TRAVELING WAVES NEAR COUETTE FLOW
FOR THE 2D EULER EQUATION

ANGEL CASTRO AND DANIEL LEAR

ABSTRACT. In this paper we reveal the existence of a large family of new, nontrivial and smooth
traveling waves for the 2D Euler equation at an arbitrarily small distance from the Couette flow
in H®, with s < 3/2, at the level of the vorticity. The speed of these waves is of order 1 with
respect to this distance. This result strongly contrasts with the setting of very high regularity in
Gevrey spaces (see [7]), where the problem exhibits an inviscid damping mechanism that leads to
relaxation of perturbations back to nearby shear flows. It also complements the fact that there not
exist nontrivial traveling waves in the H 3t neighborhoods of Couette flow (see [51]).
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1. INTRODUCTION AND MAIN RESULT

In this paper we deal with the incompressible Euler equations in the two-dimensional space
D :=T x R. In the vorticity formulation 2D Euler is given by the transport equation

ow + v - Vw =0,
(1) (x,t) € D x RY, v=ViAa~ty,
w=0 = wo,

where v = (v1,v2) denotes the velocity field and w = 0,v2 — Oyv; its vorticity. The starting point
of this paper is the fact that the Couette flow, given by v = (y,0) and w = —1, is a steady state
for (1). We are interested in perturbations of the form v(x,t) := (y,0) 4+ u(x, t) with total vorticity
w(x,t) == —1 4+ w(x,t), where w = curl(u). The equations for a perturbation around the Couette
flow are given by

Oyw + yOzw +u-Vw =0,
(2) u=V=tATly,

wlt=0 = wo.
Here, the operator A~! is given by expression (6).

Stability of shear flows, to which the Couette flow belongs, is a widely investigated problem in
the context of hydrodynamic stability, a field where many questions still remain unanswered. We
refer to [8, 30] for an overview of this topic and a detailed list of references.

The Couette flow is one of the simplest shear flows if not the simplest one, however, it poses several
long-standing puzzles in hydrodynamics. The issue that Couette flow is known to be spectrally
stable for all Reynolds numbers in contradiction with instabilities observed in experiments is now
often referred as the Sommerfeld paradoz or turbulence paradox. There have been many attempts
in the literature to find an explanation to this paradox starting in the nineteenth century with
Stokes, Helmholtz, Reynolds, Rayleigh, Kelvin, Orr, Sommerfeld and many others.

The linear analysis for the Couette flow has been obtained via an eigenvalue analysis, however, the
classical stability analysis in general does not agree with the numerical and physical observations. A
key observation was made by Trefethen et al. [60], where it has been shown that a pure eigenvalues
analysis could hide several problems. These problems are due to the fact that the operators involved
in the linearization around a shear flow are in general non-normal. Nowadays, the idea that the
interaction between nonlinear effects and non-normal transient growth can lead to instabilities is
classical in fluid mechanics, see [59, 60]. We refer to [50] and the references therein for a modern
approach and a mathematical treatment to the problem.

There were many attempts to find an explanation to the Sommerfeld paradox. One of the first
attempt might be due to Orr, who studied the linear stability directly by considering the initial
value problem. In this case, the problem reduces to a simple transport equation for the vorticity.
By recovering the velocity via the Biot-Savart law, Orr observed that the velocity may experience
a transient growth, suggesting that this phenomenon may be a possible source of instabilities in
the nonlinear problem. In fact, one can see assuming enough regularity on the initial perturbation
that the vertical velocity tends to zero when times goes to infinity. This convergence back to
equilibrium, despite time reversibility and the lack of dissipative mechanisms, is now referred as
muisced damping. This phenomenon share analogies with the Landau damping in the kinetic theory
of plasma physics, see the paper of Mohout—Villani [57] and references therein.

Despite the understanding of the linear setting, the nonlinear problem is substantially harder
and remained unresolved until the breakthrough of Bedrossian-Masmoudi [7]. They established
that sufficiently small perturbations in the Gevrey spaces G*, with s > 1/2, converge strongly in
L? (of velocity) to a shear flow near Couette as times goes to infinity in T x R.
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As it was shown in [22] by Deng—Masmoudi, the Gevrey regularity requirement s > 1/2 is crucial.
Indeed, Deng and Masmoudi prove long time instabilities in G 127

In very recent works Ionescu-Jia [44, 45] and Masmoudi-Zhao [56] proved that nonlinear as-
ymptotic stability holds true also for perturbations around the Couette flow and more general
monotonic shear flows, with compactly supported vorticity, in the periodic channel T x [—1,1].

Motivated by these results, the linearized equations around more general shear flows solutions
were investigated intensely in the last few years, and linear inviscid damping and decay was proven
in many cases of physical interest, see for example [6, 11, 20, 23, 24, 38, 48, 49, 61, 62, 63, 64, 65].
For the analogous problem in the viscous setting or even in the compressible case, we refer to
[5, 3, 4, 19, 53, 18, 1] for a comprehensive but not exhaustive list of references. Similar analysis
have been also carried out recently for the Boussinesq system, see for example [9, 10, 25, 55, 66, 67].

For the most up-to-date overview of this subject, see [8] and references therein.

By all the above, an important direction to explore further is the role of nonlinear instabilities,
and moreover, how the regularity of initial data may or may not affect the dynamics.

Nonlinear long time dynamics near Couette flow is related to the existence of nontrivial invariant
structures as steady-states, traveling waves, etc. Non existence of nontrivial invariant structures
near Couette flow is necessary for nonlinear inviscid damping. Conversely, their existence means
nonlinear inviscid damping is not true, and long time dynamics near Couette flow may be richer.

In this direction we refer to the work of Lin—Zeng [51], where the authors construct nontrivial
steady flows arbitrarily close to Couette flow in H*®, with s < 3/2, in a finite channel T x [—1,1]. In
addition, the non existence of nontrivial traveling waves close to the Couette in H®, with s > 3/2,
is proved in this paper. Here and in the rest of the paper “trivial” means independent of x.

It is important to emphasize that the steady cat’s eyes structure near Couette flow, constructed
in the aforementioned paper [51], can be used to obtain traveling waves using the symmetries
of the system (1). Note that, by Galilean invariance, if v(x,t) solves 2D Euler equation then
V(x,t) :=v(x + M,y,t) — (A, 0) also solves it. Therefore, if v(x) is a steady solution from [51], we
get that v(x,t) := v(z + At,y) — (\,0) is a traveling wave solution of 2D Euler.

Since steady solutions in [51] satisfy v1(x) = y + O(€), where € measure the distance to the
Couette flow, the size of v7 — y will be A. So, in order to obtain a traveling wave e—close to the
Couette flow, the speed of the wave must be of the same order, i.e., A = O(e).

In the present paper we are concerned with the existence of nontrivial and smooth traveling
waves close to Couette flow in the H3/2™ topology with speed A of order 1 and with v, = y + O(e).
Then our solutions are of a different nature that those of [51].

It is necessary to mention here also the result of Li-Lin [50], where the authors prove the existence
of traveling waves bifurcating from the sequence, v, (y) = y + % sin(4nmy) for é <A< ﬁ. As
n — oo, the oscillatory shears approach the Couette flow, i.e., v,(y) — y in L? and L. On
the other hand, in the vorticity variable, the oscillatory shears do not approach the Couette since
Oyvn(y) = 1+ 4Am cos(4dnmy) /4 1 in any Lebesgue norm.

Recently, there has been a growing interest in the study of existence or not of invariant structures
as steady-states and traveling waves for the incompressible 2D Euler equations near other shear
flows and for related equations. For example, we refer to [52, 54| for the 2D Euler equation with
Coriolis force or [19] for the case of Kolmogorov and Poiseuille flows.

For the sake of clarity we shall now give an elementary statement of our main result.

Theorem 1.1. For any 1 < s < 3/2 and € > 0, the perturbed 2D FEuler system (2) admits a
nontrivial traveling wave solution that satisfies the smallness condition

|lw + 1 s (rxr) = [|wll s (Txr) <6
with w € C*°(T x R) compactly supported, and whose speed is O(1) with respect to €.
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This result will be the consequence of Theorems 6.1, 6.2 and 6.4 where one can get a deeper
insight on the properties of these solutions. See also Corollary 2.1.

An important tool behind the proof will be the bifucartion theory, which has been very useful to
prove the existence of solutions with a global structure in several equations arising in the field of
fluid mechanics. Following the approach of Burbea [12], there has been several works concerning
the existence of single or multiple patches moving without changing shape, not only for 2D Euler
equation but also for the generalized Surface Quasi-Geostrophic equations (SQG)z where 0 < 8 < 2.
We refer to [13, 14, 40, 43] for single rotating patches, [26, 27] for doubly connected V-states,
[42, 39] for corotating and counter-rotating vortex pairs and [33] for steady states. See [34] for
further properties of rotating solutions and [35, 36] for the case of the vortex-sheet problem. See
[29, 41, 58] for related constructions.

The existence of smooth rotating vortices is more intricate due to the higher dimension of the
space on which the linear part of the equation acts. In spite of this, in [15, 16] smooth rotating
solutions were constructed for SGQ equation and for 2D Euler equation, respectively. See also [2] for
the construction of a different type of smooth rotating solutions for SQG and [37] for the existence
of traveling waves also for SQG. The existence of non-smooth rotating vortices with non-uniform
densities can be found in [32] for 2D Euler.

In a broad sense, these results connect with that developed in [6], where the authors analyze
the incompressible 2D Euler equation linearized around a radially symmetric, strictly monotone
decreasing vorticity distribution. For sufficiently regular data some interesting phenomena appear,
such as vorter azysimmetrization (the vorticity weakly converges back to radial symmetry) and
vorticity depletion (faster inviscid damping rates than those possible with passive scalar evolution).
Finally, for perturbations around coherent vortex structures we also refer to [20, 31, 46, 47, 61] and
references therein.

1.1. Sketch of the proof. We will assume that the level sets of the vorticity are given by the
family of graphs (z, f(x,t)), i.e.,

w(z, f(x,1),t) = =(y).
Then, all the information of the problem is encoded in the time-evolution of level curves f(x,?) and
in the profile function w. After some algebraic manipulations the problem reduces to the equation:

(3) % (x,t) + f(x,8)0.f(x,t) = Ug[f](x,1), for x € T x supp(=@’),

where U[-] is a nonlocal and nonlinear functional defined below in (13).
In order to look for traveling wave solutions we will take

ft) =y +fx+ X, y),
which will lead to an equation for (A, f(x)) of the form,
(4) Fo [\ f](x) =0, for x € T x supp(=@’).

with F[A,f] given in (17). This equation we will be solved by using the Crandall-Rabinowitz
theorem (C-R). Note that F;[\, 0] =0 for all A € R and one can expect to bifurcate from zero for
some values of A. We also be able to get enough information on f(x) = f(z,y) to guarantee that it
depend on the horizontal variable x in a nontrivial way.

The size of our solution w in H*(T x R), 0 < s < %, which coincide with the distance of our
solutions w = —1 4w to the Couette flow, will be given by the size of the profile o in H*(R). Thus,
we have to found a small enough profile w for which we can solve (4). A full description of w will
be given in Section 2.3. At this point let us says that it will be a k—regularization of the profile of
size € we see in Figure 1:
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FIGURE 1. Profile w; o.

The core of the paper will be to study the spectral properties of the operator
L[A] = DwaE’K[)\,O].
This analysis will be made by an asymptotic analysis on €.

1.2. Organization. The remainder of the paper is organized as follows. In Section 2, we shall
write the equation for the level curves of the vorticity through the Biot-Savart law. In Section 3,
we shall introduce and review some background material on the bifurcation theory and Crandall-
Rabinowitz theorem. In Section 4, we will define the spaces we will work with in order to apply
the C-R theorem and study the regularity of the nonlinear functional. In Section 5, we conduct the
spectral study and check that our equation satisfies the hypotheses of the C-R theorem. In Section
6.1, we obtain quantitative bounds for the H*-norm in terms of all the parameters involved in the
problem. We address the full regularity of the traveling wave solution in Section 6.2. Finally, in
the last section, in order to facilitate the presentation, we collect in the Appendix the proofs of all
technical lemmas used in the paper.

2. FORMULATION OF THE PROBLEM
In this section it will be obtained an equation whose solutions yield traveling waves of (2).

2.1. The 2D Euler as an equation for the level curves of the vorticity. We will obtain the
equation for the level curves of the vorticity of a solution of the 2D Euler equation (2). We will use
the stream function v, which satisfies

(5) u=Vvty,  Ap=uw.
The Green function for the Laplacian in the strip T x R is given (see [17]) by the convolution with
the kernel .
K(x) = yp log[cosh(y) — cos(T)].
7r

Consequently, the stream function ¢ = K * w is given by the expression
1

(6) P(x,t) = — / log (cosh (y — §) — cos(x — Z)) w(X, t)dX.
A Jrxr

We will find solutions of (2) by looking to the level curves of w. Assuming that these level curves
can be parameterized by the family of graphs (z, f(x,t)), with 0, f(x,t) > 0, we have that

(7) w(z, f(x,1),t) = w(y),
for some smooth and even profile function . We remark that equation (2) is a transport type

equation, then the profile @ can be taken independent on ¢ without any loss of generality.
By straightforward computations, we get

®) Veola, f(x,1),1) = %(—mﬂx,w, ).
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It is easily seen that taking a time derivative on (7) and using (2) yields

9)  Of(x,t)0yw(z, f(x,1),t) = f(x,t)0,w(x, f(x,1),t) +u(z, f(x,1),1) - Vw(z, f(x,1),t).
Plugging (8) into (9) we obtain

@'(y) _
(10) [0 f(x,t) + f(x, )0 f (x,t) — U[f](x, )] 9,7 0) 0,
where
(11) U[f](X, t) = u(x) f(Xa t)7 t) : (_8:rf(xv t)7 1)

Next we obtain an expression for U[f](x,t). Taking V+ on (6) we have that
1
u(x,t) =— / log (cosh(y — 7) — cos(z — 7)) V3w(x, t)dx
AT Jrxr

1

=— log (cosh(y — §) — cos(z — 7)) V3w(x, t)dx.
4m supp(V-+w)

Making the change of variable X = (7, f(X,t)) and using expression (8) we have that

(12) u(z,y,t) = log (cosh(y — f(%,t)) — cos(z — %)) (1, 0. f (X, 1))’ (§)dx,

4w

Txsupp(w’)
and
e 0600 =~ [ dom (o760~ S(5,0) —eoste — ) (1,80 (e ) ()%
Thus
(13) Ul
= Lo Tom (oS ) = (5, 0) = cos(a ) (0u 6 ) — 00 5, ()
- ' (y — ) log (cosh(Axf](x, 1) — cos(@)) Axl0a]x, )%

Txsupp(w@’(y—))

where in the sequel we shall use the notation

A)’c[f](x7t) = f(X>t) - f(X - ivt)'

Since equation (10) is multiplied by @’(y) and in order to compute U[f](x,t) in T x supp(w’)
one just needs to know f(x,t) in T x supp(w@’), we have to solve

(14) 8tf(X7 t) + f(X, t)axf(xv t) = U[f] (Xv t)v X= (:L'v y) € Tx Suclgp (w,)

Conversely, if f(-,t) € C*°(T x supp(«@’)), with 9, f > 0, satisfies the previous equation (14) on
Tx supp (w') for some w € C°(R), we can prove that the function w(-,¢) defined by

w(z, f(x,t),t) =@'(y) on T x supp(w’),
and extended by suitable constants to the complementary of
{(z,y) e TxR: (z,9) = (7, f(%X,t)) with (z,7) €T x supp(w’)},

is a smooth solution of the original problem (2) on T x R.
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2.2. The equation for the traveling wave. We will look for solutions of the form

(15) f(x,t) =y +f(z+ At y).

Putting the above ansatz (15) into (14) our problem reduces to solve the time independent equation
A0:f (%) + (y + f(x)) 0. f(x) = Uly + f](x),

or equivalently

(16) FIL() =0, x & Tx supp (),

where

(A7) FIA A1) = ADF(x) + (3 + F())0,F(x)

1

1 @' () log [cosh(y — § + f(x) — f(X)) — cos(z — Z)] (9.F(x) — .f(X))dx,

Txsupp(w’)

It is easy to check that f(x) = 0 is a trivial solution of (16) whose velocity and vorticiy are given
by u(x,t) = (u1(y),0) and w(x,t) = —0yu1(y) where —0yui(y) = w(y). Consequently, f(x,t) =y
is a solution of (14) whose velocity is a degenerate shear flow. To prove our goal, we will need to
show the existence of nontrivial solutions of the equation (14). More specifically, we will prove the
existence of traveling wave solutions of (14) bifurcating from the trivial one f(x,t) = y.

Corollary 2.1. The solutions given by w(z,y+f(z+ At,y),t) = w(y) give rise, by expression (12)
and an appropriate change of variables, to solutions of 2D Fuler

(18) opu + yo,u + (ug,0) + (u-VIu+Vp=0, inTxR,
of the form
u(x,t) = (u1(z,y,t),us(x,y,t)) = (a1(x + M\, y), w2(x + At, y)),

with

ui(x,y) = O(e), uz(z,y) = O(e),
in L°(T x R).
Proof. We have that
(19) VvV F(z,y,t) =0,
where

F(z,y,t) := Ou + yo,u + (uz,0) + (u- V)u = Ad,u + yd,u + (uz,0) + (u- V)u.

In addition, by (6) and u = V14 we have that

nlzy) == i Txr cosh(y Sjn;gy—cg;)(x - x’)w(x/’ y')da'dy
= —i . log (cosh(y — y') — cos(z — 2')) Oyw (', y')da'dy’,
(2, ) :ﬁ /IFXR cosh(y jlzf)x—_cf)ls?(:v - x')w(ml’ y)da'dy’,
0, (2,9) = — - sin(e — &) o,y )da' dy,

Ax TxRr cosh(y — y’) — cos(x — 2’)

where w(z,y,t) = w(x + M, y).
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Thus, 0,0, y0,Q, U, U10,U1, U20yU1, U10,Uz and uzdytus tend to zero as y tends to +oo (we do
not have decay of 4; but we do not need it). Then

(20) lim F(z,y,t) =0.

y—+oo

Expression (19) and the limits (20) imply that there exists a scalar function p(z,y,t), 2r—periodic
on z, such that

F(z,y,t) = Vp(z,y,1),
what proves (18).
In addition, one can check that
91| oo (rxr) s 1U2]| Lo (Txr) < C,
since [|w||poo(Txr) < Ce and w is compactly supported. O
2.3. The profile function w, ;. To continue, we define the profile function w € C2°(R) that will

be used in Section 5 to solve the functional equation (16).

To start with let us construct first a profile @ € WH*(R) N H e (R). This profile will be even
and compactly supported. Let us consider the auxiliary function

_1—2

©(2) 5 2 e[-1,1].
Let € > 0, we define w.(y) in the following way
0 y>1+e,
we(y) = 8%(%) l-—e<y<l+te,
€ O<y<l—e.

Notice that w.(y) is extended as an even function for y < 0.
Since we are interested in smooth solutions, we need to consider a smooth profile function w.
We will use a k-regularization of ¢, note that ¢’ = —%. The function ¢, will be defined by

Yie(2)

pe(2) = —m

, for |z] < 1,

with
1 1-k
wllﬁ:(’z) = /1 X[—1+k,1—x] (2)Ox(z — 2)dz = / Ox(z — 2)dz,

—14k

where © is a mollifier, i.e a smooth, positive function, with supp(©) C (—1,1) and f_ll O(z)dz = 1.
Then, for each x > 0 we define

0x(z) =0 (%),

Kk \K

Notice that, since © is smooth then 1)/, is also smooth. Moreover, since supp(0,;) C (—k, k) we have
that 9. (z) =0 for |z] > 1 and it is easy to check that ¢/ (z) =1 for —1 + 2k < z < 1 — 2k. Then,
Y — 1 as k — 0. This convergence holds in L'([—1,1]) and actually 1/, — X[-1,1] in H%_(R).
Furthermore, one can check that

1 —1+2k 1
/ Izb;(i)lldfz/ !w;(z)lldH/ [9L(2) — 1] dz < Cr,
-1 -1 1-2k

‘/_11 P (2)dz — 2‘ = ‘/_11 (Yl(2) — 1) dz| < /_11 |L(2) — 1]dz < Ck,
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and then
! "Mﬁ(z) 1. 1 1 . ( 1 . _>‘ i
oo 2 T L wod - - dz ) |dz < Ck.
sl 21, vh(a)] Lpese=n+ (2= [ vnoas)as< o
We will take
S s 2 v (z)dz
K = n dz =1 - 2=r"%~~7
(21) Pr(2) 14—/f1¢>(z) F=1 RTTErE

We summarize the properties of this function in the following lemma.

Lemma 2.2. The function ¢, given by (21) satisfies

(1) (pn(_l) =1, Spfi(l) =0, (8?()05)(:t1) =0, forn=1,2,...
(2) ¢l.(2) <0, for|z] < 1.
(3) gl + %HLl([—l,l}) < Ck.

The profile w that will be used in this manuscript is given by

0 y>1+e,
(22) wealy) =9 epn (i) 1-e<ysi+e
€ O<y<l—e.

Notice that w,(y) is extended as an even function, i.e. for any y < 0 we take we ..(y) = we x(—Yy).
Let us point out that the support of wf:,,i will be the domain

I.=]-1—¢,—-1+¢]U[l—¢,1+4¢]

The rest of the paper consists in finding a nontrivial solution of (16) with w = w, , in (17) for
parameters € and x small enough. It will be done using the bifurcation theory through Crandall-
Rabinowitz theorem [21]. For the completeness of the paper we recall this basic theorem and it will
referred to as sometimes by C-R theorem.

3. BIFURCATION THEORY AND CRANDALL-RABINOWITZ

Before going into details, we shall first fix some notations that we will used later. For a linear
mapping £ we will denote by N (L) and R(L) the kernel and range of £ respectively. If YV is a
vector space and S is a subspace, then Y/S denotes the quotient space.

Now, we intend to give some formal explanations and general picture of the bifurcation theory.
This brief discussion will be closed by stating the details of the C-R theorem. Roughly speaking,
the main objective of this theory is to look for the solutions of the functional equation

FI\f] =0,

where F': Rx X — Y is a smooth continuous function between Banach spaces X and Y. We assume
in addition that f = 0 is a trivial solution for any A € R, that is, F[A,0] = 0. Whether close to the
trivial solution (A4, 0) one can find a branch of nontrivial ones is the main aim of this theory. If this
is the case we say that there is a bifurcation at the point (A4, 0). As the Implicit Function Theorem
tells us, the first idea is to study the linear operator £y := D¢F[\,0] : X — Y. In principle, the
involved Banach spaces X and Y are infinite-dimensional and thus the bifurcation analysis is in
general complex. However, if the linearized operator around this point (A4, 0) generates a Fredholm
type operator, then one can use the so-called Lyapunov-Schmidt reduction in order to reduce the
infinite-dimensional problem to a finite-dimensional one. Finally, for this last problem we just need
some concrete transversal conditions so that the Implicit Function Theorem can be applied.
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To sum up, this is the classical result proved by Crandall and Rabinowitz which is a basic tool in
the bifurcation theory and that will be used in this manuscript. Now, we recall here the statement
of this theorem from [21] for expository purposes.

Theorem 3.1. Let X,Y be two Banach spaces, V' a neighborhood of 0 in X andlet FF: RxV —Y
with the following properties:
(1) F[A,0] =0 for any X € R.
(2) The partial derivatives D\F', D¢F and D%\’fF exist and are continuous.
(3) There exists A, such that if L, = D¢F [\, 0] then N'(L,) and Y/R(Ly) are one-dimensional.
(4) Transversality assumption: Di’fF[)\*, 0)hs & R(Ly), where
N (L) = span{hy}.

If Z is any complement of N (L) in X, then there is a neighborhood U of (A,0) in R x X, an
interval (—o9,00), and continuous functions ¢ : (—og,00) = R, ¥ : (—00,00) — Z such that
©(0) =0, ¥(0) =0 and

FH0)NU :{()\* +(0), ohy + 0U(0)) s |o] < ao} U {(/\,0); (\,0) € U}.

The bulk of the paper consists in checking all the assumptions of Theorem 3.1. This will be done
in details in the next sections.

4. FUNCTIONAL SETTING AND REGULARITY

Note that our functional can be written as

23) I = A0 + -+ F0)0:Fx) = - | 7 = DR DA ()%
e\Y

where the kernel is given by the following expression
K[g](x, %) := log [cosh(} + Ax[g](x)) — cos(Z)].
Recall that the finite difference is given by
Axlgl(x) = g9(x) — g(x =),
and the domain of integration is just
D.(y) =T x I.(y), with I.(y)=y+ L.
For simplicity, we will use the notation D, = D.(0) =T x [.
Remark 4.1. In all this section we will assume that w = w, ,, € C*°(R) as in Section 2.3.

4.1. The functional setting. In order to apply C-R theorem we need first to fix the function
spaces. We should look for Banach spaces X and Y such that F': R x X — Y is well-defined and
satisfies the required assumptions.

Our first step is to define the spaces we will work with in order to apply the Crandall-Rabinowitz
theorem. The spaces X and Y will be given by

(24) X(D;) := {g S H4’3(DE) : g is even in x with / g(z,y)dx = O} )

and

(25) Y(D.) :={g€ H*D.):gisoddin z}.

Here H*3(D,) is the Sobolev-Leibnitz space of 27-periocic functions in the z-variable with norm
4 3—i

gl raspy =D > 10209l r2(p.)-

i=0 j=0
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After that the main purpose will be to prove next lemma.

Lemma 4.2. For all 0 < e < 1, there exist 0 < §(¢) < 1 small enough such that
F : R xBs(X(D.)) - Y(D.),
(A, f) = F[Af]
where
Bs(X(D2) = {9 € X(D2) : gllsrs(., < o).

Proof. Let f € X (D), the evenness in the z-direction translates into the oddness of F[A,f] just
by definition of the functional (23). Moreover, the non-integral part of the RHS of (23) maps
H*3(D,) into H3(D,) trivially as a direct consequence of the algebraic property of the Sobolev
space H3(D,.). Therefore, we will focus our attention into the integral part of (23). In addition,
as the profile function w is smooth, our functional is well-defined if each of the next terms are
bounded as follow:

2

(26) < Ce [[fllgasp.,))  (0<i<3).
L2(D¢)

/ DL K[f](x, %) Ax 03790, f] (x)dx
De(y)

Note that by definition of Ag[g](x) we have

(27) / E ( /D » |Ax[g]<x>\2dx) dx < 41021191221,

For the case i = 0 or i = 1, as f € H*3(D,) implies 020,f, 0:0,f € L?(D.), we obtain

/ DK [f] (%, %) Ag [020, ] (x)d%
= (y)

K[f](x, %) Ax[020,f](x)dx

2
< AIDLIf2 g, sup | swp KR,
De(y)

L2(D.) x€D: \x€D:(y)

and
L2(De)

< D asp,, sup ( / |axK[ﬂ<x,>-<>|2d>-<) |
xeDe. D¢ (y)

For the case i = 2, as f € H¥3(D.) we get 0x0,f € H*(D.) C C7(Dy.) for 0 < v < 1, which give us
L*(Dc)

N2 = _
<Dl [ ( | 1o \x\%dx> ax.
De De(y)
For the last case i = 3, as 0,f € H3(D.) C C'(D.), we obtain

2

/ 2K [f](x, X) Ax [0x0,f] (x)dx
De(y)

2

/ 93 K[f] (x, %) Ax[9.f] (x)d%
D.(y)

L2(De)

N2 _
<|D5]||fH§{4,3(DE)/D (/D()|a§qu](x,x)\ \x]de> dx.
e e\Y
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Finally, for the sake of brevity and clarity we will refer to Lemma 7.4, where the last term of each
of the above expressions is bounded. ]

4.2. Hypothesis 1 and 2. On one hand, the hypothesis 1 in the C-R theorem is trivial to check.
On the other hand, the hypothesis 2 has to do with the regularity of the functional F[A,f]| with
respect to f and A.

We present the regularity of the functional in the following proposition.

Proposition 4.3. For all 0 < e < 1, there exist 0 < §(e) < 1 small enough such that the following
holds true:

(1) The functional F : R x Bs(X(D.)) — Y (D) is of class C*.

(2) The partial derivative DifF R x Bs(X(D:)) = Y(D:) is continuous.

Proof. The proof of this proposition is rather standard. We include the main details here for sake
of completeness.

The continuity of the functional is trivial for any derivative involving D). Consequently, the
result reduces to check that D¢F : R x Bs(X(D.)) — Y (D) is continuous at the origin. This
will be done by showing first the existence of the Gateaux derivative and second its continuity in
the strong topology. A refined analysis concerning its connection with Fréchet derivative will be
developed in the next section. The Gateaux differential of F[A, -] at f € Bs(X(D,)) in the direction
h € X(D;) is defined as

D¢F[\, flh := iF[A f 4 7h|y—0 = lim FIAf+7h] - FIM]

dr™ 77 70 T
A formal straightforward computation show that this derivative is given by
(28) D¢ F [\, f]h(x) =A\0zh(x) + (y + f(x))0zh(x) + h(x)0,f(x)
1 _ _ _
0 @' (y — 9) K[f](x, %) Ax[0-h] (x)dx
T J De(y)
1

T @' (y — §) (0. K)[f)(x, %) Ax[h] (x)dx.
T JDe(y)

To prove this rigorously, we need to get

lim || AR =PIV f]h’ — 0.
70 T H3(D.)
By virtue of (28) it is enough to prove that
(29) lim / @' (y — §)KI[f + 7h, f](x, X) Ax[0.h](x)dx =0,
70 Dc(y) H3
(De)
f f X
comm za@—@n(“[*”%’“‘X>—wuﬂ@JoAqmoo)AmeMmdx 0,
T—0 De(y) T H3(D.)

where the new kernel is

(31) K[, f"](x,x) := K[f'](x,%) — K[f"](x,%) = log [

and the auxiliary functions W1, Wy are given respectively by
_ sinh(y + Ax[g](x))
v =
1063 o5+ Aalgl) — ¢
cosh(y 4+ Ax[g](x))
cosh(g + Axg](x)) —

\112[9] (Xai) =
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In order to do the manuscript more readable, we redirect the reader to the next subsection for
precise proofs of each of the above limits (29), (30). As we can imagine the computations are very
long and tedious but share lot of similarities.

4.2.1. Computation of (29). As the profile w is a smooth and compactly supported function,
condition (29) reduces to check

lim =0.

T—0

/ K[f + 7h, f](x,X)Ag[0zh](x)dx
De(y)

H3(De)

Remark: There are not boundary terms to handle due to the support of o and definition of D, (y).
Consequently, the above reduces to prove that each of the terms of H3(D.)—norm tends to zero.
In the same spirit of (26), the proof of (29) reduces to check that

2

(32) < Ceflmaspy)™  (0<i<3),
L2(D¢)

/ OLK[f + 7h, f](x, X) Ax [037 20, h] (x)dx
De(y)

To do that, we will use repeatedly inequality (27) and the fact that, without lost of generality, the
direction h € H*3(D.) can be taken with norm 1Al fra3(p.y = 1.
For the case i = 0 or i = 1, as h € H*3(D,) implies 020,h, 020,h € L*(D.), we obtain

2
< 4|D.|* sup ( sup |K[f+7—h7ﬂ(xui)|2> )

/ K[f 4 7h, f](x, %) Az [030,h] (x)dx
De(y) L2(D.) x€De \x€De(y)

and

2

/ OK[F + 7h, £](x, %) Ag 020, h](x)d%
=(y)

L2(De)

< 4|D.] sup ( / |ax/<:[f+m,ﬂ<x,>-<>|2ds<) .
De(y)

x€ED,
For the case i = 2, as h € H*3(D,) we get 0x0,h € H*(D.) C C7(D,) for 0 < v < 1, which give us

2

/ DZK[f + 7h, f](x, X) Ax [0x0,-h] (x)dx
De(y)

L2(De)

gypg\/ (/ ‘6,2(K[f+7h,f](x,x)‘2\x\%dx> dx.
D, De(y)

For the last case i = 3, as 9;h € H3(D.) C C'(D,), we obtain
L2(D.)

§|DE\/ (/ \aiK[f+Th,f](x,x)\2\scy?dx)dx.
De De(y)

As f € Bs(X(D:)) and our goal is to compute the limit as 7 — 0, we can assume without loss of
generality that 0 < 7 < 1 is small enough such that f 4+ 7h € Bs(X(D.)). Consequently, the last

2

/ D3K[f + 7h, f](x, %) Ax[0.h] (x)dx
De(y)
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term of each of the above expressions can be handle applying auxiliary Lemma 7.5 with
f':=f+7h,
' =f

Finally, as by hypothesis ||h| gsp,) = 1, we get

and taking the limit as 7 — 0 we have proved (29) .

< Ce Il s (py) 7>,

/ K[f + 7h, f](x,x)Ax[0:h](x)dx
De(y)

H3(De)

4.2.2. Computation of (30). Similarly, since the profile w is a smooth and compactly supported
function, condition (30) reduces to check

=0.
H3(De)

lim
7—0 T

/ </C[f TR AR g 5) Agl] (x)) Ax[0:f](x)dx
De(y)

As before, there are not boundary terms to handle due to the support of w and definition D.(y).
Consequently, the above reduces to prove that each of the terms of H3(D.)—norm tends to zero.
In the same spirit of (26) or (29), the proof of (30) reduces to check that

(33)

for 0 <4 <3 and f € Bs(H*3(D.)) with 6(¢) small enough and h € H*3(D.) with 1Al fas(p.y = 1.

Now proceeding as before, we use repeatedly inequality (27) and the fact that ||k gas(p,) = 1.
For the case i = 0 or i = 1, as f € H*3(D,) implies 9,f, 920,f € L?(D.), we obtain

2

2

< C(e, Ifll gas(p.)) >

X
.
L2(De)

/ o {IC[f +7h,f](x,%) W [f](x, %) Ag[h] (X)} Ax[07 0] (x)dx
De(y)

T

/ (K[f AR x50 Al (x)> Ax[0:f](x)dx
De(y)

L?(De)
K[f + 7h, f](x,X)

T

— W [f](x, %) Ax[h](x)

S4]DE‘2HH|%{4,3(DE) sup ( sup
x€De \X€D:(y)

and

2
< D000, sUD ( / di) |
x€eD. Dc(y)

For the case i = 2, as f € H*3(D.) we get 0x0,f € H*(D.) C C7(D.) for 0 < v < 1, which give us
‘ 2

2

/ N {IC[f FTh AR g oo oA (X)} Ax[020,)(x)dx
De(y)

T

L2(D,)

o, {K[f + 7h, f](x,X)

T

0] (x, %) Al <x>}

T

< |DE\HfH%I473<DE>/D </D W)
B e\Y

/ 52 {IC[f + 7h.f](x,X) U4 [f](x, %) Ax[R] (x)} Ax[0x0,f](x)dx
() L2(D;)
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2

For the last case i = 3, as 0,f € H3(D.) C CY(D.), we obtain
T

< ID:lIfsco, | </D w
. =(y

For the sake of clarity, the last term of each of the above expressions can be handle using auxiliary
Lemma 7.6. After that, collecting all we get

/ . {lC[f FThAGGR) e DAL (X)} Ax[0,f](x)d%
Dg(y)

L?(De)

o {IC[f + h, f](x, %)

T

0 ff](x f«)A,—([h](x)}

2
|>‘<|2d>‘c> dx.

2

< C(e, Ifll gas(p.))™>
H3(De)

/ <l€{f 70 AR x50 Axl] (x)) Ax[0:f] (x)dx
De(y)

T

and taking the limit as 7 — 0 we have proved (30).

This shows the existence of Gateaux derivative and now we intend to prove the continuity of the
map f — D¢F [\ f] from X (D.) to the space L(X(D.),Y (D)) of all bounded linear operators from
X(D.) to Y(D.). This is a consequence of the following estimate:

(34) IDeF A b = DeF (N A" oy S I = £ llmaso.),

for any pair f',f"” € Bs(X(D.)) and h € X (D,.). As the profile function w is smooth it is easy to
check that condition (34) holds if and only if the following bounds are satisfied

(35)

/ KIF", #)(x, %) Axl0ah] () d= <P = s
DE(?J) H3(DE)

(36) ‘

| (@K - 0K F)x0AICd| S~ P lssio,
DE( ) H3(D5)
Note that (35) follows by direct application of Lemma 7.5. In order to obtain (36), we just need to
note that adding and subtracting appropriate terms we have
(0:K[f'] = 0, K[f"])(x, %) = U1 [f'](x, %) Ax [0 (f" — £)](3) + (W1 [f'] — T3 [f"]) (3, %) Ax [0 "] (x).

The first term of the above expression is trivially bounded and for the other one we just need to use
auxiliary Lemma 7.3. Consequently, we have obtained that the Gateaux derivatives are continuous
with respect to the strong topology and hence they are in fact Fréchet derivatives. Therefore, we
can conclude that the Fréchet derivative exists and coincides with the Gateaux derivative. See [28]
for more details. O

5. ANALYSIS OF THE LINEAR PART

Hypothesis 3 and 4 in the C-R theorem have to do with the linear part of equation (16).
Recall that the linearization of (23) around f = 0, thanks to the expression (28), is given by

L[Nl := D¢F[A, 0]h.

That is,
(37) LIAA(x) = (A + y)O-h(x)
- ﬁ w, . (7)log [cosh(§ — 7) — cos(T — T)] (0-h(x) — Dph(X))dX.
TxIe

In order to study both the kernel and image of £[\] we will introduce some modification which
allows us to realize an asymptotic analysis on €.
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5.1. Decomposition of the linear operator. In first place, we define a primitive function Q. ,
of the profile function w, , by
y —
y) = / e, (Y)Y
0

@, x(¢) log [cosh(y — §) — cos(z — )] dx = Qe x(y).

Then
1

(38) —
AT st

Proof of (38). Since

log [cosh(y) — cos(Z)]dz = = (|y| — log 2),

N |

Am
we have that

1 _
(39) L[ ol (5)log[cosh(y — §) — cos(z — 7)) d% = » / ly — Gl (5
4m Tx I,

1 1
— 5 | senly — Dmen(ds = / sgn(y — 1)L (7)d7
R R

= Qs,n(y) + ]EBIEIO (Sgn(y - R)QE,K(R) - Sgn(y + R)Qs,n(_R)) .
Since w; x is even, their primitive Q. . is odd. Thus the limit in the last line of (39) is zero. O

Using (38) one learns that

(40) LIAR(x) = (A +y — Qe v(y))0uh(x)

L[ o (§)10g [cosh(f — §) — cos(z — )] Dh(X))dx
Am Jrer. O

Now, recalling that h € X (D.), we can use the expansion

(41) Z hn (y) cos(nx)
with
co 3 4—j _
(42) > 2D IOl < oo,
n=1j=0 k=0

which give us that

(Zh cosnx)
=§ nsm(nx>(<A+y e (1)) —/w 'yydy).

Proof of (43). We compute L[A] acting on the mode h,(y) cos(nx):
LN (hn(y) cos(nz)) = = nsin(nz)(A +y — Qe x(y)) hn(y)

% @ ,.(§) log (cosh(y — §) — cos(z — &) hn(7) sin(nZ)dx.
TxI:
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Now, we integrate in the x—variable on the above double integral, which give us
1 1
— [ log[cosh(y — §) — cos(z — Z)| sin(nZ)dz = — / log [cosh(y — §) — cos(Z)] sin(n(x — z))dz
4 T 47 T

sin(nx)

= /Tlog [cosh(y — ) — cos(Z)] cos(nz)dz,

47

where the last step is due to trigonometric identities and the parity of the integrands. In addition,
last integral can be written as

singlnx) % /T log [cosh(y — ) — cos(Z)] (sin(nz)) dz
_ _sin(nz) 1 sin(Z) sin(n) . _ sin(nz) le—n\y—ﬂl
n  4r /11‘ cosh(y — 4) — cos(i‘)d n 2 ’

This last integral can be computed, for example, by using residues. These last computations yield

LIV (hn(y) cos(n)) = —nsin(na) (<A+y—asﬁ<y>)hn<y> -/ w;,g@)h(y)e—”y—@'dy).

~ 5, 7

Combining everything we obtain that £[A]h(x) admits an expansion given by

o0

: 1 _  —nly—gl 1
S (~D)nsin(na) [(A ) = Qe al) — 5 [ (e y'dy] |
n=1 €
([l
To sum up, for any h € H3(I.) the operators £,[\] will be define as
1 I
Lalh(y) = =n(r +y = Qew@)h() + 5 | =La@h@edg,
in such a way that, in X (D,), the full operator is
LN = sin(na) Lo AT,
n=1
where II,, is just the projector onto cos(nz).
5.2. Rescaling of the decomposition. Since I, = [-1—¢,—1+¢]U[l —¢g,1+¢], we will make a

reflection to consider just the domain y € [1 —¢e, 14 ¢]. Recall that wéﬁ and €. ,, are odd functions,
then we have that

1 _
Ly Nhn(+y) = —n(A +y — Qe s (y)) hn(+y) + 3 / w;,n@)hn@)ein‘yiyldga ony€(l-¢1+¢),
R
and
1 —nlytal 1
La[MNhn(=y) = =n(A =y + Qe w(y) hn(—y) + 5 /RWQ,H(ﬂ)hn(ﬂ)e WHildg, onye(l-el+e).

In addition, the integral part can be write as

_ 1+e ) )
[ i g = [ @) (e = b))
—&

and
1+4¢

/R @l () hn ()" dy = /1 L. (7) <hn(y)6_”|y+g| _hn(_y)e—nly—m)dg.

—€
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Thus, if we define on y € (1 —¢,1 4+ ¢) the auxiliary functions

hi (y) = ha(+y), he (y) = (=),
ci0 (32 ) ) = Lol a0 (32 ) ) = Lallin(n)
we find on y € (1 —&,1 + &) that
£ (1) @) = 0ty Qs 04y [ @) (@~ @) o,
and
£ (1) @) = 0t s 04 [ ala) (e~ b @) o

Now, we make the change of variables z = %_1 or § = 1 + ez inside of the integrals to get

;/_11 Ewéﬁ (1+e2) (h:{ (1+¢2) e nly—(+ez)| _ h (1+e2) e—n|y+(1+az)|) dz,
and

;/11 Ewé,n (1+e2) (h,f (1+e2) e nly+(1+ez)| _ h (14 e2) efn|y—(1+5z)\) ds
We define on z € (—1, 1) the auxiliary functions

+w,’;(z) =ht(1+ ezJ)r, +wn (2) ==h, (1+ez2),
()@ =aw(gE Jare m(w ) e = (g
Now, recalling that w, . (y) = epx((y — 1)/e), we find that

Wy,

LN < Wy ) =—n(A+14ez—Qp(l4e2)w(2)

1t . :
+ 2/ E(p;(i) (w:{(z)efns\zfz\ —w; (2) 67n|2+5(z+z)\) d,?,
—1

and

L[N ( w > ——n(A—1—cz4 Q. (1+e2)w, (2)

1
1 / egl.(2) <w:[ (2) e MFHEERRA gy () e—nflz—zl) dz.
2),4

In addition, one can compute that

Y Y

Y l1—¢
Qe nly) = /0 e (G)dG = /0 en@i+ [ menl iy =1 =2)+ [ wnli)d
—E& —&

Thus, the primitive can be write in a more convenient way as

1+ez g — 1
Qew(l+ez)=e(l—¢)+ / EQx (E> dy
~1

=e(l—¢e)+ 52/ ©x(2)dz = € + £ (—1 +/ go,{(z)dz> .
-1 -1
Therefore, we have
Qep(l4ez)=e+ 52<I>H(z),
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where

D,.(z):=-1+4 /21 r(2)dz.

Combining all we have proved that

(44) L[N ( g:ir ) Z—n()\+1—6+62—52<1>,{(z)) wt(2)
1
€ ") (wT(z e—n6|z—2| —w-(z e—n|2+€(z+2)| 5
+5 [ o (wie - () ) dz.
(45) L, [\ ( ﬁ ) =—-n(A—1+e—ez+.(2)) w, (2)

1
+ ;/ (%) (w:{ (2) e M2He(t2)l _ w,, (2) 67”5‘272‘) dz.
-1

5.3. One dimensionality of the kernel of the linear operator. The following section consists
on two well-differentiated parts. On one hand, we will prove that there exists an element in the
kernel of the linear operator. On the other hand, we will prove that the kernel is the span of this
element. To sum up, the main result of this section is to prove the following result:

Theorem 5.1. For any M > 1, there exist positive ko = ko(M) and positive eg = €o(M) such
that for all 0 < ¢ < g9, 0 < Kk < Ky and m € N such that m < M, we can find \; xm € R and a
%ﬂ—periadic and non-identically zero function he xm € X(D;) solving

£e,n [)\s,n,m]he,n,m = 0:

where the functional L. ;[\ is given in (37). In addition, the kernel Le x[Aexm] on X(D;) is the
span of he xm and the regularity of the solution is in fact he o m € C*°(De).
Importantly, he jom(z,y), with x € T and y € I., depends non trivially on x.

Remark 5.2. In the statement of the theorem it has been made explicit the dependence of L]\
on the parameters € and x although it has not been in (37). It is easy to check that L£[A] in (37)
depends on ¢ and & through €. ., and w, ..

Remark 5.3. It is important to emphasize that parameter £ does not depend on x.

Remark 5.4. The speed of the traveling wave A; ., satisfies the expansion in terms of e-parameter:

(46) Aeyoimn = L4 Ap e + A2 nes
where
Ak = O(1),
and
A2l < C(M).

Remark 5.5. In the rest of the section 5 we avoid to use subscripts ¢, k, m in expression (46), which
we will ignore in favor of readability. We write with abuse of notation A = 1+ Aje + A5¢2.

Remark 5.6. For the degenerate case (k = 0), the same result works line by line for all m € N.
That is, all the computations can be taken independent of M.
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5.3.1. Proof of existence. In order to show the existence of (Ac xm, fex,m) solving
E[)\s,n,m]hs,n,m = O>

we fix m € N with m < M, and take

(47) wi(z) = { aO n7m

() n=m,

(48) @ ={ 0wl

n=m,

where a and b depend on €,x and m but we do not make this dependence explicit for sake of
simplicity. Thus, we have to find (A, a,b) € R x H3([-1,1] x H3([-1,1]) solving

(19) LMM<Z>=Q
(50 (5 ) =0

where L, are given in (44) and (45). After that, the solution (Ac s m, e xm) Will be given by

Ae,n,m = )‘7

-1
he wm(T,y) = a (y - > cos(mz) fory € [+1 —e,+1 +¢],

hexm(z,y) =b < > cos(mz) forye|[-1—¢,—1+¢].

In order to solve (49) and (50) we introduce the ansatzs

a(z) = a1 (2)e + a5(2)e?,
bo(2) + bi(2)e,

S
—
N
~—
I

and
A=14+ X e+ /\552,

where a1, by and A\; will depend on x and m but they will not depend on . In addition, the
remaining terms a5, bj) and A5 depend on ¢, x and m. Imposing the equations

1
(51) (14X~ 2)bo(2) = —5 - [ demen
1
(52) 20y = —%e—% /_ FACINOS

we get for (A5, a3, b]) the system

672m 1

(53)  2a5(z) + O (265 (2)e" T2 dz = Aglay, bo)(2) + eA1]as, A5; a1, bo, M (2),

2m 1

1
(54) (T4 —2)bi(2) + i /_1 . (2)b1(2)dZ + A5bo(2) = Bolay, bo] (2) + eBia5, b7, A5] (2),
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where

—2m rl efme(z#»é) _

1
! (= = = (PK;
o 1 ©,.(2)bo(2) — dz 4+ ea1 P, (2),

1 1t )
Aolar, bol(z) = 5 / o (D)ar (2)e 7z —
1 _

—2m 1

Bofar, bol(2) = ~@x(2ho(2) + G [ plBm(eaz,

2m

and

Arlag, A5; a1, A1](2) = = (=14 A1 + 2)a5(2) — a1 A5 — e(A§ — i (2))a5(2)
1

1 _
tom . pr(2)as(z)e " dz,
—2m 1 B
Bila3, b3, A3)(2) = —(@x(2) + A3)b1(2) + (a3 (z)e Iz
moJ-1
1 1 B - efm€|z72| -1
el IO O
Here, we note that
[Aol[L2 <C (Jas| + [lboll2) ,
[A1l[2 <C 1+ M) [la3llze + Claal[As] + ClAGllas 2 + C(1 + €) a3l 2,
[1Boll2 <C (aa| + [lboll2) ,
[Bill2 <Cbil[L2 + Cllbill 23] + C (laz| 2 + [[bil]2) »
where the constant C' does not depend on neither ¢, x or m, and [ - [[z2 = || - ||p2(j—1,1))-

So first we will solve (51) on by by choosing A; in a suitable way. This will give a; in (52). Then,
equations (53) and (54) will be written to be able to determine a5, b] and A by a contraction
argument in €.

We deal with equation (51) in the following proposition.

Proposition 5.7. For any M > 1, there exists kg = ko(M) such that for all 1 < m < M and
0 < k < Ko, we can find a solution (A1, by) € R x C>®([—1,1]) of equation (51). In addition, fired
m and k, this solution is unique (modulo multiplication by constant) and satisfies

1
55 bo(s) — 1+
( ) O(Z) 1+ X — z’
2
(56) Al = m -+ error,
where

lerror| < C(M)k.
Moreover, we get

1 _ m
Iboll 211y < C(M),  10Pbol o1 1y < C(k, M), k=0,1,2,...  a1= 3¢ am,

Remark 5.8. Tt is important to emphasize that constant C'(M) depend on M but it does not depend
on neither m or k, for 0 < kK < kgand 1 < m < M.
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Before prove the previous result, we pick A\; appropriately. Notice that from (51) we see that by
must be of the form

(57) bo(z) = ——

1+ -2
for some free constant C. Plugging (57) into (51) one finds that

_SOH =
1GNP
2m/ 1+)\1—z

Lemma 5.9. For any M > 1, there exist k{, = k(M) such that for all0 < k < kj and1 <m < M,
we can find A1 > 0 (depending on  and m) such that

(58) ~om / 1 +Sif1 -z dz.
In addition, fired m and k this solution is unique and satisfies
A1 > AN(M) >0,
where X*(M) just depends on M (it does not depend on either k or m).

which is an equation for A;.

Proof. We will use the properties of ¢, stated in Lemma 2.2. Firstly, we define the function
/ _(Pn =
" 2m 1+X— z
for A > 0. We have that I()) is positive, continuous, decreasing with I’(\) < 0 and satisfying
59 lim I(A\) =0.
(59) JJim 709
In addition, using Lemma 2.2 we obtain the following lower bound:
/ _SDH = / _SOH 7> i /1_"i _(P;(Z) dz
" 2m 1—1—)\—2 _2M 1+)\—z “=oM 4 14+A=Z
1-k

_SOI{ - 5 1 _
— 7d
2M/ 1+>\— +4M - 1+A—zz

Z—mﬁ“% sloreti-n) + 4M (log(2 + A) — log(A + k))

C &
> — —log(2+ ) — —1 A
> 2MA+,£+4M°g(+ ) og(A +K),
C
>_ - =
2 ~537 4M10g()\—|-/€)
Let v be small enough such that
C 1
< - _ _—
V< =oar ~ aar 80
Notice that v only depends on M. Then, taking xj = v/2 and A* = /2, we have proved that
C 1 C 1
I(\* —— = —1 2 —_————1 24 kp) > 1.
(V) 2~ — o log(/2 4+ 8) >~ — o Tog(v/2 + kb >

for any 0 <k <k =7v/2and 1 <m < M.
Combining the lower bound with (59) and the fact that I(\) is strictly decreasing, we can
conclude that there exists a unique \; > \* solving (58) for all 0 < k < /16 and 1 <m < M. O

After choose a suitable A\ > \*(M) by Lemma 5.9, we obtain by through equation (57). Now,
we have all the ingredients to check the conclusions Of Proposition 5.7.
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Proof of Proposition 5.7. Notice that
1
b = —
0(2) 1+XN -2

solves (51) and |[|bo|[z2(—1,1]) = ,/m < 1/%1 < W, with A*(M) given by Lemma 5.9.

We also have that H@f)boHLoo([_LlD < C(k,M). From (52) and (58) we have that a; = e~ 2™,
In order to get (56) we proceed as follow. From the identity (58) we get

—1/2 1 2+ A\
1= ——dz 7d =— (A1 +1
(60) 2m 1—|—)\1—z 4m/ T+ -z 4m<1+0g< A1 ))’
where D1/
—pl(z)—1/2
A =2 —————dz.

' /_1 LA — 2

Solving (60) we obtain that
2
>\1 = €4m—A1 _ 1’
and consequently
)\ < 2 am ‘1 — 67A1|
! 1| T JetmA 1 (efm — 1)

One can estimate each of the terms of the last factor. Notice that numerator can be written as
0 d 1

/ <68A1> ds Ay / e M ds
-1 dS 0

Lt (2)4—1] Ck Ck
A <2 TRV 2y g~
Al < /_1 T+ M —z "= = x (M)

where C' is a universal constant coming from Lemma 2.2. For the denominator we just note that

1—e M| = < [AqlelMl

In addition

__Cr
e4m—A1_1264 oD —1>e?—1>1 if %<2‘

Then, taking £ < ko = min(kg, k() ), where ) is given by Lemma 5.9 and x{; = 2’\*éM), we find that
AL — e4m2— < C(M)k.
forall 0 < kK < kgand 1 <m < M. O
To sum up, Proposition 5.7 shows that
[ Aoz <C(M),
[A1llrz <C(M) ([lag][r2 + [X5] + A5]lla5] 22)
|Bollzz <C (M),

1Bz <C(M) (I[67]l 22 + 161[ 2] A3] + [la5][ 2) -
In the following two lemmas we are going to learn how to invert the left hand side of (54).

Lemma 5.10. Let \; be as in Lemma 5.9 and let F € L?([—1,1]) satisfying (F,¢.bo)r2 = 0. Then

£2) = Fa)in(e) = 12—,
solves
1
(M=) + 5 [ D) = Fe)
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Proof. Direct computation. O

Lemma 5.11. Let \; be as in Lemma 5.9 and let G € L*([—1,1]). Then, if

the function

) 1= (G(2) ~ N (2)to(z) = FEL 2
solves
(61) (1M = 2)f() + 5 11 L(2)(2)dz + Abo(2) = G(2).
In addition,
(62 A < CON Gl 21

Proof. Tt is easy to check that F(z) := G(z) — by satisfies (F, ¢).bg)r2 = 0 by the definition of .
Then, we can apply directly Lemma 5.10 to obtain (61). To conclude (62), we note that

1
‘/1 G(2)bo(2)y (2)dZ| < |Gl r2—1ap b0l 21,17 1€kl Loe (21,17 < COM)|Gl p2(=1,17)

and since bg(2) > (2 + A1)~ we get

2m

1 e,
i | e =

where in the last step we have used (58). Combining both we have

24\
2m

’/ bo(2)bo(2) ¢y, (2)dz

Al < C(M)||G| 21,17y < C(M)G|p2(=1,1])-

Here we have used that A\; < C' where C' is a universal constant. This is easy to check from

_(Pn
d <Cl1 ,
2m/ I1+p—2z ‘ Og< u)

since for p big enough we get that I(p) < 1. Recall that A; solves the equation I(u) = 1. O

Lemma 5.11 implies that if we solve

e—2m 1

(63) 2a5(z) + O (2)b5(2)e ™ T dz = Agla, bo)(2) + eA1las, X5; a1, bo, M (2),

2m  J_

(64)  b5(2) = (Bola1, bol(2) + eBilag, b5, A5](2) — A3bo(2)) bo(2),

!, (Bolay, bo](2) + eBilas, b5, A3](2))bo(2) ¢l (2)d 2
f_ll bo(2)bo(2)pl(2)dz

we find a solution of (53) and (54). Now, to obtain a solution of (63), (64) and (65) we firstly
introduce (64) and (65) in the second term of the left hand side of (63) and (65 ) in the right hand
side of (64). In this way, a solution of

(65) 5=

Y
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(66) 2a5(2) = Aolar, bo(2) + e Ay a5, b, A5; ar, bo, M) (2),
(67) b5 (2) = Bolar, bol(2) + eBafas, b5, A5)(2),
St (Bolar, bol(2) + e Ba[as, b5, A3)(2))bo () (2)dz
(68) 2 1 — — N )
I bo(2)bo(2)(2)dz
where
B e—2m 1 B
Aolar, bol(2) = Aolan,bol(2) = 5= [ (o2 Bolan, bo](2)e "z
e=2m [1) By al,bo]m 0(2)¢ls (o)
o T P ([ e o).
- 672m 1 B
Ao, 07, X551, bo)(2) = Ailas, b7, N an,bol(2) = 5 [ @L(2)bo(2)Baas, b7, X5 (2)e ")z
e [1, Biag, b5 Xf](-)bo(-) gr(z)dz (ot
T T be(3ho(3)eL ()0 </1b°(z)b°(z)(p“<z)e dz)’

and

I, Bo a1,bo](_) 0(2)@l (Z)di)
f bo(2)bo(2)¢l,(2)d
J2, B a27b17/\2]( )bo (%)) (2)dz )
f bo(2)bo(2)¢),(2)dz 7

Bolax, bo](2) = bo(2) (Bo[ah bo](2) — bo(z)

Byfag, b3, A5)(2) = bo(2) (Bl[a% 1, A2](2) = bo(2)

will give us a solution of (63), (64) and (65).
Finally, in order to solve (66), (67) and (68) we can use a contraction argument on parameter €.

Indeed, let us call Fya3, b5, A5; a1, bol(2), Fgla, b], A; a1, bo](=), Fx[a5, b7, A5; a1, bo](2) to the right
hand side of (66), (67) and (68) respectively. We deﬁne the constants Values

Ca = || Aolar, bo)ll 211> Cs = ||Bolas, bol 2((-1.1))»
and

1 o s
Bolai, bol(2)bo(2) ¢l (2)dz
f71 1O[al 0](2)bo(2) ¥ (2) < C(M).
JZ1 bo(2)bo(2) ) (2)d2
Note that the system (66), (67) and (68) is quadratic because of the products A\ja5 and A5b5.

Thus, we first check that, if [[2a5][2(—1,1)) < 2Ca, [|bill12(-1,1]) < 2CB and |A5| < 2C) for € small
enough (with respect to a constant that just depends on M), then

Cy =

| Falas, i’)‘g;alabO]”LQ([_Ll]) < 204y,
HFB[CL‘E, iv)‘g;alabO]H[P([_l,l]) < 2Cp,
|F)\[a$, b5, AS; a1, bo]| < 2C.
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In addition, for any pair u = (2a5, b5, \5) and @ = (2a5, b5, \5) satisfying ||2a5, 26° || 2(j—1,1) < 2Ca,
165,55 [l 2((—1.1)) < 2CB and |A5, A5| < 2C we have that

| Falus a1, bo] — Falt; a, bolll L2 (—1,1)) < eC(M)|lu — @l Lo(—1,1))x L2([=1,1)) xR

| Flu; a1, bo] — Fplt; a1, bo] ||l p2((—1,17) < eC(M)[lu — @l p2((—1,17)x £2([-1,1]) xR>

|Fx[us a1, bo] — Fa[t; a1, bol| < eC(M)||u — | p2((—1,1)x L2(|=1,1]) xR~

Taking eg := C(M)~!, we have that right hand side of (63), (64), (65) is a contraction mapping
for all 0 < & < go(M). This implies that there exist (a5,b5,25) € L?([-1,1]) x L*([-1,1]) x R,
with [12a5][z2(-1,1)) < 2Ca, [167]|L2(j=1,1) < 2Cp and |A5]| < 2C) solving (66), (67) and (68), for all
O<e< SQ(M).

Remark 5.12. Let us emphasize that C4, Cp and C) are uniformly bounded by some C(M).

Therefore, we have shown the existence of a solution (A, a,b) € R x L%([~1,1]) x L?([-1,1])
solving (49) and (50), with

(69) a(z) = aie + a5(2)e?,

(70) b(z) =bo(z) + bi(2)e,

(71) A =1+ \e+ \5e?,

and

(72) lazllr2-1,1y) < CM),  [bill2(-1,0) < C(M),  [A5] < C(M).

Next we shall show that this solution is smooth.

5.3.2. Regularity. In order to determine the precise regularity of the constructed solution (a,b) we
proceed as follows. In first place, we recall that the system (49), (50) can be written as

(73)  (A+1—c+ez—e2d,(2))alz) = 2i / 1 oL(2) <a(2)e‘m€|z_2‘ - b(z)e—ml2+a<z+fﬂ) dz,
m.J_

1
(T4) (A —1+4¢e—ez+2D,(2))b(z) = % / oL (3) (a<z)e*m\2+f<z+2>l . b(z)e*m\sz\) dz.
-1
Notice that neither A +1 — & + ez — e2®,(2) nor A — 1 + ¢ — ez + £2®,(2) have zeros on the unit
interval. More specifically, for the computed eigenvalue A = 1 + A1 + O(¢?) we have that
A1 —etez—e2D(2) =2+ 0() > 1,
A—lde—ez+2(2) = (1+ A — 2)e + O(%) > (M1 + O(e)).

As we have proved before that A; is strictly positive, see Lemma 5.9, taking € small enough these
two quantities are not zero and we are allow to divide both sides of (73), (74) by these factors:

1

_ € /(= N\ —melz—Z| 105\, —m(2+e(z4+2) )\ 45

al2) 2m(A+1—¢e+ez —2P,(2)) /_1 #x(2) (a(z)e b(z)e ) dz,
1

_ € I (5 2\ o—m(24+e(2+2)) _ 1(5),—melz—Z| 5

) = T e e 1 20,(9)) / #x(2) (a(2)e b(z)e ) d=

Since these terms are the factors that appear multiplying the solution (a, b) in the left hand side of
(73), (74) we have that their inverses are C°°—functions on the unit interval [—1,1]. In addition,
the integral terms

1 1
e_maz/ ¢l (Z2)a(z)e”™#dz  and e_maz/ @l (2)b(2)e” ™ dz,
-1 -1
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are also C>°—functions. Finally, the remaining integral term f(z) = fil @l (2)a(z)e el 21dz is in

H?([-1,1]) for a € L?*([-1,1]). To see this one just has to take two derivatives on f(z) to get that
f"(z) = —2mepy(2)alz) + (me)* f(2).

In fact, we have that f(z) € H**?([~1,1]) if a € H*([-1,1]). The same hods for

1 —
/_ 1 0r(2)b(2)e ™ 2qz,

All this yields that if (a,b) € H*([—1,1]) x H*([-1,1]) then (a,b) € H*2([-1,1]) x H**2([-1,1])
for all £ > 0. Then we have proved that (a,b) € C*>(]—1,1]).

5.3.3. Proof of uniqueness. Until now we have shown that there exist A and (w;", w, ) given by
0 n#m _ 0 n#m
+ — Y _ 9
wy (2) = { a(z) n=m, and - wy (2) = { b(z) n=m,
with (A, a,b) € R x C®°([-1,1]) x C*°([—1,1]) solving (44), (45) for all n > 1 and satisfying (69),
(70), (71) and (72).
To finish the proof of Theorem 5.1 we need to check that the kernel of £[)], fixed that A, is one
dimensional. Therefore we have to prove that the solution of system (44), (45), given by (47), (48),

(69), (70), for A given by (71), is unique modulo multiplication by a constant. In order to prove
our goal, we will distinguish between two cases:

e Case n # m : Let us postpone this case to next section 5.4.2 (take W = 0 on that section).

e Case n =m : Let (u,v) € L?([-1,1]) x L?([~1,1]) be a solution of (49), (50), with \ given
by (71). Note that (u,v) depends on ¢ although we do not make explicit this dependence.
Then, let us see that for some constant C' we have

u(z) = Ca(z),
v(z) = Cb(z).
The system (49), (50) is linear in (u,v) and we can assume without loss of generality that
||UH%2([—1,1]) + ||U||i2([_1,1]) =1

If it is not the case we only need to normalized the solution and enter that value into the final
constant C. Now, using (49), we get that u(z) = euy(2) with [[u1||p2((—1,17) = O(1) in terms of e.
This information yields from (50) that

(75) (IT+ X —2)v(z) + 5— [ #(F)v(2)dz = F(2),

where ||F|[z2(—1,17) = O(¢). Just dividing (75) by (1 + A1 — z) we have
C F(2)
76 = .
(76) v(e) [ Vi gy vy
In addition, recalling the precise form of by(z) we obtain that
(77) v(z) = Cby(z) + evi(2),

where |[v1]z2(j—1,17) = O(1) in terms of € and C' is a constant.
Looking again (49) we have that

6—2m 1

2u1(2) = C (= (2)bo(2)dz + G(2),

2m
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where [|G||z2(—1,1)) = O(¢). Recalling the precise form of a1, see (52), forces to
(78) u1(z) = Cay + eug(2),

with [Jual|z2(j=1,1)) = O(1) in terms of € and the same constant C' than in (77).

Finally, we get a coupled system for (ug,v1) which is exactly the same as (63), (64) for (a5, b5) up
to the multiplicative constant C. Indeed, we have, from (77) together with (55) and (78) together
with (52), that

—2m

1
o /_ 1 0n(Z)01(2)e ™Az = CAglar, bol(2) + eA1ug; A5, Car, Cbo)(2),
vl(z) = b()(Z)(CBQ[al, bo](Z) + EBl [UQ, V15 X;](Z) — C)\gbo(,z))

This system is linear in (u2,v1) (now A is fixed). One can check that C(a$,b]) is a solution and
by a fixed point argument must be unique. Then (ug,v1) = C(aj,b]) (with the same constant C
as in (78) and (77)) and consequently we have proved our goal.

QUQ(Z) +

5.4. Codimension of the image of the linear operator. Let \. , ,,, given by Theorem 5.1. In
order to determine the codimension in Y of the linear operator L[\c s m] = DfF[Ac s m,0] on X,
from expression (37) we see that we have to study the equation:

(79) L[A¢ om)h = H,
with h € X and H € Y. As we did before, we will use the expansions

Z hn (y) cos(nx) Z H, (y) sin(nz)

and, similarly to what we made in section 5.1, we define the auxiliary functions
HE(y) == H,(£y) for yel[l—eg,1+¢],
hi(y) == hn(%y) for yel[l—g,1+¢],
and
Wi L +
S(2) = H,; (14¢€2) for ze[-1,1],
wE(z) == hi(1+e2) for ze[-1,1].

Then, for any £ > 0, the functional equation (79) is equivalent to solve the system

(80) —n(Am +1—e+ez— 20, (2))w, (2)

n
—2n

1 1
+5 [ @ =2 [ g G (e et = W),

(81)  —n(Am — 1+ —ez+20,(2))w, (2)
—2n

1 1
i [ e Ee e =2 [ e e s = W),

ege
+

for all n > 1. Here A, = Ac o m. In what follow we will omit the dependence on both € and x of
Ae,r,m and keep that one on m. Let us define the function

AL (2) == + 1+ e(=1+ 2) — 2D, (2),
A (2) :=Am — 1+ e(+1 — 2) + 20,.(2),
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and the operators

(82)
s ) ce—2n [l i
Tiluul) = ALEuE) - 5 [ e s+ 0 [ e e,
(83) 1 —2 1
Tylwolz) = An((e) + o /_ lwg(z)v(z)e—anlz—fldz—56% /_ Dule Iz,

Note that 7} and 7, are nothing but LL;F[\,,] and 2L, [\,] respectively, with L} and L, given
by (44) and (45). Therefore, the system (80), (81) is equivalent to

(84 Tl wi)(2) = — - Wi (2),
(85) T o g )(2) = = Wi (=),
for all n > 1.

Lemma 5.13. Let f,g,u,v € L*([—1,1]) then
_(ij [’LL, U]7 @;f)m + (Tn— [’LL, UL gpf{g)LQ = _(90:-@“’ T;L‘r[f’ g])L2 + (@;U’ Tn_ [f7 g])LQ‘

Proof. Direct computation. O

Lemma 5.13 implies the following necessary condition for (84), (85) in order to be solvable:
Lemma 5.14. Let (a,b) € L?([—1,1]) given by (69) and (70). That is, the pair (a,b) solves
T [a,b] =0, T, |a,b] = 0.
Then
~(Wes, @)z + (Wi, ¢lb) 2 = 0
Proof. Direct computation. ([l
Next we state and prove the main theorem of this section:

Theorem 5.15. Let M > 1. There exist kg = ko(M) and eg = eo(M) such that for all 0 < Kk < Ko,
0<e<egandl <m< M, the following statement hold:

Let (Am,a,b) € R x L2([-1,1]) x L%([-1,1]) given by (69), (70) and (71) and {WE}>2, such that

3 3—J o .

Zn%HagWiH%?([—Lu) < 0.

=0 k=0 n=1

<

and
_(Wn—ga @;G)LQ + (Wr;a (P:fb)LQ =0.
Then, there exist {wE}>, with
3
j=0k=0n

satisfying (84) and (85) for all n > 1.

4-j oo
2k || A, E (|2
| OLwy (|72 (21,1 < 005
-1

Proof. The proof will be split into two cases. The case n = m and the case n # m.
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5.4.1. The case n = m. To deal with this case we introduce the space L?([—1,1]) with weight —¢"..
That is, L2, ([~1,1]) with inner-product and norm given by

1
(woliz, = [ (@
and

1
Hvlliik = (v,0)r2, 2/_1(—90;(5))!1)(5”2(12

Pr

In addition, we define the bilinear forms

B(ur,v1), (uz, v2)] := (T [ur, v1],u2) 2, + (T, [ur, o1, v2) 2
® Pr

K

1
Blv1, va] = /1(1 + A1 — 2)v1(2)v2(2)(—p,(2))dz

o/ 11<—so;<z>>v1<z>dz) (f 11<—w;<z>>vz<z>dz) -

We start with the properties of the bilinear form B. Notice that by definition (55) of by we have
Blbo, by] = 0.
We also define the orthogonal complement of by in Li, ([-1,1]) :

b = {v € L2, (1.1 | (bo,0)z2, = 0},

K

Lemma 5.16. Let v1,v9 € Li/ ([-1,1]). Then, the following estimate holds

[Blor, vall < Cllonlle, flvzll 2

K S"k’
where the constant C is independent of €, k, m. Moreover, if v € bé‘ we have

Blv,v] > e(M)|[v][7, -
@

K

Proof. The first conclusion is trivial. For the other one we need to proceed as follow. In first place,
we fix an arbitrary v € by, i.e. v € Li, ([-1,1]) such that

1
| enmed:=o

-1

Notice that by definition
1 2 1 1 2

86 BU,U:/ —;z‘v(zﬂdz—(/ - (z vzdz).
(56) )= [ ()G g ([ (e
In addition, for all u € R, we have that

L L o0t ooy [ B
[ comE s = [ e e dz = [ B RE) 1 i) o)

< ([ 2L dz)é ([ ehepmier - (=) olz)é -

Thus

2m \J 1 m\J-1 -1 bo(z)
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and consequently

1 1

B[v,v]z(l—l <—so;<z>>bo<z><1—ubo<z>>2dz) | ey - 2P e

2m -1 —1

Expanding the square we have

1

1 1
/ (=g (2))bo(2)(1 — pbo(2))? dz = 2m — 2 / (= (2)lbo(2)? dz + 2 / (=g () (bo(2))? dz,
—-1 1

-1

and therefore

1
1- % (= (2))bo(2)(1 — pbo(z))* dz
-1
1 1
2 (2 [ e [ o)) ).
Choosing

we obtain the lower bound
1 ! / 2 M ! / 2
1= 5 [ (CoDnE =it ds = o [ (=) ds = ().

2m -1

Finally, as A\; > AJ(M) we get
1

Blv,v] > c(M)/

1(—w’m(Z))(l + A1 = 2)|u(z)P dz > (M)A lvll72, > e(M)|lv7e, -
— Pr Pr

Next we shall study the bilinear for B[(u1,v1), (u2, v2)].
Lemma 5.17. Let u,v € Lil ([-1,1]). Then, the following expression holds

(87) Bl(u,v), (u,v)] —2/ (=@l (2)|u(2)|? dz + eBlv, v] + e By [u, u] + &% Ba[v, v],

-1

with By, By given by (90), (91) and satisfying

|Bilu,u]] < Cllullfz ,  [Belv,o]| < Cllll7:
Pk ¥

K

where the constant C is independent of €, k, m.
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Proof. From (82) and (83) we find that

1
B(u,01), (ug, v2)] 2/_ (=l () A (2)un(2)ua(2) dz

1
e (1t _
+/ / Ol (2)@l (2 ur (2)ug(z)e =™ #1 dzdz

2m J1J

5672771

1 1
[ [ d@diomemee e axas
1/

2m
+ / (= (=) A (201 (2)va(2) dz

—1
. / 1 / 1 L ()@l (2)01 (2)va(2)e~ ™2 dd
om . _190/4 Pr 1 2

56_2m
+

1 1
/ / O (2)¢ (Z)ur (2)va(2)e ™R d2dz.
—1J-1

From the above expression we can check that

(88) IBl(ur,v1), (uz,v2)]] < C (Hulrr% n HleLiJ (

where the constant C'is independent of €, k,m. In addition, if (u;,v1) = (u,v) = (ug2,v2) the cross
terms cancels and we obtain

1
B(u,v), (u,v)] =/ (—¢k (D)% (2)u(2) [ d=

-1

1 1
o / ¢ (2)¢l (Z)u(2)u(z)e Tm* 3 dzdz

2m

jusll 2, + oall e, ) ,
Pk Pk

2m —1J-=
=1+1I
where
1 c 1 1 B
=/ (= ()AL (2)|u(2)]* dz + o Ol (2)¢l (2)u(z)u(z)e == dzdz,
-1 —-1J-1

1 1 1
1= [ (DA AR 4 - o Pl(2) e (R)o()o(2)e I dads.

We recall that

A (2) =2+ (1 + M+ 2)e + (A5 — @(2))e?,
(89) A (2) = (14 A1 — 2)e + (A5 + B (2))2.
Thus

1 1
=2 [ (oGP e ( | CAED 140+ 2) 4 <06 = Bl ()P dz)

1
£ e " ()0 (D) u()u(2)e ™2 dzdz
s [ ] A ase,

2m
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and
_ 1_/ |v(z)]? o (1 € 2 & .y ?
= [ bR e [ p@oss aeore: o ([ denee)
1
= eB[v,v] +€2/ O (2) (N5 4+ Pu(2))|v(2)]? dz
-1
82 1 1 €f€m|z72| o
5 [ ] ApEmee) ——— ax

where in the last step we have used the expression (86).
Putting all together, we have

1

Bl(u,v), (u,v)] =2 /1(—¢;(z))\u(z)\2 dz + eB[v, v] + eBi[u, u] + % Ba[v, v],

where
1
(90) Bi[u, u] 2=/ Pre(2) (=14 M+ 2) + (A5 — D(2)] [u(2)[* dz
~1
1 /1o )
o | [ A @uEuEe A dsds
1
(o) Balost] = [ (205 + B ol dz
~1
2 1 1 —em|z—Z| _
5 [ ] A ax.
Finally, one can see that
| Bifu, u]| < CHUH%/ , | Ba[v, v]| < CHvHii, :
for some constant C', which is independent of ¢, k, m. O

Combining all the previous results, we are in a good position to prove the following lemma.
Before that, we recall the solution (a,b) defined in previous section 5.3.1 and given by (69), (70).
We also define the orthogonal complement of (—a,b) in Li, ([-1,1]) x L?O, ([-1,1]):

(—a,b)t = {(u,v) € Lig([—l, 1]) x Lig([_L )| =(u,a)p2, + (U,b)Li/H = 0} .

Pr

Lemma 5.18. Let M > 1. There exist ko = ko(M), g9 = £o(M) such that for all 0 < & < &,
0< Kk <kgandl <m< M, the following estimates hold

Bltwr, o),z )| < € (Junllzz, + ol ) (laalsz, + ez, ).

(92 Bl(w,0) (0] 2 <0l + el ).
for all (uy,v1), (ug,ve) € Li,ﬂ([—l, 1]) x Li;([—l, 1]) and for all (u,v) € (—a,b)*.

Proof. Notice that the first estimate had been proved in (88). To prove (92) we start using the fact
that (u,v) € (—a,b)*, which implies that

(0,0) 2, = (u,a) 2, .
7

K Pr
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Recalling expressions (69) and (70) we see that

(0.b0)sz, = 2w an)sz, + e, a3)ps, —=(v,b)ps,

Pr Pr

Thus we can assume that v = vy + vy, where vg € b& and vy € span{by}. So, we have
(7)1750)1;2, = (u,al)Lgl + a(u,ag)p/ — (fu,bi)LQ/ .
Pk Pk Pr Pr
By the explicit expressions of by and a; together with the upper bounds (72), we obtain
(93) foallz, < CODullgz, + ol ).
By the definition of v as the sum of two orthogonal functions we have
(94) lol2e = lvollZe +e2fon]2 -
Pr Pr Pr
In addition, combining (93), (94) we get
(95) Jooll2:.

— ol —unlZ, = ol2e, — CODE(ulZs + ol2: )
P Pr Pr Pr Pk Pk

> (Mol — COMDEulZs |
Pr Pk
for £ small enough.
We then can estimate
(96) Blv, v] =B[vo, vo] + eBlvg, v1] + eBlv1, vo] + &2 Blvr, v1]

Se(M)luollZs — CelullZs + 1ol )
Pk Pk Pr

>c(M) ol — COM)elullZs |
Pr Pr
where we have used Lemma 5.16, inequality (95) and taken ¢ small enough.
Finally, from (96) and (87) we achieve the conclusion of the lemma. Recall that (87) tell us that
Bl(u,v), (u,v)] = 2||ul|7> +eBlv,v] = Cellullj= — Ce|lv|f32,
Pr Pr Pr

> 2ullZ, +e(MellelZs, — CON2lul2: — CellullZs — C=2ljo]2,
Pk Pk Pr Pk Pk

2 2
> c(or) (Il +ellol ).
Pr Pr
where in the last step we are taking ¢ small enough. g

Then we have all the ingredients to prove the main result of this section. We just need to consider
the functional equation
1 1
(97) B[(Ul, vl)a (U, 'U)] = _E(WTZ7 u)LZ, - 7(Wr;7 U)LQ, ) for all (U, ’U) S (—CL, b)J_
Pk

P m
Combining Lemma 5.18 and Lax-Milgram theorem, there exists (u1,v1) € (—a,b)* satisfying (97).
This implies that there exist v € R such that
+ - Lo+ w-
(Tm [u1, v1], T [ur, v1]) = _E(Wmv Wm) +7(—a,b).

But then, taking the inner product on Li, ([-1,1]) x L?O, ([-1,1]) against (—a,b), we get

_ 1 _
—(Tilur,vil, @)z, + (T ur,v1],0) 2, = ——(=(Wh )2, + (Wi 0)2 ) +7(lalfz, +IIblI7z, ).
Pk Pk m Pr <Pig ‘Pi@

Pk
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Since T} [a,b] = 0 and T}, [a,b] = 0, we have that

—(T;F w1, v1], a)r2, + (T, [u1,v1],0) 2, =0, by Lemma 5.13,
Pr Pr
1
——(=(W,F a)2 + (W,,,b)2 ) =0, by Lemma 5.14,
m e ek

which implies that v = 0. Therefore, there exist (uj,v1) € L?O, ([-1,1]) x L?a, ([-1,1]) satisfying

(98) (Tr_n‘—[uhvl]’Tr;[ulavl]) = (Wntvwn_m)

e
m
Next we shall improve the regularity of (ui,v1). By (92) and (97), we have that

o <(W$7“1)Lig W ”1)L3a>

HUIH%P, +5H1)1Hi2, < C(M)B|[(u1,v1), (u1,v1)] = — m
Pr Pk

< 00) (Wit lsz, b, + Wil oz, )

1 _ 1
< c0n) (W, + 21Walls )+ 5 (Il +elonls ).
[ 3 (72 Pr Pr

where in the last step we have used the generalized Young inequality. Since ¢ € L>®([—1,1]), we
get the right-hand side of the following expression in the unweighted L?([—1,1])—norm.

1 _
(99) funls, +ellrls, <€) (IR + I3
Pk Pk
Let us look to (85). We can write this equation in the following way
1

(100) o(z) = - 277@1\6771(2) /_ k(e s

b mm / o (2)uy(2)e=mEH)dz — Lw-(z)

2mAn(2) —1 7 ! mAm(z) "

Recalling (89) we have

_ C(M _
(01) Ay < S and /A e < COM).

€
Then, taking the L?([—1,1]) norm of (100) yields

1 —
forlie < €O (ol + ol + 2 1Wolie).

and using inequality (99) give us

C(M 1 _ 1 _ C(M _
fonhie <EO (I058le + 2 Winlse ) + 000 (105812 + Wiz ) + S22 v
C(M _
<O Wi+ 1)

Once we have proved that v; € L?([—1,1]) we only have to take derivatives on expression (100),
but before that, we observe that

_ C(M) _
For k = 3 we need to distinguish between degenerate (k = 0) and non-degenerate (k > 0) case:
_ ean k>0 _ cin k>0
(108) 11/ Al 1) < {c SRR 7 RRER
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Proof of (102). Note that

2 () =90 () 200 () ().

A(z) = (L4 M = 2)e + (A5 + Bu(2))e”,
.M, (2) = —& + Pl (2)e?
0205, (2) = ®(2)e
give us (102) for k£ = 1 by (101). Similarly, we get (102) for £ = 2 by (101) and (102) for k =1. O

with

Proof of (103). For k = 3 we have the expression

o) o9 (=) = —oda ”( >> 20,0 (25)  (32)
~200 << 5))

— 200 A5(2) <Am(z)> % (Ai(z)) |

The difference between degenerate and non-degenerate case is due to the factor:

020 (2) = 9 (2)e® = w(2)e”

1—2

Note that for the degenerate case, we have that ¢ = is a linear function and the above term
vanishes. In contrast, for the non-degenerate case (k > 0) we obtain the bound

C
192 A | oo (=111 = il oo ((—1,1708 < ;62.

Finally, by taking the L°°([—1, 1])—norm on both sides of (104) and combining previous estimates
(101) and (102) we arrive to the required result. O

Remark 5.19. Notice that the bound obtained in (103) is completely natural due to the fact that

o 1 . 3_
0 (2) i —§X[71,1} (2), in H2™(R),
but not in higher-order regularity spaces. Then, for £ > 0 the Sobolev embedding just give us

C
< -
H(p HLOO (—1,1]) HQOKHHng([ 1,1)) < /i.
Therefore, we have proved
C(M)

e

[o1][ g < ex Wl + Wl

for K =0,1,2 and 3 with

1 ifk=0
105 e ’
(105) ¢ {F.;—l if k> 0.
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Proceeding similarly for uy, we have the expression:

1
€ > \,—EM|z—Z| 15
(106) u(2) :W /_1 @ (Z)up (2)e ™ 2laz
_ ;672771 /1 (,0/ (Z)Ul(g)efsm(zfé)dz o #WJF(Z)
2mA,(2) R mAh(z) "

Now, since

AL(2) =2+ (=1 + M1+ 2)e + (A — D,(2))e?,

0:A7,(2) = € = @l (2)?,

O2A%(2) = — ()€,

O2AT(2) = — @ (2)?,
we observe that

Hl/Af;HWk,oo([_M]) < ek, and Ha/A;QHWk,m([_L”) <Ml for k=0,1,2.
and
11/ A lrs.co(—1,17) < e’ and e/ A llyirsco (m1,17) < e

Therefore, we have proved that
lutll e < e (Wl + W[l
for k=0,1,2,3 and ¢, given by (105).

5.4.2. The case n # m. In this case we have to solve

1 —2n 1
+ _i ! (= 5\ ,—€en|z—Z| 15 ce / ! (= 5\ ,—en(z+2) 7:_1 +
100 A4 - = [ e@uEe s+ 2 [ g @u@e e = - Wk,
A;l(z) 1 ! ! (\oy(5)o—EN|Z2—Z| 15 e " /1 ! (5 s\ ,—en(z+2) 15 _ 1 —
(108) . v(z)—i—zn/_l . (Z)v(z)e dz — o |, o (Z)u(z)e dz = neW" (2).
Since A} (2) = O(1) we can divide (107) by A} (2) to get
1
(109) u(z) = e W,H(2) + eUlu, v](2),
where
1 L o o—2n Lo e
o = =\, —en|lz—Z| 1= = =\, —en(z+2) 3=
Ulu,v](z) == 271/\?%(27)/1 v (Z)u(2)e dz — 271/\7%(2)/1 . (Z)v(z)e dz.
And then we can write (108), using (109) as
1t 1
110) (14X — — ' (Z)o(3)dzE = — — W
(10) (1421 =20 + 30 [ Gh@uENE == W ()
L ) (W) e
o ) ,7F nAh(z) "
+eViu, v](2),

where
1
Viu,v)(2) := — (A + ®p(2))v(2) + %G—Zn /_1 QO;(E)U[U/’v](z)e—sn(z—‘rf)dz

1 1 —nelz—z| _ 1
IR ) 10 | —— )
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In order to solve (110), we will use the following lemma.

Lemma 5.20. Let F € L?([-1,1]). Then, the unique solution to

2n

1
(111) (LM - 2)f() + — / LI = F),

s given by

f(z) = 1+/\11—z (F(Z) + 2(m1—n)/_11 @;(Z)M;_ng) :

Proof. If f(z) is a solution of (111) then

- C F(z)
_1+/\1—2 14+ XM —2’

(112) /()

for some constant C. Plugging this expression of f into (111) yields
c [t Yz I F(2)
C+ — — s dz+ — ' (2)—=—dz =0
+2n/_11+)\1—2 Z+2n _190”(2)1—1—)\1—22 ’
Then, using (58) we get

o(1-2) = [ do i a

27'L _% -1 1+)\1 —Zz
or
1 1 F(2)
113 C=——— ' (7)) ———"—dz.
(113) s [ AT

Conversely, it is easy to check that f in (112), with C given by (113), solves the equation (111).

To finish, let us introduce

- 1 1 v, F(Zz
I[F)(z) := To 2 (F(Z) + 2(m—n)/1 <Pn(z)1+/\1_zd2> ;

and
W(s) e — LW (o) 4 / lso’ (2) [~ —— Wit (2) ) ez,
ne " 2n J_ 7" nAn(z) "
By using Lemma 5.20, equation (110) can be written as

(114) v(z) = IW](z) + el[V]u,v]](2).

The coupled system given by (109) and (114) is a linear contraction on L?([—1,1]) for & small
enough. Therefore, there exists a unique (u,v) € L?([—1,1]) x L?([-1,1]) solving (109), (114) with

C(M) B
lull 2 + lJvllpe < == (W e + W Ml z2)

Therefore, this (u,v) is the unique solution of (107) and (108). Taking derivatives on (109) and

(114) we find that actually

M)

En

[l s + N0l x < ew (W e + 11V N )

for k =0,1,2,3 and ¢, given by (105).
Then we have achieved all the conclusions of Theorem 5.15.
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5.5. The transversality property. To check the complete assumptions of Crandall-Rabinowitz’s
theorem it remains to prove the transversality assumption. In order to do this is enough to show
that

Dg\,fF[As,n,ma O]hs,n,m Q R('CE,K[)\E,K,’ITL])a where N(La,n[)\s,n,m]) = Span {hs,n,m}-

This will be done in a straightforward way without any difficulty. Recall that for any m € N
we have proved before that there exist an eigenvalue A ..,, € R given by Theorem 5.1 such that
N (Le x[Aesm]) = span {he xm}, where he . m(x) = h(y) cos(mz) and with h given by

(115)

) a(LyE_l) if yel[+l—e,+1+¢,
y =
b(=LL)  if ye[-1-e —1+¢]

To finish, let us proceed by reduction to absurd. Since D3 (F[Ac s.m,0lhe om = —h(y)msin(mz),
using Lemma 5.14 we have that if Di’fF[)\E,,Q,m, 0)he jom € R(Lske[Aeri,m]), then

a2 2 _
lali2s -+ 0132 =o.

This give us a contradiction since ||al|2 = O(e) and ||b[| 2, = O(1) and concludes the last required
Pr

condition of Crandall-Rabinowitz the(;ar%m 3.1.

6. MAIN THEOREM

After verifying all the conditions for the application of the Crandall-Rabinowitz theorem 3.1 and
the discussion in Section 2 we obtain the following theorem:

Theorem 6.1. Fized 1 < M < oco. There exist eg(M), ko(M) such that, for every 0 < e < &,
0 <k < ko and m € N, m < M, there exist a branch of solutions, fZ, ., € H*3(D.) parameterize
by o, of equation (16), with |o| < o9, for some small number oy > 0, w, . as in section 2.3 and

A= These solutions satisfy:

€,K,m"
(1) £ m(x,y) is 2% _periodic on .

(2) The branch

£ m = Ohewm +o(o) in HY3(D,),

£,k,m
and the speed
)\gﬁ’m = Ae,k,m +0(1),

where (Ae k.05 hem) are given in Theorem 5.1 and Remark 5./.
(3) £ .m(w,y) depends on x in a nontrivial way.

In addition, the vorticity w? € H*3(T x R), given implicitly by

K,0,m
wsa,n,m(xh mQ) = wa,m(y)a

for (x1,22) = (x,y + 7, o (x,y)) withe € T andy € [-1—¢,-14+¢c]U[l —¢,1+¢],

£,K,m

wgm,m(ifl,@) =g,

forx; €T and —1+e+1f7, . (x1,—14+¢)<aoa<1—e+f17

£,K,m 5,,{7m($1, 1-— 6), and
We o m(T1,72) = 0,

for x1 € T and either xo > 14+e+f2, . (1,1 +¢) orxze < —1 —€+fg,{7m(x1,—1 —e),

£,k,m
yields a traveling way solution for 2D Fuler in the sense that

wg,/i,m(xl + Ag,n,mtv ‘TQ)

satisfies the system (2). Importantly, w?, .. (71, 22) depends non trivially on x.
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Proof. The only statement in the previous theorem that it remains to prove is the property (1)

about the periodicity of fZ, ,,, on x. Note that fZ, ., bifurcates in the direction cos(mz) but this

fact does not implies, in principle, that ¢ is ——perlodlc on x since the remainder could be not.

g,Kk,M

However, if f(z,y) is 2Z-periodic on z, the functional F_, [A,f] in (17) is 2Z-periodic on z. So, we
can add to the spaces X(D.) and Y (D,) the condition of consisting of 2—”—perlodlc function on x.
If we do this, Fig, , still goes from X (D.) to Y (D.). With these new spaces we can again check
all the hypothesis of the C-R theorem (the proof goes along the same lines). This fact gives us the

2R”—periodicity of the solutions. =

Then, in order to prove Theorem 1.1 it remains to prove that H %7(’}1‘ x R)-norm of w¢, ,, can
be made as small as we want and that w € C*(T x R). We do this in Theorems 6.2 and 6.4.

EI{O'

6.1. Distance of the traveling wave to the Couette flow. The solution w? obtained in

£,Kk,m
Theorem 6.1 satisfies the following statement:

Theorem 6.2. Fized M > 1,0 < kK < kg and 0 < v < %, foralle >0 and 1 <m < M, there exist
€ >0 and o > 0 such that

Hwaa,/i,m ”HW(TXR) <€

Proof. Let us emphasis that we can make [|[fZ, | g+3 arbitrarily small fixed €, x and m, taking o

small. We have all the ingredients to obtain a quantitative estimate of the distance between the
3

Couette flow and the constructed traveling wave. We could compute the H2~ norm of w? from

the expression

g,k,M

Yy O
A wa,n,m

- wg,n,m (X) - wg,n,m(Y)
(w_%W42 x—yprr

We could show that this quantlty is as small as we want by making ¢ and € small with independence

of k. We recall that w, o is in H3~ . However, to avoid tedious computations, we will take a shortcut
using interpolation of Sobolev norms:

gl s S Ngll2lgll  (0<s<1),
which (taking 0 < v < 1) give us

L4y
(116) lw+ 1l pasr = lwll a0 S lwll mw

Remark 6.3. This way of proceeding will make us lose the independence on . But since we are
actually interested on the case k > 0 it will be good enough.

To alleviate the notation let us skip the subscripts (g, ,m) and the superscript o on w?
2 oms and f2, o in the rest of the section. We will keep w@; ,; and ¢, as we did before.

n order to compute the right-hand side of (116), we have that

(117) Ve(z,y +f(x)) = ﬁg((@;))

thus, making the appropriate change of variables, we obtain

Hw\lipz/T R!v%(x)\?dx:/ o el
X supp w

- / V2 (z,y + F)2(1 + () dx,

£

€,K,m?
w?

(—fz(x),1), on supp(Vw),
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and computing second order derivatives we get
Ozw(w,y + f(x)) =A1(X)@L . (y) + A2(x)w, . (y),
Oyw(a,y + f(x)) =A3(x)@L . (y) + As(x) @, . (y),
Opyw(@,y +f(x)) =A5(x)wL . (y) + As(x) 1 (y),

where A; for i = 1, ...,6 are functions which depend on 0,f, J,f, 0%f, 851‘, agyf.

The H*3—norm of f could depend on ¢ badly. However we always could choose ¢ small enough
in such a way that the H*3-norm of f is small. Noticing that H*? C C? (see [15, Lemma 4.1]) we
have that A; for ¢ = 1,...,6 are bounded functions. Then, we have that

[wll g ~ ”wé,KHL2(15)7

lwll gz & @2 el 2ry + 192 kll L2 2.)-
Let us note that by parity of the profile w, , on I, = [-1 —¢,—14+¢]U[+1 —¢,+1 + €], we can
just reduced our problem to study the following norms:

@t sl 2 (—catep)s 192 ol L2 (1—e,142))-
Recalling the definitions of w, , and ¢, in section 2.3. We have that

v (£)
ol (y+1)= ——F20 for |y| < e.
SO INTIETE .
At this point it does not matter to consider the normalization factor f_ll Yl (2)dz. Then
/ e / 2 ‘ r (Y 2 112
018)  lelullizoearay = | @a@)Pdy= [ ot (2)] ay < 22l
—€ —
and
1+e ) 1 £ y 2
1/ " "
(119) e T M 4 ™
1—¢ € —€ €
Since
1+k
' (2) = / Ox(z — 2)dz,
—14+k
thus
1(2) = Oz = (1 = k) = Ox(z — (-1 + k),
and

2) (o2 - (200

Putting the above expression into (119) we get
2 €
dy + /
—&

1 o (¥l —k) 2
ng,nHLZ(U—a,l—s—a]) < 24k2 (/E © (m) v

Now, we make the changes of variables § = y — ¢(1 — k) in the first integral and § =y —e(—1+ k)
in the second one. Note that the limits of integration will be (—¢(2 — k), ek) and (—ek,e(2 — k)),
respectively. But (2 — k) > ek for k < 1, and the support of ©(j/ek) is inside of (—ek,ek). Thus
both integrals run from —ex to ek:

ER

o <ys(1+ﬁ)>

2 ER

Y\ |? 4 o
s Y <X
e?r? J_.. © (5%)‘ dy < EKHQHLW([—M])'

(120) ool L2(i—e,14e)) <



42 ANGEL CASTRO AND DANIEL LEAR

Therefore, combining (118) and (120), there exists C' > 0 such that

+'Y _ _
w4 1 s = ol 5o S ol ol 3 < Ce' e85 < Cedn™"

In addition

lw+ 12 = [lwlr2 S €.
Consequently, for any € > 0 and for any 0 < s < 3/2, taking £ and o small enough, we find a
traveling wave such that its vorticity satisfies [|wZ, ,, + 1| gs(Txr) < € O

6.2. Full regularity of the solution. This section is devote to proving the following result.

Theorem 6.4. The solution w?,. ,, in Theorem 6.1 is actually C*°(T x R).

E,K,mM
Proof. In order to prove this theorem we will use equation (16), i.e
(Agnm—i_y""fgnm( ) ul[fgmmK ))8 fgnm( )_UQ[ngm](X), x€D.=TxI,

where

lFn)) = 1 [ 5)108 (coshly = 5+ 2 36) — () = cos(a — ) i,

and
-1

uz[fg,ff,m](x) :E /]I‘x[ w{s,n(’g) IOg (COSh(y - g + fe nm( ) fgn m(i)) - COS(.CU - i')) 0 fgﬁ, m(i)di'

Let us remove the superscript o and the subscripts ¢, £ and m from fZ, ., to alleviate the notation.

First of all we notice that, since f € X(D.) by construction, in particular it is mean zero in x.
So, we can recover f from 9,f through the expression

f(x) = Int[0,f](x /81‘ dx—— (/Gfxy)dx)dx x> 0.

Therefore, if 0,f € H¥(D.) then it is clear that f € HFTL¥(D.). Next, we will show that if
0.f € H¥(D,), then in fact f € H**1(D,) for k > 3. Using the above expressions we have that, if
0.f € H*(D,) then w;[f] € H**Y(D,) for i = 1,2. In addition, we can split u;[f] in the following
way

w[f](x) = Qe w(y) + (Wi lf](x) = Qe n(y))
where (see (38))
1

Yy
Quly) = - / . «(§) Jog (cosh(y — §) — cos(z — 7)) dx = / e (5)d7.
Am Jrxr. 0

Let us fix k = 3, i.e. 8,f € H3(D.) and prove that in fact f € H*(D.). Then we have
[ur[f] = Qe slle < 0 Cem,
[uzlf]ll g1 < o Ce s
and
Ao U= Qen(y) 2 A = Cem > 0.

Then, taking ¢ small enough we obtain

(121) AL wom + Y+ (%) —wi[f](x) > e pm,
and we can write

1
(122) 0.f(x) = ua[f](x).

Agnm +y+ f(X) - ul[f](x)
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To get extra regularity on the vertical variable let us take three derivatives on y in (122) to obtain

0,03F(x [ f](x) 93f(x) = terms at least in H%'(D,).
O by 100 — w0 et feast i HE(D

For o small enough such that (121) holds, let us define, for g € {h € L*(D;) : [™_h(z,y)dz = 0}
the operator
Uus f
T[flg == g+ i 5 Int[g].
()‘gnm +y +f— ul[f])
For any F € L*(D;) there exists T '[f], such that, if g € {h € L*(D.) : [7_h(z,y)dz = 0} satisfies

Tlflg = F,

then
g = T Y[f]F.
In addition
T4 : HY(D.) — H*'(D,).
Therefore, 83365’1‘ is in H%!(D.). Finally, we can iterate this process to show that f is in C°°(D,).
U

7. APPENDIX

In order to facilitate the presentation of the manuscript, we collect in this section all the technical
lemmas used previously. We start recalling the definition of the kernel given by
(123) K[g](x,%) :=log [cosh(y + Ax[g](x)) — cos(Z)],
where
Ax[gl(x) == g(x) — g(x — ).

In order to take derivatives into the kernel (123) we have introduced the following two functions

sinh(y + Ax[g](x))
cosh(y + Ax[g](x)) — cos(z)’

cosh(y 4 Ax[g](x))
cosh( + Axlg)(x)) — cos(z)’

vy [g] (Xv i) =

Walgl(x,%) :=

with derivatives given by the expressions

(124) Ox11g)(x, %) = [Wa[g] — V[g]] (x, %) Ax[xg] (x),

(125) OxW2g](x, %) = [¥1[g] (1 — ¥2[g])](x, %) Ax[Oxg](x)-

Combining (123) with (124) and (125) it is just a matter of algebra to obtain
X

[91(x, %) = Wi[g](x, %) Ax[0xg](x),
I [9)(x, %) = [2[g] — ¥ilg]](x, %) (Ax[0x9)(x))” + V1[g)(x, X) Ax[03g] (),
LK [9](x, %) = W1 [g](x, %)[1 — 3W2[g] + 21 [g])(x, %) (Ax[Oxg] (x))’

+ 3[Wa[g] — WT{g]](x, %) Ax[xg] (x) Ax[059](x) + ¥1[g](x, X) Ax[05g) (x).
Now, before starting with the proof of the lemmas, we remember the Taylor expansion of the

trigonometric functions involved in the definition of ¥;(x,x) for i = 1,2.

+
+oo Z2n+1 oy ZQn +oo (_1)n22n

sinh(z) := nzzo ESk cosh(z) := Z 20 and cos(z) = Z
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Using the above expressions, it is simple to check that there exists some constant C(||g|lg3(p.))
such that for any x € T x R with |x| < 1, we get
| cosh(y + Ax[g](x))| < C(llgllms(p.)),
|sinh(g + Ax[gl(x))| < Cllgll a3 (p.)) %I,
(126) | cosh(y + Ax[g](x)) — cos(2)] = (5 — lgllsp.)) 1XI* = Clgllasp.) X",
and as an immediate consequence we obtain the following result.

Corollary 7.1. Let g € Bs(H?(D.)) with 0 < §(¢) < 1. For x € T x R such that |%| < 1 we have

Cllgllusp.y)) 1
W [g)(x, %) < ) 1
[7ild] = Cllglmeo) K

for i=12.

Now, we focus our attention in the higher order derivatives 02K [g](x,%) and 93K[g](x,%). It
will be convenient to introduce some notation in order to handle these terms. To be more specific,
we will use the following expressions:

(127) 07K [g)(x, %) = h[g](x, %) + la[g](x, %),
(128) B3R K [g)(x, %) = J1[g](x,%) + Ja[g](x, %) + J3[g](x, %),
where
l[g](x, %) == l1[g)(x,%) (Ax[0xg](x))?, I[g] := Ta[g] — ¥i[g],
l2[g](x, %) = To[g] (x, %) Ax[02g] (%), I[g] := Wy [g],
J1[g)(x, %) == Ji[g](x, %) (Ax[0xg](x))°, Ji[g) := W1[g] (1 — 3Walg] + 2Wi[g]),
Jo[g](x,%) := Jo[g](x, X) Ax[0xg) () Ax[02g](x),  Ja[g] := 3Wa[g] — T[],
Jalgl(x, %) == Ja[g](x, X) Ax[02g] (%), Ja[g] = ¥yg].

As an immediate consequence of Corollary 7.1 we get the following bounds for the above expressions.
Corollary 7.2. Let g € Bs(H?(D.)) with 0 < §(c) < 1. For x € T x R such that |%| < 1 we have
[12[g)(x. %), [3[9] (x, %)| < C(llgllr3(p)) 1%~
11[g](x. %), [2[9] (x, %)| < C(llgll 3 (0.)) %I 72,

31lg] (¢, %)| < C(llgll 3 (p.)) X1~ 3-

Before starting with the proof of the main lemmas of the Appendix, we will collect a couple
of auxiliary results. In first place, we note that for any g € H*3(D,), an inequality that we will
repeatedly apply in our arguments is the following:

(129) [Ax[0kg) ()| < 1% llgllgrap.y, i =1,2.

Note that the above reduces to the Sobolev embedding H32(D.) ¢ C*(D.) and H*'(D.) C C(D,).
Secondly, we obtain an uniform bound for the difference of the auxiliary functions W;[f'] — U;[f"]
and their derivatives in terms of the H*3(D.)-norm of the difference f' — .

Lemma 7.3. Let f',f" € Bs(H*3(D.)) with 0 < §(¢) < 1 small enough. The following bounds hold

i)
(W3 [f] = wilf")) (x, ) P|x|* < CNf = Fs(p.y =12
ii) |
(Wi [f'] = Wi [ (x, R)P[X|* < CN = | Fpaspy, 1= 1,2:
iii)

(020, [F'] — O3 [f) (x, %) PP < Cf = Frasipy, 1= 1,2
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Proof of 1). Using some trigonometric identities for hyperbolic functions sinh(-), cosh(-) we get
n_ MY (x. %) — sinh(Ag[f’ — f"](x)) — cos(Z) cosh(y) [sinh(Ax[f'](x)) — sinh(Ax[f"](x))]
(qjl[f] T ff D (x, %) [cosh(y + Ag[f'](x)) — cos(Z)] [cosh(y + Ax[f"](x)) — cos(T)]
B cos(Z) sinh(7) [cosh(Ag[f'](x)) — cosh(Ax[f"](x))]
[cosh(y + Ax[f'](x)) — cos(@)] [cosh(y + Ax[f"](x)) — cos(z)]’

and
(Balf] — ") (s 50) = —COE O+ Ax[]00) —cosh(y + AdIFIG)]
[cosh(y + Ag[f'](x)) — cos(Z)] [cosh(y + Ax[f"](x)) — cos(Z)]

Notice that both denominators vanish if and only if x = 0. Now, since ', " € H*3(D.) c C?(D.)
are continuous functions on a bounded domain, the outer region is easily bounded by the required
term. Then, we just focus our attention on the inner region |x| < 1.

Applying Taylor expansion of each trigonometric function involved we obtain that each numerator
of the previous expression can be bound as follows

|sinh(Ag[f" — f”](x)) — cos(Z) cosh() [sinh(Ax[f'](x)) — sinh(Ax[f"](x))]|
1
1 —max{[[f" — || s, [f'l| g3, [ gy }diam (D)

< C(e)xP I1F" = s,

|cos z) sinh(y) [cosh(Ag[f'](x)) — cosh(Ax[f"](x))] ‘

] {1 g5, "]} o
< ff—f
< OO e, [P o piamn(Dy |~ e

and
|cos(Z) [cosh(y + Ax[f](x)) — cosh(§ + Ax[f"](x))]]
max{||f'|| s, || 2 }
— max{{[|f'[| g, [[”[| zrs }diam (D)

Combining all with the usual lower bound for the denominator (see (126)), we obtain

< Cle)lxl*5 17— "]l 5.

’(\I/[f/] _ \Il[f”])(x }—()‘2’}—(’% < O(é‘, Hf,||H3(Ds)’ ”f,/|’H3(Ds)) ||f/ _ f//HZ )
Z ’ ’ = \ 1 — max{[[f'|[ g, [[f"[| 5 }diam(Dx) HA (D)

Finally, as f', f" € Bs(H*3(D,)), taking 0 < § < diam(D.)~! we have proved our goal. O

Proof of ii). Due to the relations
0xV1[g](x,%) = (2[g] — V¥[g])(x, %) Ax[Oxg] (%),
OxW2[g](x,X) = (V1[g] — ¥1[g]¥2[g]) (x, %) Ax[Oxg](x),
it is clear that adding and subtracting some appropriate term we obtain the expressions
(130)  (8xW1[f"] — O W1 [f"]) (%, %) = (Waf'] — (V1[f"])®)(x, %) Ax[0x(f — )] (x)
+ (Woff'] — Walf"])(x, %) Ax[0xf"] (x)
— (W) — Wy [F]) o5, %) (U [F] 4+ W1 [F]) 3, %) Ax [P ),
and
(131)  (OxWalf] = OxWalf"])(x,%) = (W1 [f'] — Wy [f]Wa[f]) (x, %) Ax[Ox (' — f")](x)
+ (W] — T [f]) (x, %) Ax[0f"] (%)
— U1 [f](x, %) (V2] — Ua[f"]) (x, %) Ax[0xf"](x)
— Wo[f"] (%, %) (T [f'] — T [f"])(x, %) Ax[0xf"](x).
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As before, we just focus on the inner region |X| < 1, which is the most singular part. Now,
remembering (129) and applying repeatedly Corollary 7.1, we get for 1 < i < 2 and |X| < 1 that

|(OxWilf'] — DxWilf"]) (x, %)||x[*
S = s (p, + KU = U1 (6, %) + X[ (P2[f] - D2[f]) (x,%)].

Finally, applying i) in each of the last two terms of the above expressions we have proved ii). [

Proof of iii). Taking one derivative on (130), (131) and adding and subtracting appropriate terms,
we obtain the expressions

(O3W1[f"] = B2W1[f")) (%, %) = (W2[f'] — WT[F"]) (x, %) Ax[05 (F' — )] (x)
+ (1 [f] = 301 [ W2 [f'] + 2WF[f']) (x, %) Ax[0:F"] () Ax[Ox (F — )] (x)
+ (Woff] — [f”])( X)A [821‘”]( )
+ (0xW2f'] — 05 W2 [f"]) (x, %) Ax[0xf"] (%)
= (U1[f] - [f"])( 1[f ]+‘I’ [F]) (x, %) Ax[05F ] (x),
— (Ox W1 [f'] — Ox W1 [f']) (P1[f] + Da[f"]) (3, %) Ax[0xf'] (),
— (W [f] - \Ifl[f”])( 2[f") — WE[F']) (¢, %) Ax[Ox '] () Ax[0xf') (%),
— (U1 [f] = 1 [f"]) (Pa[f"] — WEIF])(x, %) Ax [0xf"] (3) Ax[0xF'] (%),
and
(O3 Wa[f"] — B2W[f"]) (x, %) = (V4[f'] — \I’l[f’]%[f’])( %) Ax[0(F" — )] (x)
+ (2[f'] = 203[F]) (1 — Wa[f']) (x, %) Ax[0f'] (x) Ax [Ox(F — )] (x)
+ (T[] — U1 [f"]) (x, %) Ax[95F"] (x)
+ (Ox 1 [f'] — Ox U1 [f"]) (3, %) Ax [0x "] (x)

— U [f)(Wa[f"] — W2 [f"]) (%, %) Ax[05F") (x)

= U1 [f')(0xWa2lf'] — 0x W2 [f"]) (x, %) Ax [0xf"] (x)

= (Wa[f] — W) (L[] — ‘P2[f”])( X, X) A [Oxf'] (%) Ax[0xf"] (x)

— Wa[f"](x, %) (V1] — W1[f"]) (x, %) Ax[05F"] (x)

— Wo[f"](x, %) (0x U1 [f'] — Ox W1 [f"]) (x, X) Ax[Oxf"](x)

— (U [f") = W[ ")) (D[] — W [f"]) (. %) (Ax[on) ()
The computations are very long and tedious but share lot of similarities. For this reason we shall

focus only on (02Ws[f'] — 02W4[f"])(x,%) to illustrate how the estimates work. The ideas is to write
the above long expressions in groups of terms as

o (1= Wy[f) (W1 [f]A[0Z(F — £")](x) + (V2[f'] — 2WF[f]) Ax[0x ](X)A2x[ X (f" = 1)](x)),

o (0[] = 0y [f"]) (A [0%F"](x) — (La[f"] — U1 [F]Vo[f"]) (Ax[0xF"](x))” — Pa[f"] Ax[05F"](x)),
o (Uf'] — Wo[f"]) (=01 [f]Ax[0ZF"](x) — (Wa[f] — TF[F']) Ax[0xf'] (x) Ax [0xf"] (x)) .

o (WL [f'] = Ox W [f"])(1 — Walf"]) Ax[0xF"] (x),

o (OxWalf'] — OxWa[f"]) (= W1 [f"] Ax[0xF"] (x)).
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Remembering (129) and applying repeatedly Corollary 7.1, we get for 1 < i < 2 and |X| < 1 that
(D2 Wilf"] = 2 Wlf"]) (x, %)% S %I HIF = [l a5,y + (W [f] = W [f]) (x, %)
+ [XI(Paf'] — Wolf"]) (x, )| + [%]|(Ox W1 [f'] — OxP1[f"]) (x, %)
+ [%[*(0x W2[f'] — 0xWa[f"]) (%, %)
Finally, applying i) and ii) in each of the terms of the above expressions we have proved iii). [

At this point, we have all the ingredients to prove the main lemmas of the Appendix. The first
one allows us to take derivatives into the kernel 05 Kg| as follows:

Lemma 7.4. Let g € Bs(H*3(D.)) with 0 < 6(¢) < 1 small enough. The following bounds hold

i)
sup ( sup rK[ng,x)r?) < O lglmsmn).
xeD, )_(EDg(y)

i)

sup ( / 10K 9] (x, x)ﬁdx) < C(e. gl maeo.y),
x€De D.(y)

ii)

/ ( / »aiK[g]<x,x>»21i|27dx> dx < C(e, llgllaso,):
€ Ds(y)

i)

/ (/D ( )IaiK[g](X,i)}2 |>_<|2d>_<> dx < C(e, |9l ga3p.))-
e ey

Proof. As we can see the computations share lot of similarities. For this reason we shall focus only
on one significant term iii) to illustrate how the estimates work. Remembering (127) we get

2
2K [g)(x,%)|” [%|*7dx | dx 1i[g](x, %))? |%[2Vdx | dx
/6</De(y)\x 9], )% ] ) S;/EUM”QK )21 )

Proceeding as usual, we split the integral into inner and outer regions. As g € H*3(D.) ¢ C?(D.)
is a continuous function on a bounded domain the outer integral is trivially bounded by some
universal constant. To handle the remaining inner integral {(x,X) € D, x D.(y) : |X| < 1} of each
term, we use Corollary 7.2 as follows:

l1) As g € H*3(D,) we have that dyg € H3?(D.) c C'(D.) and consequently we get

/a </I>‘<I<<1 hlglx, )1 |X‘27dx> = /s </I>‘c|<<1 ‘Tl 9] (X,i)‘Q | Ax[0xg](x)|* \X’QVdX> dx

< Cle llgllgsp.)) (/ IX\QVdX> ,
|x|<1

la) As g € H*3(D,) we have that 029 € H*(D.) C C(D.) and consequently we get

/ ( /|x<<1 alg)(x,%) \i!%i) = ( [

1
< C(6, gl gasp. / —— dx|.

Io[g] <x,>-<>]2 | Ax[029) (%) |>-<|2”d>-<> dx
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As 0 < v < 1, the last term is integrable and we have proved our goal. The rest of the terms i), ii)
and iv) work in a similar way and we omit the details. O

Now, we continue with an analog result for the difference 9L K[f'] — 0L K[f"].

Lemma 7.5. Let f', " € Bs(H*3(D.)) with 0 < 6(¢) < 1 small enough. The following bounds hold

i)
sup { sup K[, 0 ) < CEIF — 1 210(p,)-
x€De \ X€Dc(y) :
sup (/ |8xlC[f',f"](x,>_c)\2d>_c) < C(e)|f' - f”||%{4,3(D )-
x€D: \ J De(y) :
/ / |O2KCIF, £'](x, %) | [%|* dx | dx < C(E)If" = 30,
€ De(y)
i)

/ ( / \aifc[f',f”ux,x)!z|>-c|2d>-<> ax < CEF = 205,
e De(y)

Proof of i). We start by remembering the kernel definition K[f’, f’] = K[f'] — K[f"] given by

cosh (7 + Ax[f'](x)) — cos(Z)
cosh (y + Ax[f"](x)) — cos(z)

K[f, f"](x,%) = log [

Adding and subtracting some appropriate term, one finds

cosh (§ + Ax[f)(x)) — cos(z) _ | . cosh(y + Ax[f)(x)) — cosh (§ + Ax[f"](x))
cosh (7 + Ag[f"](x)) — cos(T) cosh (g + Ax[f"](x)) — cos(Z) ’

and using the standard logarithmic inequality 1 — 2~! < logz < x — 1 for all z > 0, we get the
lower and upper bounds

s e = — €osh (7 4+ Ag[f'](x)) — cosh (7 + Ax[f"](x))
K PG %) < cosh (J + Ax[f](xX) — cos(@)

s oo oy < €0sh (7 + Ax[f'](x)) — cosh (7 + Ax[f"](x))
K £l %) = cosh (7 + Ax[F](x)) — cos(z)

As ' f"" € Bs(H*3(D,)) are arbitrary functions we can assume without loss of generality that

cosh (5 + Ax[F](x)) — cosh (5 + Ax[f"](x))

KL £)(x, %) < cosh (5 + Ax[f"](x)) — cos(z) |

and using the trigonometric identity cosh(a + b) = cosh(a) cosh(b) + sinh(a) sinh(b) we finally get

cosh (§ + Ax[f')(x)) — cosh (g + Ax[f"](x)) _ () 20 (Ax[f](x)) — cosh (Ax[f"](x))
cosh (y + Ax[f"](x)) — cos(z) cosh (7 + Ax[f"](x)) — cos(Z)
sinh (Ag[f'](x)) — sinh (Ax[f"](x))
cosh (7 + Ax[f"](x)) — cos(Z)

+ sinh(y)
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Now, we will use the Taylor expansion of the trigonometric functions cosh(-) and sinh(-) together

with the algebraic identity a™ — b" —b) 37 afb" 17k to obtain
oo 2n— 1 " Im—1—*k
cosh (Ag[f'](x)) — cosh (Ax[f"](x)) = Ag[f’ — "](x Z Z (gn)[f J(x)) ,
n=1 k=0
oo 2n 1M (x 2n—k
s (8100) s (A4[F16) = Ayl 7)o 30 3 s 10OV (a6
n=0 k=0

Computing the infinite sum of the geometric series ano r°" with
ri= max{|]f/||H4,3(Ds), Hf”HH4,3(DE)}diam(D5),
we finally get (under condition ¢ < diam(D.)~!) that

maX{|’f/HH4»3(Dg)v |’f//”H4v3(D5)}Hf/ - f//HH4»3(DE)

cosh (Ag[f'1(x)) — cosh (Ag[f"](x))]| < C(e)|x]? -
josh (84[F100) = cosh (<[00 < OO a7 oy Yeham( D)

(" — 1| s (o)
1-— maX{Hf’|]H4,3(DE), Hf”HH4,3(D6)}diam(D5) ’

where we have applied the Sobolev embedding L> (D) < H?(D,).
Now, it is not difficult to see that the following uniform bound holds
cosh(%)|x|? + sinh(y)|x|

2
S <x535y> cosh (7 + Axl](x)) — cos(a) ) =6
thanks to the fact (see (126)) that for |X| < 1 we have
| cosh(y + Ax[f"](x)) — cos(z)| = (3 = If"l3(p.)) 1% = CUF a3 (p.)) X[
Then, taking 0 < § < diam(D.)~! small enough and combining all we have proved our goal. O

Proof of ii). As K[f',f"](x,x) = (KI[f'] — K[f"])(x,%) and 0xK|[g](x,%) = ¥1][g](x, X)Az[0xg](x),
adding and subtracting some appropriate term we obtain
(132) 0K f7](x,%) = U1 [f](x, %) Az [Ox (F — £)](x) + (W1[f'] — U1 [f"])(x, %) Ax[0xf"] (x).

To bound the first term we use f/, f/ € Bs(H*3(D.)), which implies Ox (f'—f") € H>?(D.) c C*(D,).
As usual, splitting the integral and using Corollary 7.1 in the inner region we obtain directly that

/ G R)A )00 < O I o I~ oo

For the second term of (132), using that dxf” € H>?(D.) C C'(D.) and applying Lemma 7.3 we
get

/ ( )I(‘I’l[f/] = W [f"]) (x, %) Ax[0xf") (x) [Pdx < Hf”HHmwe)/ (W1 [ = W1 [f]) (x, %) [*[%|*d%

De(y)
< C(e, 11l a3y I lazss ) IF = £l Fra3(p, -

Finally, as the above holds for any x € D., combining the above and taking the supremum over all
the domain we have proved the desired inequality. ]

|sinh (Ag[f'](x)) — sinh (Ag[f"](x))| < C(e) x|

Proof of iii). Taking a derivative of (132) we obtain
ORKIF, £")(x, %) = Ox W1 [F](x, %) Ax [0 (f' = F")](x) + W1 [f](x, %) Ax[05 (' — )] (x)
(133) + (0xW1[f'] — Ox W1[f"]) (3, %) A [Oxf"] () + (P1[f] — W1[f"]) (x, %) Ax[05F") ().
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To bound the first term of (133), as f',f € Bs(H*3(D.)) we get Oxf',0x(f' — ") € H>*(D.) C
CY(D.). Now, splitting the integral and using (124) together with Corollary 7.1 in the inner region
we obtain

CUIf' lmas(p.))
ax\Ij f/ X, X A)_{ ax f/ _ f// b'd 2 X 2’Yd)—( dX S € f/ _ f// 2 7 ‘
/v5 </|x|<<1 ‘ 1[ ]( ) [ ( )]( )’ | | ) 1 _ C(||f/||H413(DE)) H ”H4 B(Ds)

To bound the second term of (133) we use the same type of ideas. As f' " € Bs(H*3(D.)) we
get O2(f' — ) € H*Y(D.) C C(D.). Now, splitting the integral and applying Corollary 7.1 in the
inner region we obtain

/ ( / \qfl[f'](x,x)Ax[a,%(f’—f")](x)f\xy%dx> dx
B %<1

CUiroo.) 1
< e f/ _ f// 2 / di ,
ST o) 1209 o R

where the last integral is bounded thanks to the fact that 0 < v < 1. Finally, to bound the last two
terms of (133) we use the fact that dxf” € H>?(D.) c CY(D.) and 92f" € H**(D.) C C(D;) to
get

/ ( / \(axxpl[f']—ax\yl[f”])(x,X)Ax[axf”](x)E\x%dx> dx
e De(y)

< ¥ 50 /

De

(/ \(8X\I/1[f’] — 0x U [f"]) (x, Sc)|2 ’X|2(1+v)dx> dx
De(y)

and

/ (/ \(%[f’]—%[f”])(x,x)Ax[aif”Mx)F|f<\27d>-<) dx
€ De(y)

< |’f/,”H4v3(D5) /D

Using auxiliary Lemma 7.3 on the last terms of the above expressions we have proved our goal. [

( / (04[] — 0[] (x, )| \x\%dx> dx.
De(y)

€

Proof of iv). As before, taking a derivative of (133) we obtain
D[P ] (x, %) = 024 [f')(x, %) Ax [Ox (f' — F)](x) + 205 W1 [f')(x, %) Ax [02 (' — f)](x)
+ 0[] (x, %) Az [02(f — F)](x) + 2 (0x U1 [f'] — 0x T4 ["]) (x, %) Ax[02F"](x)
(134) + (T[] — U1 [f"]) (x, %) Ax[02F")(x) + (0201 [f] — 0201 [f"]) (x, %) Ax[0xf"](x).
In first place, due to the relations (124) and (125), we have
07 [f'] = (W [f')(1 — Wo[f]) — 204 [f')(Wa[f] — WT[F])] (Ax[0xf'] (X))2 + (Uaf'] — WIIF]) Ax[0FF].

Remembering (129) and applying repeatedly Corollary 7.1, we get that the first three terms of
(134) can be handle in the following way:

3
>/ ( / |a§—fw1[f’]<x,s<m,-c[a;<f’—f">]<x>|2|>-<|2d>-<> ax < CEIF — s o,
i=1 € De(y)
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The remaining three terms of (134) follows by auxiliary Lemma 7.3. Notice that using (129) we
get

/ (/ \(%[f’]—%[f“])(x,x)Ai[aif”Kx)f|>-<|2d>-<> dx
e \Y/ De(v)

<"l ga3(p.) /D ( sup  |(Uq[f] - ‘I’l[fﬂ])(?’ia?_()‘2 |>_<\2> dx,

xeDe(y)
/ (/ ](8,(\1'1[1"] — 0 U1 [f"]) (x, >‘<)A,—([é?,2<f”](x)‘2 |>‘<2d>‘<> dx
e \Y De(y)

< ”f//’H‘hB(DE)/D (/D ( )}(6x\111[f’] —axwl[f”])(x,i)\g\i]Qdi) dx,
e ey

and

/ ( / \(8,2{\111[1"]—8,2(\111[f”])(x,X)A,—([axf”](x)f\i2d>‘<> dx
. De(y)

<1 [ ( /| ()}(ai\h[f']—a,%wl[fﬂ)(x,mf\scr“dx) dx.
e e\Y

Using auxiliary Lemma 7.3 on the last terms of the above expressions we have proved our goal. [

Lemma 7.6. Let f € Bs(H*3(D.)) with 0 < §(¢) < 1 small enough and h € H*3(D.) with
|l a3y = 1. For 0 < 1 < 1, the following bound holds

i)
sup ( sup K[f—l—Th,f](X,f() . \Ill[f](x,i)A;([h](x) 2) < C(E)T2
x€D: \X€D.(y) T
i)
K[f + 7h, f](x,X) A :
sup ( /D » ax{ - — W [f](x, X)Ax[h}(x)} dx) < Cle)r2.
iii)

{IC[erThf X, X

2

o {K[f + 7h, f](x,X)

T

0 f](x, %) Al <x>}

A

Proof of i). Just applying the standard logarithmic inequality 1 —2~! <logz < z—1 for all x > 0,
we get the lower and upper bounds

|x2dx) dx < C(e)r2

cosh (y + Ax[f + T7h|(x)) — cosh (7 + Ag[f](x))
cosh (7 + Ax[f](x)) — cos(Z) ’
_. _ cosh (y + Ax[f + 7h|(x)) — cosh (7 + Ax[f](x))
KIf +7h.f](x,%) 2 cosh (7 + Ax[f + Th](x)) — cos(Z)

K[f + 7h, f](x,x) <
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Therefore, we have

K[f + 7h, f](x,%)

T

— Wi [f](x, x) Ax[h](x)

< max
0<g<r

1 (cosh (7 + Ax[f + Th](x)) — cosh (7 + Ag[f](x))
cosh (y + Ax[f + £h](x)) — cos(Z)

-
Now, using the trigonometric identity cosh(a + b) = cosh(a) cosh(b) + sinh(a) sinh(b) on the above
expression, we get

cosh (y + Ax[f + 7h](x)) — cosh (7 + Ag[f](x))
cosh (y + Ax[f + £h](x)) — cos(T)

= cosh(y + Ax[f](z))

) 0 [f] e %) Ax (0|

cosh (Ag[Th](x)) — 1
cosh (g + Ax[f + €h](x)) — cos(Z)

o sinh (Ag[Th](x))
+ sinh(y + Axlf] (m))cosh (7 + Ag[f + €R](x)) — cos(z)’

and consequently

— W [f](x, x) Ax[h](x)

’K[f + 7h, f](x,X)

T

cosh (Ag[Th](x)) — 1 cosh(y + Aglf](x))

- T orél?gXT cosh (7 + Ax[f 4+ £h|(x)) — cos(Z)
sinh (Ax[Th](x)) sinh(7 + Ax[f](z))
+ - — Al )| e | AR T ER(x)) — con(@) |

Applying the Taylor expansion of the trigonometric functions sinh(-), cosh(-) together with the fact
that ||h]|gsp.) = 1 we get the bounds

cosh (Ag[Th](x)) — 1

\ < C(e)rixl2

sinh (Ax[Th](x))

T

— Ax[h)(x)| < Cle)7?[x .

In addition, we have

e { | S ol
cosh (7 + Ax[f + £h](x)) — cos(T)
which give us

‘IC[f—I—Th,f](x,x)

sinh(y + Ax[f](z)) }
cosh (7 + Ax[f + &h](x)) — cos(T)
Ciflasp.))

< - —1
(5 = If + &hllas(p.)) 1K1 = CIf + &hll s (p.)) 1X]*

)

S C(e, Ifllzs(p.))7
~osesr (5 — |If + Rl psp.)) — CUIF+ Ehllgsp.))IX]?

Coming back to the starting point, as f € Bs(X(D;)) and ||k gas(p.y = 1, taking 0 < d(e), 7 < 1
small enough we have proved our desired inequality. O

— Wy [f](x, X) Ax[R](x)

Proof of ii). As K(f',f")(x,x) = (K[f'] — K[f"]) (x,%) and 0xK|[g](x,%) = ¥1]g](x, X)Az[0xg](x),
adding and subtracting some appropriate term we obtain

OKIF "](x, %) = U1 [f'](x, %) Ax[0x (F — F)](x) + (U1[f'] — U1 [f"]) (x, %) Ax[0xf"](x).
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So, it is just a matter of algebra to get

1 8 {K[f+7h,f](x, %)

-
where both new functionals are given respectively by

[(‘Ifl[f + 7h] — Ui [f])(x, %)
BIf, h](x, %) := (U1 [f + 7h] — Uy [f]) (x, %) Ax[0xh](x).

- \Ill[f](x,ic)A,—c[h](x)} = Al[f, h](x,x) + BI[f, h](x, %),

(136)  Alf, h](x,%) := — (W2[f] — UT]) (x, %) Ax[h] (x) | Ax[0xf](x),

Directly from auxiliary Lemma 7.3, as h € H*3(D,) implies dxh € H3*(D.) C CY(D.) and by
hypothesis [|h]|g4.3(p.) = 1, we get

Sup/ BIf, B]|* dx < C(e)72.
x€D: J D:(y)

To obtain something similar for A[f, h] we need to work a little bit more. In first place, thanks to
the definition of ¥,[-](x,X), adding and subtracting some appropriate term we have

sinh(g + Ax[f + Th](x)) — sinh(y + Ax[f](x))
cosh(y + Axlf](x)) — cos(z)
cosh(y + Ax|[f + Th](x)) — cosh(y + Ax[f](x))
[cosh(g + Ag[f + Th](x)) — cos(Z)] [cosh(y + Ax[f](x)) — cos(Z)]’

and using on it some trigonometric identities, we obtain

(U1 [f + 7h] — W1[f]) (x,%) =

—sinh(y + Ax[f + 7h](x))

(U1[f + 7h] — ¥y[f]) (x,X) = [\Ifz[f] (x,%x) — \P%[f] (x,X) cosh (TA;([h](X))] sinh (TAg[h](x))
_cosh(y + Ag[f + 7h](x) — cosh(y + Ag][f](x)
+ Uilflx %) cosh(y + Ax[f + 7h](x) — cos(Z)

sinh (TAg[h](x)) cosh (TAx[h](x)) .
Now, dividing the above expression by 7 and subtracting the term (W2[f] — W2[f])(x, %) Ax[h](x) we
obtain that

(\I/l[f + Th] — \I’l[f])(x, X)

T

— (s[f] — Wi[f])(x, %) Ax[h](x)
0, [f] (%, %) <sinh(7'Ax[h](x))

T

sinh(7Ax[h](x))

— U2[f](x, X) (COSh(TA,—([h] (x))

cosh(g + Axg|[f + 7h](x) — cosh(7 + Ax[f](x)
cosh(y + Ag[f + Th](x) — cos(T)

+ W2 [f](x, ) sinh (7Ax[h](x)) cosh (TAx[h](x)) .

Finally, using the Taylor expansion of the trigonometric functions sinh(-), cosh(-) and (129) give us
the desired inequality

(137) sup / |A[f, B]|? dx < C(e)72.
x€De J D (y)

Proof of iii). Recalling (135), we have

T

(138) 02 {K [f+7h fl(x, %) _ 0 [f](x, %) Ax[h] (x)} = O0xA[f, h](x,%) + OxBIf, h](x, %),
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where, using relation 0x¥1[g](x,X) = |1[ ](x, %) Ax[0xg](x) whit Tl[g] = (\IIQ[g] — (\Ill[g])Z), we get
OuAIF, l(x,%) = (W[F + 7] — 1)) (%, %) Ax 0] () Ax [0kl (%)
o (P ) = P00 X) A 3261 (x) — Ty F)(x, %) Ax02] Al ] ()

T

(Ax[0xf](x))* — (8xV2[f] — 201 [f]OxV1[f]) (x, %) Ax[0xf] (x) Ax[h] (x),

N (IL[f + 7h] — L [f])(x, %)

-
and

OxBIf, h](x,%) = (I1[f 4+ 7h] — I1[f]) (x, X) Ag[0xf] (x) Ag [Ox 1] (%)
+ (W1 [f + 7h] — W1 [f]) (x, X) Ax[07h] (%)
+ 7 [f + 7h] (%, %) (Ax[0xh](x))? .

By definition of I;[-] and relations (124) and (125), the previous expressions can be rewritten in a
more manageable way as

(139) OxA[f, h](x,x) = (A} + AL + A + A + AD)[f, h](x,X),

(140) OxBIf, h](x,%) = (B} + B, + B} + B)[f, h](x,%),

with

A A, ) = | TR0 gy i) 0slhl0)] A0

RGIF B 5) = (Waff + 7] — W]) (.5 Al (30) A ] ).

A4IF h) (36, 5) = —(B [F -+ 7] — W [F) (0 -+ ]+ 1) o 50) A () A ] ),

f G0 = | 2T RO ) w10, () AS(A100)] (Axl0A10)

(\Ill[f + Th] — \Ill[f])(x, }_()

AL[f, h](x,%) := [— (U1 [f + 7h] + ¥q[f])(x,X)

T

20 [, %) (Walf] — W2[F]) (x, %) Al <x>] (Axl0fl))°,

and
B [f, h](x, %) 1= (Waff + 7h] — W2f])(x, X) Ax[0xf](x) Ax[0xh] (x),
BY[f, Al (x,%) := —(W1[f + 7h] — U1 [f])(P1[f + 7h] + W1 [f]) (x, %) Ax[0xf] (%) Ax[0xh] (%),
BS[f, h](x, %) := 7(Wa[f + Th] — I[f + Th])(x, %) (Ax[0xh](x))*
B [f, h](x, %) := (U1[f + 7h] — U1 [f])(x, X) Ag[02R](x).

Note that the only new type of term that appear is Aj[f, h]. The rest of terms can be easily handle
using auxiliary Lemma 7.3, Corollary 7.1 and (129). To sum up, our proof reduces to check that

(141) / (/ A [F, B (x |]x|27dx> dx < O, [f 30y 7>
D D

By (129), as f € H*3(D,) we have that 0xf € H3?(D.) C C*(D.) and we just need to prove the
same type of estimate for the term

/ ( / (Uaf + 7h] — Uof])(x, %)
D. Dc(y)

T

2

— (W1 [f] = W4 [f]W[f]) (x, %) Ax[R](x)

|>‘<|4+2”Yd>‘<> dx.
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Thanks to the definition of ¥s[-|(x, %), adding and subtracting some appropriate term we have
cosh(g + Ax|[f + 7h](x)) — cosh(y + Ax[f](x))
cosh(g + Ax[f](x)) — cos(Z)
cosh(g + Ag[f + 7h](x)) — cosh(y + Ax[f](x))
[cosh(y + Ag[f + Th](x)) — cos(Z)] [cosh(y + Ax[f](x)) — cos(Z)]’
and using on it some trigonometric identities, we obtain
(Uso[f 4+ Th] — Uo[f]) (x,X) = [¥q[f](x,%X) — U1 [f]Ps[f](x, X) cosh (TAx[h](x))] sinh (TAx[h](x))
— U2[f](x, %) sinh? (7 Ax [h](x)) + 20, [f]U,[f](x, %) sinh(TA [h](x)) sinh? ( [h](x))
+ 20, [f](x, %) [1 — Wo[f](x, X) cosh(rAx[h](x))] sinh? (ZAx[h](x))
¥+ Ax [f+7’h}( ) —cosh(y+A fl(x))]°
cosh(y + Ax[f](x)) — cos(Z) '

Now, dividing the above expression by 7 and subtracting the term (W [f]— U [f]¥2]f]) (%, X) Ax[h](x)
we obtain that

(\Ifg[f + Th] - \I’Q[f])(x, }_{)

T

(Uao[f 4+ Th] — Wo[f]) (x,X) =

— cosh(y + Ag[f + 7h|(x))

+ U4 [f + Th](x, %) [C"Sh(

— (W [f] = U3 [f]W5[f]) (x, %) Ax[h](x)

0y [f](x, %) <Sinh (TAT"W &) _ Ay (x)>

sinh (1Ag[h](x))

— Ty [f] 0[] (x, %) (cosh (rAx[h](x)) — Ag[h](x)

— U2[f](x, X) sinh?(TAx[h](x)) + 20 [f]¥s[f](x, %) sinh(TA [h])(x)) sinh? (5 Ax[R](x))
+ 20, [f](x, %) [1 — Uy[f](x, X) cosh(TAg[h](x))] sinh? (ZAx[h](x))
y+A [f+7h}( ) —Cosh(17+ =[f](x ))}2
cosh(y + Ag[f](x)) — cos(Z) '

Finally, using the Taylor expansion of the trigonometric functions sinh(-), cosh(-) and (129) give us
the desired inequality (141). O

U [f + Th](x, %) [COSh(

Proof of iv). Recalling (138) together with (139) and (140), we have

(142) & {K[f + ﬂ: fl(x,x) U, [F](x, %) Ax 1] (X)} - gaxA;[f, h)(x, %) + gaxBé[f, hl(x, %),
where,
BN . Bl(x.5) — B { (U4 [f + 7] - NEOR) gy — w21)) (x, %) Ag R (x)} Ax[03f](x)
. [(\Ifl[f +7h] - WDEOR) gy 16 — w21)) (x, %) Ag ] (x)] Ax[05f](x)

= Allll [f7 h] (X7 }_{) + A/1/2 [fa h] (X, i)v

OxAL[f, h](x,%) = (OxWalf + Th] — 0x U3 [f])(x, X) Ax [0xf](x) Az [Oxh](x)

+ (Waff + 7h] — Ws[f]) (x, %) Ax[05] (x) Ax[0xh] (x)
+ (Waff + 7h] — Wa[f]) (x, %) Ax[0xf] (x) Ax[05 ] (x)
= Agi[f, h](x, %) + A%, [f, h] (%, %) + Ags[f, h] (%, %),
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OxP3[f, 1](x, %) = —(0x W1 [f + 7h] — O W1 [f) (W1 [f + 7R + W [f]) (x, %) Ax [0xf] (x) Ax [0 D] (x)
— (Wu[f + 7h] = W [f])(Bx Wi [f + Th] + O W1 [f]) (%, X) Ax[0xf] (%) Ax[0xh] (x)

— (U1 [f +7h] — W [f) (W1 [f + 7h] + U1 [f]) (x, %) Ax[05F] (%) Ax [0xh] (x)

= (W[ + 7h] — U1 [F) (L1 [f + 7h] + W1 [f]) (x, %) Ax[0xF] (x) Ax 03] (x)

h

(x
W f](x
= A5 [f, hl(x, %) + AG[f, h(x, %) + AGs[f, b (x, %) + AGy[f, h](x, %),

OxAY[f, h](x,x)

_ o, { (\I’Q[f+7'h] - \Ilz[f])(x,}_()

T

— (W [f] = WL [f]02f])(x, x) Ax[R] (X)} (Ax[0f](x))*

. [(\pg[um] -

T

Uof))(x,%X) (1 [f] — U1 [f]s[f]) (x, X) Ag[h] (x)] 205 [0xf] (x) Ax [02f] (%)
= AZI [f’ h] (Xv i) + AZQ [fa h] (X7 5()7

(W1[f + 7h] — W1 [f]) (%, %)

T

O AL[F. ] (x, %) = ax{ (@ ]+ 0 6] (%)

+ 2 [f) (Waff] — T[f])(x, %) Ax[h] (X)} (Ax[0xf)(x))?

(Wi [f + 7h] — W [f]) (x,%)

+ [ — (U1 [f + 7h] + ¥4 [f]) (x, %)

+ 203 [f](Pa[f] — UF[f]) (x, X) Ax[h] (X)] 25 [0xf) (%) Ax[05F (x)
= Agl [fv h] (X7 }_() + A/5/2 [fa h] (X) }_(),
and
8xB/l [fa h](X,)_() = (ax\IJQ[f + Th] - ax‘l’2[f])(x7i)Ai[a ](X)Ax[a h]( )
+ (\PQ[f + Th] - \112 [f])(X, }_() [Ai[aif](x) x[ pd ](X) x[ X ]( )Ai[aih} (X)]
=: Bllll [f’ h] (Xv )_() + B/1,2 [fa h] (X7 )_(),

OxBL[f, h](x,%) = —(0x V1 [f + Th] — 01 [f]) (V1 [f + Th] + U1 [f])(x, X) Ax[0xf] (x) A [Oxch](x)

— (W [f + 7h] = W [f])(Ox W1 [f + Th] + O W1 [f]) (x, X) Ax[0xf] (%) Ax[0xh] (%)
— (U1 [f +7h] — W [f) (W1 [f + 7h] + U1 [f]) (%, %) Ax[05F] (%) Ax [0xh] (x)
= (Wl + 7h] = W [f]) (UL [f + 7R] + 1 [f])(x, )Ax[ f](x) Ax [0 (%)
=: Boy[f, h](x, %) + B3,[f, 2 (x,%) + Bas[f, h](x, %) + B3, [f, ] (x, %),
OxBYI[f, h](x,X) = 7(Ox Walf + 7h] — 2U1[f + Th]0x U1 [f + Th])(x, X) (Ax[0xh](x))?
+7(Wa[f + 7h] — BRI + Th]) (x, %) 205 [0xh] (x) Ax [03h] (x)
=: By [f, h](x, %) + B3o[f, ] (x, %),

OxB[f, h](x,%) = (0 W1 [f + Th] — O, U1 [f])(x, X) Ax[02h](x)
+ (U1 [f + 7h] — U4 [f])(x, %) Ax [02R] (x)
=: B [f, h(x, %) + Blalf, 2](x, %).
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Taking into account all the above we have proved that

/5 </5(y) 2\>‘<12d>‘c) dx
52;/(/ O ATLF, B (x, %) [ !xlzdx>dx+2/ (/ |04 BL[F, h](x, %) |xy2dx>dx,

where each of the terms that appear can be decomposed as follows:

o {lC[f + 7h, f](x,X)

T

0 f] (x, %) Al <x>}

OxALf, B)(x, %) = AT, [f, 7] (x, %) + Alo[f, h](x, %),

OxASlf, B (3, %) = Ag, [f, h](x, %) + Aglf, h](x, %) + Agf, h](x, %),

OxA3[f, h](x, %) = Az, [f, B (x, %) + Ag[f, h](x, %) + Agg[f, 7] (x, %) [f, hl(x, %)
OxAY[f, h](x, %) = AL [f, B (x, %) + Al[f, h](x, ),

OxAs[f, h](x, %) = AG) [f, B (x, %) + Agy[f, h](x, %),

and

OxB1[f, h](x, %) = B, [f, A (x,%) + Bio[f, h](x, %),

OxBy[f, B (x, %) = B, [f, h](x, %) + Boof, ] (x, %) + Bos[f, bl (x,%) + By, [f, 2] (x, %),
OxBj[f, h)(x, %) = By, [f, 2] (x, %) + Bplf, 1] (x, %),

OxBi[f, h](x, %) = BY [f, h](x, %) + B, h](x, %).

For the sake of brevity, we shall present here the complete details for the term A%, [f, h|(x,X) and
the other terms can be dealt using the previous lemmas via straightforward variations. To sum up,
our goal reduces to check that

(143) / (/D AR %)[? | dx) dx < C(2)72

Notice that AZ[f, h] can be written in a more manageable way (adding and subtracting terms) as

— U [f]) (x, %) } (Ax[xf)(x))?

T

Agl [fv h] (X, i) = 2(\111[f] - \I’l[f + Th])(x, f()ax { (\Ill[f + Th]

T

20,0, [f|(x. %) { (Wl 7h] = WlDCSX) g g6 i)y x, x)Ax[th)} (Ax[0f]())?

T

2 [f)(x, %) { (lf 4 7h] = af)ER) (6 — 92(f])(x, %) Axlh] <x>} (Ax[xf] (x))2.

Now, each one of the above terms can be easily handled. Using (129) and applying repeatedly
Lemma 7.3 we get that the first term is bounded as required. For the second term, we only need
to note that it can be written, remembering (136), as

20501 [f](x, %) {(\Ifl[f + 7h] — U41[f])(x,X)

T

— (aff] — WI[f]) (x, %) Ax[h] (X)} (Ax[0xf](x))°
= 20,01 [f](x, R)A[F, 1] (x, %) Ax[0xF] (x).

Combining (124) with Corollary 7.2 and (129) we obtain the bound 2|0x ¥ [f](x,X) Ax[0xf](x)| <
C(e). After that, as an immediate consequence of (137) we get the required bound for the second
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term. For the latter, we proceed in the same spirit as before, trying to split that term into previously
studied terms. Notice that

(V1 [f + 7h] — W4f])(x,%)

T

20, ] (x, %)% { ~ (Walf] — W3[F]) (x, %) A <x>} (Axldnf] (x))?

= 20 [f](x, %) O A[f, h)(x, X) Ax [0xf](x) — 20 [f](x, X)A[f, h](x, X) Ax[02f] (x)
= 204 [f](x, %) { AL [f, h](x, %) + AL[f, 1] (x, %) + AL[f, h](x, %) } Ax[0xf](x).

(x
Using Corollary 7.1 and (129) we obtain the bound 2|¥[f](x,X)Ax[0xf](x)| < C(eg). Finally,
working as we did to get inequality (141) we get the required bound for each of the above terms.
Therefore, combining all we have proved our goal. ([l
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