u (in analogy with the paradifferential calculus).
For what follows, it is convenient to work with (xy~1)*.

Theorem 5.21. Let m € R, r > 1, p > 0 and set o := inf{p,r — 1}.
Consider a C"(T?)-diffeomorphism x and a symbol a € EZL(TQ), then there
exists a* € ¥7(T?) such that

(X_l)*Ta - Ta* (X_l>* s order S m — o.

Moreover, one can give an explicit formula for a*: If one decomposes a as
a sum of homogeneous symbols, then

a*(x(x),m) = L

o O am (N (@) (M) =g, (5.18)

where the sum is taken over all a € N? such that the summand is well
defined, x'(x) is the differential of x, t denotes transpose and

P, (y) = x(y) — x(@) — x'(2)(y — ). (5.19)

5.6 The first reduction

We here apply the previous results to perform a first reduction to a case
where the “principal” part of the equation has constant coefficient.

Proposition 5.22. Let x be as given by Proposition . Then (X_l)*u
satisfies an equation of the form

(1D2] + V02, + Tady, +Tp) (x ™) u = | € H2(T?), (5.20)
where A € TY_4(T?) and B € X0 _4(T?) are such that:

i) A is homogeneous of degree 0 in &; B = By + B_1 where By is homoge-
neous of degree £ in &;

ii) AeT(o,e) and By € T'(e,e) for £ =0,1.

Remark 5.23. (i) For what follows it is enough to have remainders in
H**2(T?). From now on, to simplify the presentation we do not try to give
results with remainders having a regularity higher than what is needed.

(ii) A € I'(o,e) and By € I'(e, e) is equivalent to the fact that the symbol
of |Dy| + vd? | +T40z, + Tp is invariant by the symmetries

(1"175[’?761762) = (_:1:17'7:27 _61762)7
(w1, 72,81,82) = (21, =72, &1, —&2).
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Proof. We begin by applying the results in to compute the equation
satisfies by (Xfl)*u. Recall that, by notation, V is as given by (5.6 and

p(e,€) = /(L + Vo) g2 = (Vo - €2 — ala) " (V(2) - ).

We define A\’ by applied with m = 1 and p = s — 1. Similarly, we
define V* and p* by applied with m = 2 and p = s — 4. To prove
Proposition the key step is to compare the principal symbol of p* with
As+VE.

Lemma 5.24. There exist a € I'%_4(T?) and b= by + b_1 € X0_4(T?) and
a remainder v € ¥ %(T?) such that

Ao (x(@),€) + V" (x(2), &) = pla, "X ()€) + ia(z, )& + b(w, &) +r(z, ),
and such that a € T'(o,¢e), b € T'(e, e).

Proof. The proof is elementary. We first study A% (x(x),&). Since A\, is a
symbol of order 1, to obtain a remainder r which is of order —2, we need
to compute the first three terms in the symbolic expansion of \}. To do
this, note that there are some cancelations which follow directly from the

definition :

lal =1 = 8;(eiqu(y)'6)’y=r =0,

2< o] <3 = A (W) mp = i0F (x() - §),

o] =4 = 05 (e™ W),y = 03 (x(x) - ) = D> 9B (x(x) - ) (x(x) - &),

where in the last line the sum is taken over all decompositions 5 + v = «
such that || = 2 = |y|. Therefore, it follows from (5.18) that

)‘;(X(x)vf) = )\;(watxl(x)ﬁ) + bo(iﬁ,f) + b_l(l',f) + 7“(.%',{), (5'21)

where 7 € ES__28(T2) and

bo(,€) == Ao(z, "X (2)€) —i Y §<agxé><x,tx'<m>@a§x<x> 3
|a|=2
1
ba(,) = A7, W ()6) + e (080 ()X () - €
=0 |o|=2+¢ '
— > @A), (@) (x(@) - ) (@) x(x) - €)

|8l=2=|

Recall that x = (x!, x?) where x! is odd in z; and even in za, and
x? is even in z1 and odd in zy. Therefore, to prove the desired symmetry

44



properties, it is sufficient to prove that AL, A, A1 are invariant by the two
changes of variables

(xlv Z2, 517 g2) = (_$1? x2, _517 62),
(z1,22,61,&2) = (21, —22, &1, —&2).
We consider the first case only and use the notation
fr(@y,w2) = f(—x1, 22).

Observe that, since ¢* = o, it follows directly from the definition of the
Dirichlet to Neumann operator (see (2.11])) that

Glo)f* = [Go)f]"
On the symbol level, this immediately gives the desired result:
Ao (27%,6%) = Ao (2, €).

Alternatively, one may use the explicit definition of the symbols A,, given
in the proof of Lemma |4.13

Since, by notation,
V(w,€) = —a(z) "1 (V(2) - ) +idiv (a(x) " (V(2) - )V (2)),
the same reasoning implies that
V¥ (x(),€) = —a~ (V(2) - X/ (2)€)* + ia(z) 1 (V(x) - "X (2)€) div V()
+ia(z)"H(V(z) - VV(x)) - X (2)¢

+ia(x ! Vie(2)Ve(2) 0 O, (X () - §).
1<k, <2

-
-

Gathering the last two terms in the right-hand side we thus obtain

Vi (x(2), &) = —a  (V(x) - "X (2)€)* +ia(x) " (V(2) - X (2)€) div V (z)
+ia(x)"V(x) -V (V(a:) . tx’(:r:){)

and hence, by construction of y, it follows that

Vi (x(@),€) = —a(z) " (V(2) - X/ (2)€)* + ialz, )&,

where a € TY_.(T?) is such that a € T'(o,e). This completes the proof of
Lemma [5.24] I

We now are now in position to prove Proposition By using Theo-
rem it follows from Lemma and Proposition that

(T, (1Dl + v32,) + Taralay + ) (x7") 'u € H*2(T?).

We thus obtain (5.20) with A = (a4 a)/vy and B =b/~. O
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5.7 Elliptic regularity far from the characteristic variety

As usual, the analysis makes use of the division of the phase space into
a region in which the inverse of the symbol remains bounded by a fixed
constant and a region where the symbol is small and may vanish. Here we
consider the easy part and prove the following elliptic regularity result.

Proposition 5.25. Let x be the diffeomorphism determined in Proposi-
tion [5.14, Consider © = O(&) homogenous of degree 0 and such that there
exists a constant K such that

2| > K [&1] = O(&1,62) = 0.

Then,
O(D,)((x 1) u) € H*(T?).

Remark 5.26. Note that, on the characteristic variety, we have |&;] ~ v€2.
On the other hand, on the spectrum of ©(D,)((x ) u), we have |&| <
K |&]. Therefore, the previous result establishes elliptic regularity very far
from the characteristic variety.

Proof. Recall that (X_l)*u satisfies ((5.20]). Set

p(x,&) = |¢] — v} +iA(x, €)1 + B(, €).

We have
To((x ) u) € HTX(T?). (5.22)

Note that |p(z,&)| > ¢|€|? for some constant ¢ > 0 for all (z, &) such that
&l < K&| and  [¢§] > M,

for some large enough constant M depending on sup, ¢ |A(z,§)| + | B(x, §)|.
Introduce a C* function © such that

O =0 for [¢<M,
O(¢) =0(¢) for [¢ >2M.

Since © and © differ only on a bounded neighborhood of the origin, we have
O(D2)((x 1) ) = O(D:)((x ') ) € C=(T?).

Note that, since © is positively homogeneous of degree 0, O belongs to our
symbol class (© € Fg(TZ) for all p > 0). Set

e 1 8) Oz 9
gq=——=0¢ | — e I';Z(T7).
0 i 5(@) 0 8( )
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According to Theorem applied with (m,m/, p) = (2, -2, 2), then,
T,To((x ) u) — O(D,)((x ) u) € HP(T?).
On the other hand, since Tj, is of order < 0, it follows from that
TT,((1) ) € BT,

Which completes the proof. O

5.8 The second reduction and the end of the proof of
Theorem 2.5

We first set a few notations. Introduce a C'*™ function n such that 0 <n <1,
n(t)=0 forte[-1/2,1/2], n(t)=1 for [t} > 1. (5.23)

Given k € N, 9. denotes the Fourier multiplier (defined on &'(R¢)) with
symbol n(£1)(i€1)~*. Note that, if f is 27-periodic in 27, then

1 27
&glfzf—? f(x1,z2) dxa,
™ Jo
and
X1 1 27
(8;11f)($1,$2) = / (f(s,xz) ~ 3. f(z1,22) dac1> ds.
0 ™ Jo

In particular, 8“8;11 f=20a J = fif and only if f has zero mean value

in x1. We also have
O f =0.F0,

It will be convenient to divide the frequency space into three pieces so
that, in the two main parts, & is either positive or negative. To do this, we
need to use Fourier multipliers whose symbols belong to our symbol class,
which is necessary to apply symbolic calculus in the forthcoming computa-
tions. Here is one way to define such Fourier multipliers: consider a C*°
function J satisfying 0 < J < 1 and such that,

J(s) =0 fors<0.8, J(s)=1 fors>0.9, (5.24)

We define three C*° functions j9,7— and j4 by

P j_(g)zj(rﬁ|2|—£|52>7 ]+<5):J<|5|2|+ﬂ52>,

and then the Fourier multipliers

— —~

Je(D2) f(§) = 2:()f(§) (e €{0,—+}).
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Note that there are constants 0 < ¢; < ¢g such that

<l = 7€)
§2 > —c1|&1]= - (&)

§2 > 2l = ji(§)=1, (5.25)

=0,
=0, &<-alal=j-()=1 (5.26)

Also, note that j is positively homogeneous of degree 0 and hence satisfies
087:(9)] < Calg] ™.
In view of and , Proposition implies that
20(Dx)((x™") u) € HW(T?). (5.27)
As a result, it remains only to concentrate on the two other terms:

7:(Dz) (X)) -

Here is one other obvious observation that enable us to reduce the analysis
to the study of only one of these two terms: Since (Xfl)*u is even in xs, we
have

— —

(x 1) u(ér, &) = (x 1) u(ér, —&),

Therefore,

7—(Dy) ((X_l)*u) and 74 (Dy) ((X_l)*u) have the same regularity.
(5.28)
Consequently, it suffices to study one of these two terms. We chose to work
with
U= 73+(Da) (X))

We shall prove that one can transform further the problem to a linear
equation with constant coeflicients, using the method of Iooss and Plot-
nikov [22]. The key to proving Theorem is the following.

Proposition 5.27. There exist two constants k,x’ € R and an operator

Zc: Z ch8;1j7

0<j<4

where cg, . ..,cq € CYT?)5 and |co| > 0, such that

(=i0s, + V02, + K + KO, 2) ZU € HTA(T?). (5.29)
Proof. Proposition [5.27]is proved in and §5.10] O

We here explain how to conclude the proof of Theorem
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Proof of Theorem given Proposition[5.27. Since the symbol of the oper-
ator —idy, +v02 + K+ K 0,2 is & — vE2 + K — K'E?, we set

v(w) =lv, kolw)=—tr, Ki(w)="IxK.

Assume that there exist 6 € [0,1] and N € N* such that,

ko — v(w)k? — Ko(w) —

K1(w) 1
K ’ =

for all k € N? with k; sufficiently large.

Directly from the definitions of the coefficients, this assumption implies
that

/
2 K 1
52—Vf1+/4—§ 2@7

for all £ = (&1,&) € N x (¢71N) with ¢ sufficiently large. Since v > 0, the
previous inequality holds for all ¢ € Z x (~'Z with |¢;| sufficiently large.

Now, since |¢| ~ &7 on the set where the above inequality is not satis-
fied, this in turn implies that,

!/

9 K v
52 - Vfl + KR — ?% Z W, (5.30)
for all £ € Z x (¢~1Z) with |& | sufficiently large.
Similarly, we obtain that
/
2 K V€]
52 — l/fl + K — ?% 2 W, (5.31)

for |&1| sufficiently large.
To use these inequalities, we take the Fourier transform of ([5.29):

(62— vt + 5~ 1) Z0(6) = fie).
6

A key point is that Z.U is doubly periodic. Thus, if £ belongs to the support
of the Fourier transform of Z.U, then & € Z x (¢~1Z). Therefore, it follows

from ([5.30) and (5.31)) that,
Z.U € HST'73(T2),  0,,Z.U € H* 273 (T?).
It follows that

Ue 15T, 0,,U e 3"
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In view of (5.27) and (5.28), we end up with

(x7Y) e BI7E(T?), (5.32)
O ((x ) u) € H*T275(T?). (5.33)
Direclty from , by using Theorem we obtain
we H*H=3(T?). (5.34)
We next claim that
Ty - Vu € H* 275(T2). (5.35)

To prove ((5.35)), we first note that Theorem implies that it is enough
to prove that

s
2

()" (Tv - Vu) € H 372 (T?).

To prove this result, we shall apply our second theorem about paracompo-
sition operators. Indeed, define the symbol a by

a*(x(z),n) = V(z) - (i (z)n) .
Theorem implies that
(X_l)*Tv -V — Ty (X_l)* is of order < 0.
Consequently, in view of , we obtain
() Ty - Vu—Toe (x 1) u € HH-2(T2), (5.36)
Now, directly from the definition of y (see , we compute that
@*(d(@),m) = ia(@)& with (@) = Vi(@) (1+0ndia (@)
Therefore, implies that
Tor (x ) u € H*T373(T?).
Consequently, the claim follows from
Now recall that we have proved that (cf (5.8))
o+ Ty 1Ty - Vu € H*74T?). (5.37)
Since T,-1 is of order < 0, by using we obtain

o € H*(T?) + H**373(T?),
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and hence L
o€ H¥ 272 (T?). (5.38)

Since Ty is of order < 0, this yields

Tyo € H"275(T2). (5.39)

Writing ¢ = u + Tyo (by definition of u), from (5.34) and (5.39) we deduce
that

)
2

¥ e H 273 (T?).
This completes the proof of Theorem [5.1] and hence of Theorem O

5.9 Preparation

We have proved that there exist a change of variables = — x(z) and two
zero order symbols A = A(x,§) and B(z,£) such that

(1D2] + V02, + Tady, +Tp) (x ™) u = | € H2(T?). (5.40)

We want to prove Proposition which asserts that it is possible to con-
jugate ([5.40)) to a constant coefficient equation. Since the symbols A and B
depend on the frequency variable, one more reduction is needed.

In this paragraph we shall prove the following preliminary result towards
the proof of Proposition [5.27

Proposition 5.28. There exist five functions
aj = aj(x) € C°O(T?)  (0<j<4),
where
aj is odd in x1 for j € {0,2,4}, a; is even in x1 for j € {1,3},
such that
—i0p, + 102, + Y Ta,087 | U € HP(T?),
0<j<4
where recall that U = j+(Dx)((X_1)*u).
To prove this result, we begin with the following localization lemma.

Lemma 5.29. Let A = A(z,€) and B = B(x,§) be as in (5.20). Then,

(\D$| + V02, + Tady, + TB) U € H+2(T2). (5.41)
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Proof. This follows from Corollary and Proposition Indeed, since
J+ is positively homogeneous of degree 0, it is a zero-order symbol. Accord-
ing to Theorem (applied with a = 34(¢), b = A(x,&)i&; + B(z,€) and
(m,m', p) = (0,1,3)), then,

5+ (D) (1Dl + V02, + T, +Ti ) (X))

1 *
= <|Dz\+V3§1+TA3m1+TB>U+ > @Tagﬂ(g)agb(@g)((x_l) u)+f,

1<]a|<2

with f € H5+2(T?). Corollary implies that the left hand side belongs
to H*T2(T?). As regards the second term in the right hand side, observe
that

3
€| > 1 |€1] = O¢g4(§) = 0.

Moreover 8?]+ (£)0%b(x,€) is of order < 0 in £. Hence, by means of a simple
symbolic calculus argument, it follows from Proposition that

Tog, ©ozvwe) (X ) u) € HIT2(T?).
This proves the lemma. O

We are now in position to transform the equation. To clarify the artic-
ulation of the proof, we proceed step by step. We first prove that

i) |Dz| U may be replaced by —i05,U (—i0s, is the Fourier multiplier with
symbol +&2). This point essentially follows from the fact that |£] ~ &
on the support of 74 (§).

ii) One may replace the symbols A and B by a couple of symbols which
are symmetric with respect to {2 = 0} and vanish for |&| < |&1] /5.
The idea is that, since ﬁ(f) = 0 for & < [&1] /2, for any ¢ < 1/2 one
may freely change the values of A(x,§) and B(z,§) for & < ¢|&].

Lemma 5.30. There exists two symbols A € T9_((T?), B € 9 _s(T?) such
that
(—z’@m + V02, + Ty + TB) U e H2(T?), (5.42)

and such that

i) A is homogeneous of degree 0 in &; B = By + B_1 where By is homoge-
neous of degree £ in &;

11) A<$*7 f*) = —A(l’, 5) and B(x*7 5*) - B(xv f);
iii) A(l‘, &, —fg) = A(l', &1, 52) and B(ac, &1, _52) = B(l’, &1, 62)7'
iv) A(z,€) = 0= B(x,£) for |&| < |&1] /5.
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Proof. The proof depends on Lemma and the fact that the Fourier
multiplier 74 (D,) is essentially a projection operator. Namely, we make use
of a C* function J’ satisfying 0 < J’ < 1 and such that,

J'(s)=0 fors<0.7, J'(s)=1 fors>0.38,

and set e
/ o 2
o= (5)
Then 7 (€) = 0 for |&] < |€1] /5, and
74 (©)3+(E) = 24(8),  1-(§)3+(§) = 0. (5.43)
With A = A(z,€) and B = B(z,£) as in (5.20)), set
~ _; g
A(x>£17§2) - ]—}—(f) <A(l‘,£1,§2) ’5‘ + ’fZ’)
/ A o B ifl )
+]—(£)< (x’é-lv 52) ‘£| + |£2’ )

B(w,&1,6) = 14 (&) B(w, &1, &) + 1- (&) B(w, &1, —&2).
Note that these symbols satisfy the desired properties.

On the symbol level, we have
& S £
€1+ 1€ &1+ [&2]
On the other hand, by the very definition of paradifferential operators, for

any couple of symbols ¢; = ¢1(x,€) and ¢y = c2(§) depending only on &, we
have

€l = [€a] + = [&l -

TeyTey = Teycy-
Therefore, by means of (5.43)) we easily check that
(=102, + 102, + T500, + T) U = (|Ds| + v02, + Tadx, +Tp) U.
The desired result then follows from ([5.41)) O

To prepare for the next transformation, we need a calculus lemma to
handle commutators of the form [T}, 95;]. Note that n(¢1)(i&1) ™7 does not
belong to our symbol classes. However, we have the following result.

Proposition 5.31. Let p € T'{(T?) and v € H-°(T?) be such that

9y v € HP2(T?).

/ Tyvdry =0 :/ vdzy, (5.44)

—Tr —Tr

If

93



then
0 Tyv = Ty, v — Ty, p0r v + Tz, 20t — T, O+ f,
where f € HT2(T?).
Proof. We begin by noticing that implies that
80 Tyv =Ty, Oglvzv,
and hence
Oz, (8;11Tpv — Tpa;jv) =Tpv — 1Ty, pa v—"Tyw = Tazlp(‘) v.
Since u = 05, U implies U = 8;11u, this yields
0 Tyv — T,0,, v = —0,, Ty, 05, v. (5.45)

To repeat this argument we first note that, by definition of 8111, we have

s
8;111) dx1 = 0.

On the other hand,
i T. 8 dxy = i Oy, (1,0, 0) — T,8° vd
0,07, Vdz1 xl( Oz, v) p0z,vdxy

/ Oz, (Tpax_llv) dx1 —/ Tyv dxq

—T

)

by periodicity in z1 and (5.44)). We can thus apply (5.45)) with (p, v) replaced
by (0z,p,9;,'v) to obtain

0, T, p0p v — To, 0y, v = 8;11T3%1p8;12v. (5.46)
By inserting this result in ([5.45)) we obtain

O Ty = Tp05 v — Ty, p0riv + 05 T2 05 0.

gt

By repeating this reasoning we end up with

Oy, Tyv = Tp0,'v — To, 05,20 + Toz 05,0 — T 050 + f,

1Pz

where
f = Tg4 paxl v — ({_):;llTa4 pa’m V.

By assumption 8; v € H**%(T?) and 03 p € I')(T?) so that Taélp is of order
< 0. Therefore we obtain f € H*"2(T?), which concludes the proof. O]
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We have an analogous result for commutators [T}, 8;7] for 2 < j < 4.

Corollary 5.32. Let p € TY(T?) and v € H*(T?) be such that ;v €

HS+2(T2). If
/ Tpvdazlz():/ vdry,

0, Tyv = Tp07, 20 — To, 05, v + Tz 05,0 + fo,
0 Tyv = Ty0, v — Ty, p0r v + f3,
8;14Tpv = Tp(“?;fv + fa,

then

where fa, f3, f1 € H 2(T?).
Proof. This follows from the previous Proposition. O

An important remark for what follows is that d,, and 0., do not have
the same weight. Roughly speaking, the form of the equation indicates
that

I/@%l ~ | Dy| ~ [Or,] .

In particular, we shall make extensive use of

1/718;12 ~ ]Dgc|_1 .
The following lemma gives this statement a rigorous meaning.
Lemma 5.33. There holds 82U € H**}(T?) and 0,*U € H**(T?).

Proof. Recall that A(z*,&*) = —A(z,€) and that U is odd in z; and 27-
periodic in x1, so we have

/ T30y, U dy =0, / O, U dary = 0, / Udzy =0.  (5.47)

Since
1Dy U +v02 U + Tad,, U + TgU € H"(T?),

by applying A_I&LTE with A= = T|€|71, we have
0,20 = —vA~'U — A10,2(Ta0,,U) — A0, 2(TEU) + F,

where F' € H*t2(T?). The first term and the third term in the right hand
side obviously belong to H**1(T?). Moving to the second term in the right-
hand side, in view of ([5.47)), the argument establishing (5.45|) also gives

07 2T05,U = 0, TaU — 0;,' T, aU.
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Hence, using that 0 11, T4 and Ty, A are of order < 0, we have that
0,,2Ta0,, U € H*(T?),
so that A™10,2(T18,,U) € H**1(T?) and hence
9;2U € HT(T?). (5.48)
To study 0,.*U we start from

9,0 = —vA 102U — A0, (Ta0,,U)
— Ao M TRU) + 0,°F,

We have just proved that the first term in the right hand side belongs to
H**2(T?). With regards to the second term we use the third identity in
Corollary to obtain

0y H(Tu0,,U) — Ta0, U € H*T(T?).

On the other hand, by symbolic calculus, A='Ty — T4A~! is of order < —2.
Hence,
A0 (Ta0,,U) — TaN 10,20 € H¥T(T?).

In view of this yields
A0 N (Ta0,,U) € HPA(T?).
Similarly we obtain that A~'0,*(TpU) € H*"?(T?). We thus end up with
8;14U € H*"2(T?),
which concludes the proof. ]
The following definition is helpful for what follows.

Definition 5.34. We say that an operator R is of anisotropic order < —2
if R is of the form
R=RoA 4+ RiA 9,7 + Re0,!

xr1

where Ry, Ry and Re are operators of order < 0 and
-1 _ -2 _
A7 =T, A7 =T

It follows from the previous lemma that operators of anisotropic order
< —2 may be seen as operators of order < —2. Namely, the previous lemma
implies the following result.

Lemma 5.35. If R is of anisotropic order < —2, then RU € H5T2(T?).
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With these preliminaries established, to prove Proposition the key
point is a decomposition of zero-order symbols. We want to decompose
zero-order operators as sums of the form

Z T“J' a;lj + R,
0<j<4

where T, are paraproducts (a; = aj(z) does not depend on §) and R is
of anisotropic order < —2 plus an admissible remainder. More generally,
we consider below symbols of order —2 < m < 0 and not only zero-order
symbols.

Lemma 5.36. Let m € {0,1,2} and p > 0. Let S € F;m(Tz) be an
homogeneous symbol of degree —m in £ such that

S(x7§1’ _52) = S(x7£17§2)7

and such that, for some positive constant c,

|€&2| < cl&] = S(z,€) = 0.

Then, for all v whose spectrum is included in the semi-cone {&2 > c|&1]},

4
153,601,V = Z TS]_(@@;;I_% + Q(—i0y, + u@il)v + R, (5.49)

j=2m
where R is of anisotropic order < —2,

1
iy

Sj(z) =

(8, 5)(2,0,1), (5.50)

and

4
Q= Z T%(%f)aaln_k’
k=2m+1
where qy, € F;I(TQ) for 1 < k < 4 is explicitly defined in (5.55|) below and
satisfies
Qk($7€1, _62) = Qk(xaglvéé)? (551)

and .
(2| = 5 €1l = au(z.€) = 0. (5.52)

Remark 5.37. This is a variant of the decomposition used in [22]. The
main difference is that, having performed the reduction to the case where
& > 1£1] /2, we do not need to consider the so-called elementary operators
in [22]. Hence we obtain a decomposition where the S;’s do not depend on .
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Proof. The proof is based on the following simple observation: £ + & is
transverse to the characteristic variety. We prove Lemma for m = 0.

Let J. be a real-valued function, homogeneous of degree 0 such that

Je(&1,&2) = Je(&1, —€2) and
J(€) =0 for el < Jlaal, (&) =1 for &af > cléa]
(so that J.(€)S(z,§) = S(x,€) and J.(Dz)v = v). We shall prove that

4
108 = > T () 057 Je +Z F (|05, | +v02) + R, (5.53)

where Sj,qx, are as in the statement of the lemma and R’ is such that the
operator R'0,, is of anisotropic order < —2. This yields the desired result
(5.49) since J.v = v and |0y,| v = —i0,v by assumption on the spectrum
ofv.

For m = 0, S is an homogeneous symbol of degree 0 in £. By the
symmetry hypothesis S(x,&1,&2) = S(z, &1, —&2), we can write S(x,§) as

S0 =5 (= 1),

(if & = 0 then S(z, &) = 0 by assumption) so we have
4 5
Lo ic & &1 &
S(z, &) = —— (0L S)(z,0,1) < ) —i—r(x,)(z , (5.54

8 =0 2]7!( 51 &2 &l &l (5:54)
where 7 is given by Taylor’s formula.

Next, by setting

L(€) := |e2| - ved,

we claim that, for 1 < k < 4, there exists a Fourier multiplier Q(D,) of
order < —1 such that,

Je(§) i1 <
To see this, write

& _ L, 1 fi‘_(_ﬁ(f) 1)2 5?_(_5(5) 1)3
o~ viel v el \viel v jef T \Uvlel Te)
to obtain the desired identities with Q;(&) = J.(€)Q; (&) where

S J.(€
Iéll) N _Z'kly(k;lkl + Qr(§)L(E).

3 (6) = - 5oy Vel g +el’ + v

WOEr POTTT s

. 2 i(c16f + 2 lE €F + es |l € + cat]

Gale) =~ 2L Gy = - (el +er e B 1),
iv?|6]" & VA€ |6
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where ¢1 1= 3 —6v+412, ¢p := 3v+ 602 — 812, 3 := 3> +4v* and ¢4 = 15,
Similarly, we have

(& )5 L 4 A 6ol + 4v €] € + v2¢]
i (i) == GO with Gs() = .
&2 V3 |l V3 &l
Our analysis of (5.54]) is complete; by inserting the previous identities in
(5.54) premultiplied by J.(§)n(&1)i&1 and next by dividing by i£;, we obtain
the desired decomposition (5.53) with g (z, &) = J.(§)qk(z,§) where

G (2. €) _ Si(x) B vSs3(x)

& &)
) Ww?Ss(x)& vSa(z)  (es bl + caéf)Sa(x)
+ Zfl 3 - 2 4
2] 2] 2]
+r <$7 é1‘> Q5(£)7
2 (5.55)
ol €) =20 25
, V2 |&| &)
- _ S3(z)
Q3(337£) _1/3 ‘52‘ )
- _ —c154(x)
(_M(ﬂj’,g) - A ‘52’ .
Note that each term making up gi(z,§) is well-defined and C* for £ # 0
and homogeneous of degree —1 or —2 or —3 in &, so g € F;l(TQ). O

We are now prepared to conclude the proof of Proposition We
want to prove that there exist five functions

aj =aj(z) € CUN(T?) (0<j<4),
where
aj is odd in z; for j € {0,2,4}, a; is even in z; for j € {1, 3},
such that

—i0p, +v02, + Y Ta, 047 | U € HSF(T?). (5.56)
0<5<4

To this end, since A and B satisfy properties iii) and iv) in Lemmam
since U = 99 U and since the spectrum of U is contained in the semi-cone
{& > % |€1|}, we can use the above symbol-decomposition process to obtain
for U an equation of the form

(I+Q) (—i0n,U +v02U) + Y To,05,7U = f € H*(T?),
0<j<4
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where o; € C57%(T?) and

—k
Q= Tpwe s ",

4
=1
where ¢, € I‘S__lﬁ(TQ).

Write

(I+Q) —iagczU—i—y@glU—&— Z Taj(‘?;l_jU -Q Z Tajaglgl—j(] = f.
0<5<4 0<j<4

Now, by using Proposition @ and its corollary [5.32} notice that we can
write the term Q 3o i<y To; 0z, 'U under the form

Z Z Z(_l)gquTaglaﬁﬁl—j‘k‘eU 4 F

where F' € H*T2(T?) where the sum is taken over indices k, j, ¢ such that
1<k<4,0<j53<4and

Jj+k+£<3.
Indeed, for those indices such that j+k-+¢ > 4 the operator T, Tje & 831_ gkt
T

is of anisotropic index < —2 and hence Tj, T ajaijj"“‘eU € H*t2(T?),
1
so that these terms can be handled as source terms. Next, noticing that
T4 Tot o; — T, is order less than —3, this implies that we have
Tl

0% o
Q) T.0,7U= > Ts,05,7
&5 w1 - SpYay -
0<j<4 0<p=4

for some symbols S, of order —1 in &, with regularity s —8 in = and satisfying
the spectral assumptions in Lemma [5.36] As a consequence, by applying
Lemma [5.36] we obtain

QD T,00,7U =" Tg)0a,"U+Q (—i0s, +v02) U+ R,
0<j<4 2<k<4

where 5, € C*~8(T?), R is of anisotropic order < —2 and @’ is of the form

4
1—-k
Q = ZTq;(x,f)axl )
k=3

where ¢} (z, &) is of order —1 in ¢ (and regularity C*~® in z). Then

(I +Q — Q/) —10z, + Vagl + Z Taja;:j - Z Tﬂk(af)aal?l_k u

0<;5<4 2<k<4
+(Q-Q) Y. Towo " U+Q ) Ta0k7 € H(T?).
2<k<4 0<j<4
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Again, one has

Q-Q) 3. Tow?s "U+Q Y T =Ty + R'U.
2<k<4 0<j5<4

Now (Q — Q"T- 748;13 is of anisotropic order < —2. This yields

(I+Q) | =0, U +vo2 U+ Y T,,007U | € H*P(T?),
0<5<4

where @ = QQ — Q' and
ap = o, a1 =01, ag =g — B2, a3 =g — B3, as = s — fa + s
Now we have an obvious left parametrix for I + Q, in the following sense:
(I-Q+Q*-Q(I+9 =10
where Q% is of order < —4 so that

Q' [ =i, U +vd2, U + > T,,0477U | € HP(T?).
0<j<4

This gives .

The symmetries of the coefficients a; can be checked on the explicit ex-
pressions which are involved. Indeed, it follows from that the function
s = (so,-..,54) given by Lemma satisfies the same symmetry as S does:
given € € {—1,+1} and 0 < j < 4, we have

S(a*,6") = eS(x,6) = S;(z*) = (=1 8;(x).

This concludes the proof of Proposition [5.28

5.10 Proof of Proposition [5.27

Given Proposition[5.28] the proof of Proposition [5.27]reduces to establishing
the following result.

Notation 5.38. Given five complex-valued functions ag, ..., a4, we define
Zo = Z T,, 0,7
0<j<4
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Proposition 5.39. There exist two constant k,x’ € R and five functions
€y - - -, cq with cj € CO7I(T?) satisfying |co| > 0 and

cx is even in x1 for k € {0,2,4}, ¢k is odd in xq for k € {1,3}, (5.57)
such that

Z. <—i8$2 + o2, + Zaag“) U= (—z‘am 2, 4+ m;f) ZU + f, (5.58)
where f € HST2(T?).

Proof. The equation (|5.58]) is equivalent to a sequence of five transport equa-
tions for the coefficients ¢; (0 < j < 4), which can be solved by induction.
Indeed, directly from the Leibniz rule we compute that

(—i0pyu + 1/6%1 + K+ m'@;f)Zcu — Ze(—10,,U + uagl)u = Z504,U,
where
50 = 21/89“00,
01 = 200y, €1 — 10,0 + V@ilco + cok,
02 = 200y, ¢ — 10z,c1 + ua§1c1 + 1k,
03 = 200y, c3 — 10,2 + V(“)Q%ICQ + cok + oK,
04 = 200y, ¢4 — i10g,¢3 + 1/0%163 + c3k + 1K

On the other hand, if ((5.57) is satisfied, then we can apply Proposition m
and its corollary to obtain

202000, U = Z5i0p,U + |,
where f € H572(T?) and

o = Z cl(—=0,) " an (0 <k, l,m,n<4).
l+m+n=k

Hence, our purpose is to define ¢ = (cp,...,cq) satisfying (5.57) and two
constants x and x’ such that
§=1.

STEP 1: Definition of c¢g. We first define the principal symbol ¢y by solving
the equation &y = d(, which reads

21/6331 Co = Cpaop.

We get a unique solution of this equation by imposing the initial condition
co(0,z2) = Co(z2) on x1 = 0, where Cp is to be determined. That is, we set

co(z) = Co (562)67(39)/(21/)7
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where
o1
v = 0y, ap.

Since ag is odd in 21, we have [" agdz; =0 and hence

0z, = ap.

Note that, directly from the definition, we have

v e C*5T?), ~eClee), / vdx; =0, ~(x)€iR.

—T

STEP 2: Definition of ¢;, Cy and k. We next define ¢; by solving 61 = 4.
This yields
2005, ¢1 — age; = G

with
Gy :=10z,c0 — 1/8%100 — ke + cpar — ¢pOz, ap

where « is determined later. We impose the initial condition ¢;(0,x2) = 0
on x1 = 0, so that

1 o1
ci(x1,z2) := 67/(2")/ e VG, ds.
2v 0
Note that ¢ is 2m-periodic in z; if and only if
2
/ e @G dry = 0. (5.59)
0
Directly from the definition of G, we compute that

] 3 1
Gy =e/@) [i@zQCo +Co (;V&Bﬂ —K+a1— 561100 - @a%)] ,

Using
2w

21
&claod:ﬁl:O:/ v dxy,
0 0

this gives

2 2w a2
/ G dry = 2imCy(z2) + Co(xa) / [—H +a — 43] dz.
0 0

Set
2 a2
B(xg) := =27k +/ <a1 — 3) dxy. (5.60)
0

so that

2w
/ e VPG day = 2inCh(22) + Blaa)Coxs).
0

63



We thus define k by

1 ag
K= W . a] — W dx1dxs. (5.61)

With this choice, we have

27l
B(s)ds = 0.
0

and hence

1 r2
Co(x2) :=exp <_2i77 / B(s) ds) is 2ml-periodic in 9.
0

With this particular choice of Cp, the condition (5.59)) is satisfied and hence
c1 is bi-periodic.
Moreover, directly from these definitions, we have Cy € C® and, by per-

forming an integration by parts to handle the term fozl e/ (2v) (0%c1/011?) ds,
we obtain that ¢; € C®(T?).

STEP 3: x € R. It remains to prove that k € R. To do this, we first observe
that ag(z) = A(z,0,1) where A is given by Proposition In particular
we easily check that ag(z) € iR so that ag(r)? € R. On the other hand, we
claim that

Imaq(x) is odd in o, (5.62)

_1// R %D doydey € R
KR = ’TQ‘ 72 c al 4 r1ax9 .

To prove (5.62)), still with the notations of Proposition and Lemmal[5.30]
we first observe that the identity ([5.50)) and the definition of a1 imply that

so that

1 - .
r(e) = O (o €) + Bo(o. )|

w £=(0,1)
1 €1

Y (A y: > 4 Bola, £ ‘
w2 \ AP0 = g ) TR0
1 1

= Z—V(G&A)(:E, 0, 1) — E —+ Bo(m, 0, 1),

so that Im a;(z) = Im By(z,0,1).
Now, we claim that
Im Bo(z, —€) = — Im By(x, £). (5.63)

Indeed, this follows from the definition of By (cf Proposition [5.22)) and the
following symmetry of the symbol A, of the Dirichlet to Neumann operator

AU(‘ra f) = )\0($, _5) (564)
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That (5.64]) has to be true is clear since this symmetry means nothing more
than the fact that G(o)f is real-valued for any real-valued function f.

Once (5.63)) is granted, using B € T'(e, e) we obtain the desired result:

Imay (1, —x2) = Im Bo(x1, —22,0,1)
= —ImBo(JBl,—LIﬁg,O,—l)
= —ImB0($1,l‘2,0, 1)

= —Imal(IL‘l,ZL‘Q).

STEP 4: General formula. We can now give the scheme of the analysis. For
k = 2,3, 4, we shall define ¢; inductively by

20, <e—7/(21’)ck) e

where G}, is to be determined by means of the equation ¢, = ) +9)_,. That
is, we set

ck(z1,22) = exp <W> (Cr(w2) + T, 22)),

where C}, is to be determined and I'y is given by

1 [ —(s,x
Tz, 22) = 21// exp (M) Gr(s,z2) ds.
0

As in the previous step, we have to chose the initial data Cy_;(x2) =
ck—1(0,z2) such that T’y is 27-periodic in ;. Now we note the following
fact: Starting from the fact that ag, ao, a4 are odd in x; and a1, az are even
in x1, we successively check that: ¢; is odd in z1; G2 is odd in x1; ¢ is even
in z1; G3is even in x1; c3 is odd in x1; G4 is odd in 1. As a result, we have

™ s
/ 1) Gy gy = 0 = / e/ Gy da
—r —T

which in turn implies that I's and I'y are bi-periodic. Consequently, one can
impose

Cl ($2) == 61(0,$2) =0 and 03(.%‘2) == 03(0,1‘2) =0.

Moreover, we impose Cy = 0 (there is no restriction on Cj since we stop the
expansion at this order). Therefore, it remains only to prove that one can
so define C and &’ that I's is bi-periodic.

STEP 5: Definition of Cy and x’. We turn to the details and compute that

. /
Gs = 281202 — 1/85%102 — (/i + 8g;1a0 — a1)02 — Kk ¢y + cpasz + crag — Claxlal.
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The function c3 is 2w-periodic in z; if and only if
2
/ e )Gy dry = 0. (5.65)
0
Directly from the definition of G3, we have

27
/ e~/ (2v) Gs dxy
0

2 2
= 2irCh(xs) + 02(152)/ (—/{ +ai — a0> dxy
0 41/

g 3 1,
+ o (21, 22) ; 5812/7 —k+a; — 5811% - ;% dz,

2m
+ /0 (i&m]_“g — 1/6%11“2 — azl'yaxll“g) dxrq
2m
+ / (CL3 - IQ,)CO d.Tl.
0

Now since ag is odd in x7, the last term simplifies to —27k'Cy(z2). Note

also that
2

(931 FQ dxl = 0,
and
2w 2w 2
/ —8351’)/6$1F2 dxl = / —aoﬁwlf‘g Cl.%'l = / Fg(?mao Cl.%'l.
0 0 0

By using the previous cancelations, we obtain that for (5.65) to be true, a
sufficient condition is that Cy solves the equation

21"71’05(1‘2) + B(.TQ)CQ(xQ) = F2($2) — 271‘/‘@/00(.%2), (5.66)

with

2w .
1 1 1 .
FQ(.Z‘Q) = /0 <21/8x2’7 —K+a] — iazlao - 41/61(2)> Fz + z&mzf‘z d:L‘l.

If we impose the initial condition Co = 1 on zo = 0, then equation (|5.66))
has a 2m/-periodic solution if and only if &’ is given by

1 27l 1 T2
KJ/ = "1‘2’/0 exp <227T/0 B(S) d8> F2($2) d.’L’Q.

We are then in position to define a function C5 such that c3 is bi-periodic.
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STEP 6: ' € R. It remains to prove that x’ € R. Firstly, observe that
similar arguments to those used in the third step establish that

ar(x1,z2) = ag(x1, —z2) for 0 <k <4 (5.67)
Then, we successively check that

co(x1,x2) = co(x1, —x2),
c1(z1,22) = c1(x1, —x2), (5.68)

ca(x1, 22) = cax1, —x2).

To complete the proof we express ' as a function of these coefficients.

Lemma 5.40. There holds

1 1
//2 @ < O,y + a1 — 28951(10 — Ea% — H) dzr1dzs
T

//112 o — Op,a1 + 8g1a0) dx1dxo

Proof. Introduce

(5.69)

C1 (&) 63

Mm=—-— Y2=— V3=
€o €o CO

With this notation, directly from the equation d3 = ¢4 we have

15} 7
= —2v0z,73 — o2t 2*(31:27)72
1 1 1
— v 2 — 2@0335172 W —adyy + = (r%lao)’yg — K72

+ag — O a2 + 07,a1 — 93 ag + y1az — 10z, a1 + 1195, ao
+ 201 — 720z, ao,

where we used various cancelations. By integrating over T2, taking into
accounts obvious cancelations of the form fjﬂ 0z, f dx1 = 0 and integrating
by parts in z; the term [[ a0y, 72 dx1dzs, we obtain the desired identity.

O

Using ((5.69)), (5.67) and (5.68)), we obtain x’ = x’ and hence ' € R.

This completes the proof of the proposition, and hence of Theorem
O

6 The small divisor condition for families of diamond waves

In this section, we prove Proposition whose statement is recalled here.
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Proposition 6.1. Let § and &' be such that
1>6>6>0.

Let v = v(e), ko = ko(e) and k1 = kKi1(e) be three real-valued functions
defined on [0,1] such that

Ko(€) = Ko + ©2(e%), (6.1)
k1(e) = K1 + @3(?),
for some constants v, V', ko, k1" with
v #0,

and three Lipschitz functions @;: [0,1] — R satisfying ¢;(0) = 0. Assume
i addition that there exists n > 2 such that

kg — vk} — Ko| > (6.2)

140"
kl

for all k € N? with ki > n. Then there exist K >0, rg >0, Ng € N and a
set A C [0,1] satisfying

1 -8
VTG[O,T’()L ;‘AQ[O,T’HZfL—KTS-&-é’?

such that, if €2 € A and k1 > Ny then

K1(e)
ki

1
2467
ki

ks — v}k — ko) — | >

for all ke € N.

Proof. As in [22], it is convenient to introduce
A= o0 = v(VX), (V) = ro(VA), R1(A) = ki(VA).

Introduce also the notations

l{ig RQ K1
d(k) Zd(kl,kg) = ?% l 2 k':% — k:il

and ~ ~
Ro(A) — ko | F1(A) — K1

2ok

w(A k) :=0(\) —v+

By assumption,

A A
w(%k“)_”/A4‘A§¢NA)+‘¢2;)*‘wiﬁ),
1 1
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where ¢;(A\) (j = 1,2,3) is a Lipschitz function vanishing at the origin.
Therefore, for k1 large enough and A small enough, we have

/
|”2|A < Jw(\ k)| < 2] A (6.3)

Similarly, for k1 large enough and A, \" small enough,
Z RPN Y.
5 ’)\ A ‘ < Jw(A k1) —w(N, k1) (6.4)
Given r > 0 and N € N*, introduce the set
1
N)Z ﬂ ﬂ {/\E [O,T’] : ’d(kl,]@)—w()\ k‘l)‘ > 4+6}
k2€N N3k; >N k

We have to prove that there exist rg > 0, K > 0 and Ny € N* such that

v €l0,rol, 10,7\ A(r, No)| < Kri* 5o, (6.5)
Note that for n € N*,
0,7]\A(r,N)= | | E(r ki, k)
k1 >N koeN
with

1
E(r, ki, k2) = {)\ € [0,7] : [d(k1, k2) — w(X, k1)| < k4+5}-
1

The proof then depends on the following lemma.

Lemma 6.2. There exist ro > 0, No € N and three positive constant A;,
Jj =1,2,3,such that, for all r € [0,7¢], for all ky > Ny and for all ke € N,

we have
1. If E(r,ky, ko) # O then
k> Ay 5 (6.6)
2. #{m e N : E(r,k1,m) # 0} < As(rk? + 1).
3. |E(r, k1, ko)| < Agk;*™°.

Assume this lemma for a moment and continue the proof. This lemma
implies that, for r € [0,79] and k1 > Ny, we have

rk? +1

U ET‘ kl,kg) <A2A3 k4+5

koeN

69



Consequently,

rk? +1
0,7] \ A(r, No)| < AgAs > ﬁ
klelr_ﬁ

1+6 3446
< A{r X 1r3+6 4 3+ } ,

for some positive constant A independent of r, which yields the desired

bound ([6.5)).

It remains to prove Lemma Suppose that E(r, k1, ks) # () and chose
X € E(r, k1, k2). To prove , we first use assumption (6.2) which reads

1

kg avs)
PERRIS
1

v =

R

)

for kp large enough. Hence, by definition of d(k, k2),

1

i < |d(k1, k)| + Jra]

k:4'

Now, by the triangle inequality, we have

k3+5, < ’d(k‘l,kg)—w()\ k1)|—i—|w()\ k1)|+ ’ ’
By definition, if A € E(r, k1, k2) then the first term in the right hand side is
bounded by k:f475, SO

1 1 ‘ 1‘
ki’+5/ < k4+6 + |w(A, k)| + k4 .

Hence, since 0 < ¢ and ¢’ < 1, we have

11

s < (A )|
3 6/ b Y

2

for ky large enough. Now we use the simple estimate (6.3) valid for k; large

enough and A small enough, to obtain

1
k3+5/ <4[x<af]r
This establishes the first claim in Lemma [6.2]
To prove the second claim, note that, given r > 0 and kq, if E(r, kq, ka) #

0 and E(r, ki, kb) # 0 then exist A and X such that

|d(k1,]€2) —w()\,kl)] < ‘d(kl,ké) —w()\’,kl)| <

4467 — 1446
kl kl
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Now by the triangle inequality, using (6.3)), this yields
ke K

Kk
= |d(k1, ko) — d(k1, k3)|

< |d(k1, ko) — w(\ k1) + |d(kr, k) — w(N k1) | + [w(X k1) — w(N, k)|

2 2
§W+2|Z|(>\+>\) §W+4|Z|T.
1 1
Multiplying both sides by k% we obtain the bound

|ko — k5| < + 4|V |rk,

7348
kl

and hence

#{m e N : E(r,k;,m )75@}<1+k2+5+4|u‘rk1.

It remains to prove the last claim. Introduce
)\min(ra kla k2) = inf E(Ta kla k?)a Amar(ra kh k?) = sup E(’f’, kla k2)

Then, using we find
|E(7", kla k2)’ S )\mam(ra kl) k2) - )\min(r7 kla kQ)
2
§ |V" ‘W( maz(r kla k2) kl) (Amin(ra klv k?)a kl)‘
2
< Wl |w(Amaa (r, k1, k2), k1) — d(k1, k2)|

+ |d(k1, k2) — w(Amin(r, k1, k2), k1) |

This completes the proof of Lemma and hence the proof of Proposi-
tion [2.10 ]

Remark 6.3. The previous proof follows essentially the analysis in [22]. The
key difference is that, in [22], the authors need to prove that a diophantine
condition of the form

|k — v(e)ki — ko(e)| = ki (6.7)

HI\D

is satisfied for all €2 € A for some set A satisfying

lim — |Aﬂ [0,r] =

r—=07r
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This corresponds to the case 6 = 0 of the above theorem (which we precluded
by assumption). Now, observe that in this case the above analysis only gives

10,7\ A(r, No)| < r5+7 .

Then to pass from this bound to |[0,7] \ A(r, No)| = o(r), one has to gain
extra decay in r. To do this, Iooss and Plotnikov use an ergodic argument.
What makes the proof of the above Theorem simple is that we proved only
that a weaker diophantine condition is satisfied. (Here “weaker diophantine
condition” refers to the fact that, if is satisfied then is satisfied
for any 0 > 0.) In particular, this discussion clearly shows that it is simpler
to prove that is satisfied for some § > 0 than for § = 0. This gives a
precise meaning to what we claimed in the introduction: our paradifferential
strategy may be used to simplify the analysis of the small divisors problems.

7 Two elliptic cases

7.1 When the Taylor condition is not satisfied
Consider a classical C? solution (o, ¢) of the system

G(o)p = f1 € C=(T?),

1 (Vo - V)2 (7.1)

1 2 . 00 2

where z € T?, and f1, f» are given C> functions.

Our goal here is to show that the problem is much easier in the case
where the Taylor sign condition is not satisfied. To make this more precise,
set

Vo - Vi
1+ |Vol|?
We prove a local hypoellipticity result near boundary points (z,o(z)) where
a < 0. We prove that, if c € H® and ¢ € H® for some s > 3 near a boundary
point (xg,o0(xg)) such that a(zg) < 0, then o,¢ are C* near (xg,0(xp))-
(This can be improved; the result remains valid under the weaker assumption
that o,¢ € C° with s > 2 for z € T? with d > 1. Yet, we will not address
this issue.)

a:=p+V-Vb with b:= V :=Vy —bVo.

The main observation is that, in the case where a < 0, the boundary
problem is weakly elliptic. Consequently, any term which has the
regularity of the unknowns can be seen as an admissible remainder for the
paralinearization of the first boundary condition (that is why we can localize
the estimates). In addition, the fact that the problem is weakly elliptic
implies that we can obtain the desired sub-elliptic estimates by a simple
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integration by parts argument. To localize in Sobolev space, we use the
following notation: given an open subset w C R and a distribution u €
S'(RY), we say that u € H*(w) if xu € H*(R?) for every x € C§°(w).

Theorem 7.1. Let s > 4 and consider an open domain w CC T?. Suppose
that (0,v) € H(w) satisfies System [7.1 and a(z) < 0 for all v € w. Then,
for all ' CC w, there holds (o,7) € H*Y2(W').

Proof. By using symbolic calculus, we begin by observing that we have
a localization property. Consider two cutoff functions x’ € C§°(w’) and
X € C°(RY) such that x = 1 on w and ' = 1 on w’. Then @& = X' —Tyex'o
and & = X0 satisfy

T)\flrﬂ—Tv-v5:’l/J€Hs(w,), (72)
T.6+ Ty - Vi =0 H*3(J), (7.3)

where recall that

A (2,6) = /(L4 [Vo@P)IER - (Vola) - €)*
The strategy of the proof is very simple: We next form a second order
equation from (7.2)-(7.3). The assumption a(zg) < 0 implies that the op-
erator thus obtained is quasi-homogeneous elliptic, which implies the de-
sired sub-elliptic regularity for System f. Namely, we claim that
i€ H*"2(w') and 6 € HY(w') with

a::min{s+%,2s—3} > s.

To prove this claim, we set A = (1 — A)% and use the Garding’s inequality
for paradifferential operators, to obtain that there are constants C' and ¢ > 0
such that

R(Ty - V&,AZO‘ﬂ)LQ +(Tv - V&,A2a5)L2 < CHﬂ’HHQH&HH@’

| fgosy < BTy A%0) L+ Clla [

.
ol < BT, ~02) s+ o]y,

Therefore, taking the scalar product of the equations (7.2)) and (7.3]) by A2*a

and —A2%G respectively, and adding the real parts, implies that

2 12
HOtS

< Cll0]l oy lall oy + ClIY e 151 e

+ Clfall o 5] 570 + Clall e + €3]

cllall

2
o5
and the claim follows.

As a consequence we find that 0 € H*(w') and u € H “J“%(w’ ). Going
back to ¢ = u + Tyo, we obtain that ¢ € H*(w'). This finishes the proof of
the Theorem [7.11 O
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7.2 Capillary gravity waves

In this section, we prove a priori regularity for the system obtained by
adding surface tension:

G(o)yp —c-Vo =0,
1 (Vo -V +c- Vo)
2 1+ |Vol|?

where H (o) denotes the mean curvature of the free surface {y = o(z)}:

1
po + e Vi o [V — — H(o) =0,

. Vo
H(o):=div (W) .

Recently there have been some results concerning a priori regularity for the
solutions of this system, first for the two-dimensional case by Matei [30], and
second for the general case d > 2 by Craig and Matei [10, [I1]. Independently,
there is also the paper by Koch, Leoni and Morini [26] which is motivated
by the study of the Munford-Shah functional. Craig and Matei proved C*¥
regularity for C?T® solutions, and Koch, Leoni and Morini proved this result
for C? solutions (they also note that the result holds true for C! viscosity
solutions). Both proofs rely upon the hodograph and Legendre transforms
introduced in this context by Kinderlehrer, Nirenberg and Spruck in the well
known papers [23, 24], 25]. Here, as a corollary of Theorem we prove
that C3 solutions are C°°, without change of variables, by using the hidden
ellipticity given by surface tension. To emphasize this point, the following
result is stated in a little more generality than is needed.

Proposition 7.2. If (,v) € C3(RY) solves a system of the form
Glo)y = fr € C(RY),
F(y,V,0,V0) + H(o) = f» € C®(R),

where F is a smooth function of its arguments, then (o,1)) € C*®°(R?).

Proof. By using standard regularity results for quasi-linear elliptic PDE, we
prove that if (o,1) € C™ for some m > 2, then (o,1) € C™T1=¢ for any
e > 0. For instance, it follows from Theorem 2.2.D in [40] that,

ceC™ H(o)eC'=oe Mo

for any § > 0. As a result, it follows from the paralinearization formula
for the Dirichlet to Neumann operator (cf Remark after Theorem
that,

Ty (¥ — Tyo) € "% forany & >0,
where Al is the principal symbol of the Dirichlet to Neumann operator.
Since Al is a first-order elliptic symbol with regularity at least C'* in z, this
implies that ¢ —Tyo € C™ 179" and hence ¢ € C™ 19" for any 6" > 0. O
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