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7 Appendix A: Auxiliary lemmas

Abstract

We consider the problem of the evolution of sharp fronts for the surface
quasi-geostrophic (QG) equation. This problem is the analog to the vortex
patch problem for the 2-D Euler equation.

The special interest of the quasi-geostrophic equation lies in its strong
similarities with the 3-D Euler equation, while being a 2-D model. In
particular an analog of the problem considered here, the evolution of sharp
fronts for QG, is the evolution of a vortex line for 3-D Euler. The rigorous
derivation of an equation for the evolution of a vortex line is still an open
problem. The influence of the singularity appearing in the velocity when
using the Biot-Savart law still needs to be understood.

We present two derivations for the evolution of a periodic sharp front.
The first one, heuristic, shows the presence of a logarithmic singularity
in the velocity, while the second, making use of weak solutions, obtains a
rigorous equation for the evolution explaining the influence of that term
in the evolution of the curve.

Finally, using a Nash-Moser argument as the main tool, we obtain
local existence and uniqueness of a solution for the derived equation, in
the C*° case.

1 Introduction

In this artice we study the surface quasi-geostrophic (QG) equation. The
QG system reads

Do 90

where
oY 0
u:(ul,uz)Z(—%,%) (2)
and
(-0)2p =0, (3)

where the variable 6 represents an active scalar (potential tempera-
ture) convected by the velocity field u and v is the stream function.

This equation was originally introduced as a model for atmospheric
turbulence (that is the main reason for the terminology “front”) and has
been studied by numerous people. A derivation of this equation can be
found in [Pe], for the evolution of the temperature on the 2-D bound-
ary of a half-space with small Rossby and Ekman numbers and constant
potential vorticity.
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1.1 QG and 3-D Euler

The main mathematical interest in the quasi-geostrophic system lies in
the strong analogies between the quasi-geostrophic equation and the 3-D
Euler equation. QG presents a 2-D dimensional equation that contains
many of the features of 3-D Euler. We will present briefly the analogies
between these two equations.

In its vorticity formulation the Euler equation reads

Dw
Dt
where u = (u1,u2,us3) is the 3-D velocity satisfying div v = 0. Also,
the vorticity w is given by w = curl u.
In particular, we observe that by differentiating (1) we obtain the
equation !

= (Vu)w (4)

D(V*0)
Dt
This shows a very strong analogy between the 3-D Euler equation and
QG, where V16 plays the role of w.
We list some further analogies:

= (Vu)V=+o (5)

e The velocity is recovered via the formulas

u(z) = Ks(y)w(z+y)dy u(x) = Kg(y)VJ‘G(x+y)dy

R3 R2

where the kernels K4, d = 2,3 are homogeneous of degree 1 — d.
Additionally, the strain matrix (the symmetric part of the gradient
of the velocity) can be recovered via SIO, given by kernels of degree
—d.

e Integral curves of w, and of V0 move with the fluid.
e Both systems have conserved energy.

e |w| and its analog |V*6)| evolve according to the same type of equa-
tion. (Jw| measures the infinitesimal length of a vortex line).

e Both systems have analog conditions for a break up of a solution
(Beale-Kato-Majda).

These analogies were first noticed by Constantin, Majda and Tabak.
We refer the reader to [Co-Ma-Tal], [Co-Ma-Ta2] and [Ma-Ta] for a com-
plete presentation. Another detailed exposition is found in [Ma-Be].

One of the most active question about QG is the study of the fron-
togenesis, precisely the formation of a discontinuous temperature front in
finite time. There have been both mathematical and numerical analyses
of QG concerning this question. See [Co-Ma-Tal], [Co-Ma-Ta2] ,[Cor],
[OhYa], [Co-Ni-Sol] and [Co-Ni-So2].

I'We use the notation (a,b)t = (—b,a) and so V+ = (—8y, z)



1.2 Connections with the vortex patch problem:
2-D Euler

We notice here that 2-D Euler, in its vorticity formulation, provides us
with a scalar equation that presents a very similar structure to the one

we are considering.
Observe that the 2-D Euler equation reads

Dw

D" (©)
where
_ (o
(u17u2)_( ayv 8517)
and

AY=w

Observe that the above system is very similar to (1)-(3) except for
the relationship between the stream function and the active scalar. In
the case of QG the fractional power of the Laplacian makes the equation
more singular.

The question about the global regularity of the vortex patches was
positively answered by Chemin [Ch] in 1993 using paradifferential calcu-
lus. A simpler proof by Bertozzi and Constantin can be found in [Be-Co]
and [Ma-Be].

1.3 Description of the problem

The question about QG that we will be addressing here is the study of
the evolution of smooth sharp fronts, in the periodic setting.

We are interested in the evolution of a periodic sharp front. We con-
sider the front originally given by the curve ¢o(z) (see figure 1), a smooth
periodic function, and assume that the solution to the equation (1) is of
the same form (i. e. remains as a sharp front), and is given by ¢(z,t), a
smooth periodic function. This means that the scalar function 6(z,y,t)
is given by

{ O(x,y,t) =1 y > o(,1) (7)
e(xvyvt) =0 y< @(IJ)

We denote by € the fundamental region where {y > ¢(z,t)}. We will
consider —% <z < % We denote by I' the piece of the front in the
fundamental region.

The problem that we address in this article is the derivation and solu-
tion of an equation for the evolution of such a front. We also prove that
the obtained system is locally well-posed.
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Figure 1: Periodic Sharp Front

2 Evolution of a sharp-front for QG: deriva-
tion of the equation

In this section we present two derivations of the equation for the evolution
of a sharp front for the surface quasi-geostrophic equation in the periodic
setting. In the first section we give a heuristic derivation, that shows
interesting features of the velocity as we approach the front. In the second
section we provide a rigorous derivation of the equation, that avoids all
the difficulties shown in the first approach.

2.1 First approach: redefining the velocity

We will start by eliminating the stream function v from the system (1)-

Nl

(3), by using the second and third equations. The operator (—Ag )
in the cylinder is given by a convolution with the kernel given by the
expression

(" +y)?
for (z,y) in [-4, 3] X R, and defined in the rest of the plane by ex-
tending it periodically in x. x satisfies

x(@,y)eCs”  x(@y)=1 in [z—y/<r and supp x C {|lz—y| < R}
(9)
where 0 < r < R < % are positive numbers to be chosen later. Also

n? satisfies

2In order to avoid irrelevant considerations at co we will consider the correcting function

1
1 to be compactly supported. This has the effect of modifying (—Az,,)” 2 by adding a
smoothing operator.



n(z,y) e Cg° n(0,0) =0 (10)

Observe that both x and n can be taken to be even functions.

In our later analysis of the equation, we will need a certain degree of
control over the support of x. We will obtain control by modifying the
values of both r and R entering in the definition of x in (9). Notice that
changing the value of r and R does not affect the structure of K given
by (8), since the difference in the function x created by changing r and R
can be absorbed by the correction-term 7.

Under the assumption that the front remains as a front for a small
period of time, we proceed with the derivation of the equation for the
curve ¢. For a point (z,y) not in the front we obtain

a(j’g’t)X(xfjvyfg) ~ 1~
T,y,t) = —dzdy+
vl /M/z @—32+@-90

+ / 00,3, (e — &,y — §)didy (11)
RxR/7

Since u = V14 and the differential operators (—Az,y)fé and V*
commute, we obtain the equation

- mxr/y [ —8)7+ (y—9)%°

]5
+ / V00, §, t)yn(z — &y — §)didg (12)
RxR/z

We still need to compute V6. Notice that the tangent vector to the

curve is given by (1, %(az,t)), and so the unit exterior normal to the
region €2 along I' is given by

(5w, 1),-1)

(g—i(x,t))z—i-l

We obtain V46 as a simple application of the Divergence Theorem.
We have
1 Oy
V02, ,0) = (—1,— (2, )8y — ol 1)) (13)

Plugging this expression in (12), and carrying out the integration with
respect to g, we obtain

[NE

Jp . x(& =2,y — o(&,1)) .
u(l’, 7t) = - (1, f(xat)) dl’ (14)
! /R/z 05 = 1) + (y— pl@ 1))

- [ S - 5y - el@0)dz
R/



Since we are interested in the evolution of the front, we look at the
limit of u(z,y,t) as y approaches the front. Notice that the first integral
(14) is divergent as we approach the front, i.e. as y — ¢(z,t). We look
more closely at the original equation (1) to redefine u as we approach the
front.

Recall that the scalar 6 is convected by the fluid and so we have the
equation

(875 +u- Vz,y)g =0

This equation defines the velocity u up to additive factors in the di-
rection of V14. Precisely, # satisfies the equation

(Or + [u+hV 0] - V,,)0 =0

for any smooth, periodic function h.

We want to use this observation to correct the singularity of u in the
equation (14). We will add and subtract a term in the direction of V0.
Notice that the direction of V+6 (see (13)) is the same as the tangent

to the curve, given by (1, %(:&t}) . We add and subtract the following
terms

) x(@ =2,y — o(&,1)) .

(17 7(£7t)) 1 d33+

Oz /IR/Z [(—3)*+ (y — o(@,1)°]2
HLGEw ] 05y = @0

We obtain

o) [ e = ay ol )i (15)

¢ ¢ - . e
+ [ OG0 - GEE ey~ (@0

Now, the first two integrals are divergent as we approach the front,
but they are in the direction of V+6 and so we can redefine the velocity
u to be

oo . x(x — &,y — o(Z,1)) .
u(:p7 7t) = (0’ 7(1‘725) - f(wvt)) 1 dz +
! /R/z oz 0% [(z — 2)° + (y — 0(&,1)°]?

(0% Op - - _
#0520 - G e~ 5y~ (@0



Notice that now we can pass to the limit when (z,y) approaches the
front, i.e. (z,y) — (z,¢(z,t)). We obtain

Iy Op x(z i'aﬂo(xft) ©(Z,t)) =
U$7g01‘,t,t = O,il‘,t—i,, l’,t 1dZL‘+

9p 9o - . N
#0520 - GO~ aelet) - ol )i

Since u is now purely vertical, the fact that Q = {y > ¢(z,t)} is
convected by u means that

Op oy, .
({L’,t) - ~ ({L’, t)
ol _ oz 0% - - -
7($, t)* 1 (:]3 -, (.’L’,t) - (x,t))da: +
' /R/z (= + o) —p@ P ’

Oy dp . } i ]
+~/]R/z [a(:c,t) - %(x,t) n(z — 7, (x,t) — (&, t))di

(16)

which is the equation (17) in Theorem 1. We remark that this deriva-
tion of the above equation is only heuristic.

2.2 Rigorous derivation: using weak solutions
Now we will obtain a rigorous derivation of the equation. In particular,
we will prove

Theorem 1. If 6 is a weak solution of the surface quasi-geostrophic (see
Definition 2.1 below) of the form described in (7), then the function ¢
satisfies the equation,

dp dp

690 %(iﬂ,t) - %(uzt)

—Z(z,t) = —x(z—u, p(z,t)—p(u, t))du +
5=, @ =0+ (et — oy h T

+/R/Z [g—i(x,t) - g—i(u, )| n(e - w,o(@,t) - plut))du (A7)
(17

Moreover, if ¢ satisfies ), the function 6 defined by (7) is a weak

solution of the QG equation.

We begin with the definition of weak solution for QG.

Definition 2.1. A bounded function 0 is a weak solution of QG if for any
peC5°(R/y x R x [0,¢€]) we have

/ 0(x,y,t) O (z,y, t)dydxdtJr/ 0 (z,y, )u(z,y,t)-Vo (z,y,t)dydzdt =0
Rt XR/7XR Rt XR/7XR
(18)



Recall that u(z,y,t) = VL(A_%Q) = Q x 0(z,y,t) where Q looks
locally like the orthogonal of the Riesz transform. * Since 6 is bounded
we obtain that u is in BMO. On this see [St2] and [Fe-St] for more details.

In the case we are interested in

O(x,y,t) =1 if y>(x,t) and 6 =0 otherwise

We substitute the above expression for 6 in (18) and try to obtain an
equation for the evolution of the curve ¢.

/ 0 0t dydxdt = / Ot dxdydt =

R+ XR/7 xR y>p(@,t)

:/ ¢ a;@ o1 (1+(azs0)2+(3t<p)2)%dxdt:/ ¢ Ovp dadt
y=o(z,t) (14 (Op)” + (Orp)”)2 y=p(z,t)

As for the other term in (18) (considering only the space integration)

/ u-Védyde = lim u Ve drdy = lim up (5, ~1)de
RXR/z PV Jy>o(@,t)+8 020 y=e(@t)+s Oz

Now we look more closely to the integrand of the above expression.
We have

wpe (G, -0 =o@ut) [ 0oy o) (GF,~Ddudv

v>@(u,t) 6}

The precise expression of €2 is given by

Qu,v) = VL{7X(U’ v) + n(u, v)}

(u® +v°)?
And so *
O _

¢ x(@—u,y—v)
= ¢(x,y,t —(1, =) Vu,w < r—u,y—v) pdudv =
o,y )/WW) (1,9) {((x_um(y_v)z)ﬁ"( y )}

Nf=

= ¢(z,y,t —diUy Xz —wy—v) Tr—u,y—v),
#ley )/v>so(u,t> ‘<(($U)2+(Z/’U)2) o v

3@((( x(x —u,y —v)

’ 2 2,1 +77(59—U,y—v) )dudv:
Oz :E—u) —|—(y—1)) )2 )

3More details about the Riesz transform can be found in [St1] and [St2].

4We move the L that appears in K to the factor (g—i, -1)



= ¢(z — Xz —wy—v) T—u, y—v 18—@-8—@71du:
w0 [, {<(x_u>2+<y—v>2>5+n( "’ )}(’ax)(&f )

Iy Oy
_ _ ou Oz _ —v)—
= ¢(x,y, t){ /:Wm) « rx(T —u,y —v)

e —u)’ +(y —v)*)?

f[g—z — g—i]n(m —u,y — v)du}

Hence we have

dp

lim ug - ,—1)dz =
0=0 Jy=p(a,t)+5 (ax
¢ _0¢
= / —é(z,vy, t)/ 83 Oz ST x(z—u, y—v)dudz+
y=p(@,t) v=p(u,t) ((z—u)”+ (y—v)7)2

dp Oy
+/ —¢($,y»t)/ - — Zn(z —u,y — v)dudz
y=p(z,t) v=p(u,t) [au 8m]

Putting these two estimates together we have
0
/ ¢(I,y, t)aif(x,t)dxdt =
y=¢(z,t)
Op Op

:/ *¢(m»y7t)/ 83 Oz — x(z—u, y—v)dudzdt+
v=p(z.t) v=e(ut) ((z —u)” + (y —v)°)2

Op Op
+/ —d)(m,y,t)/ - — Zin(z — u,y — v)dudzdt
y=¢o(z,t) v=p(u,t) [au 81:}

From that equality we obtain the equation we were looking for

) 99 (2,1) - 22 (u,1)
99 (4,1) = Ox "7 Ou’ (@ — u, oz, t) — p(u, t))du +
ot /uw (-0 + (oo, 0) — plw )P YT

p(x,0) = po(z)

10



Finally, notice that all the step in the proof can be reversed, and so
we conclude the proof of Theorem 1.

We will prove that the equation given in Theorem 1 is locally well
posed. In particular we have the following result

Theorem 2. Given any periodic, smooth function po(x) the initial value
problem determined by the equation (17) with initial data o(z,0) = @o(x).
has a unique smooth solution for a small time, determined by the initial
data ¢.

3 Discussion of the Nash-Moser argument

Our main tool for proving local existence and uniqueness of a solution for
the equation (19) will be an inverse function theorem argument. Since we
are interested in the C'°° result we need to run an inverse function the-
orem in the category of Nash-Moser. In this chapter we perform a brief
introduction to Nash-Moser arguments and present the necessary trans-
formations to the equation in order to be able to employ that argument.

There are many surveys of Nash-Moser in the literature. See [Ha],
[Hol, [Ze] and [Al-Ge] for expository articles and [Kl], and [Mo] for some
interesting applications of Nash-Moser. Here we follow the approach of
Richard Hamilton in [Ha).

We quote here the main result we will be using.

Nash-Moser Thm.’

Let F' and G be tame spaces and P : U C F — G be a smooth tame
map. Suppose that the equation

P(f)h =k
has a unique solution h = VP(f)k VfeU & VkeG. Also assume that
VP:UXx G — F is a smooth tame map.
Then P is locally invertible and each of the local inverses P! is a
smooth tame map.

3.1 Adaptation of the equation

In order to apply the previous theorem, we must first make some necessary
modifications. In particular, we need to define the spaces F' and G and
the operator P.

Since we only want to prove local existence of a solution, i.e. te[0,e)
we perform the change of variables
of 0

—)m:

M=
Sl

t=
0<i<1
So, the equation (16) becomes (after changing the dummy variable

into y)

5See [Ha] pg. 171

11



a—@(m, et) — Op

09 (2, )< O
f%(g)-émux—w2+wu@£

(y,et)

Y
) —

oy, eb))%)2 X(@—y, o(z, et)—p(y, et))dy—

N o o _ 9p. _ N N
€/R/Z [8w (z,et) By (y,et) [n(x —y, p(z,et) — @(y,et))dy =0

¢ (,0) = ¢ola)

(20)
Since we want to make the space of possible solutions into a vector
space, we make the change

(z,et) = po(z) + fe(z,?)
in order to change the initial data into O.
The equation becomes

0po Oy of- . Ofe -

Ofe (1 E)—g/ Bu )~ 67;@)+ oz D1 = 5, 1) )
ot > . R—
R/z [( —y)" + (wo(x) — wo(y) + fe(z,t) — fe(y,1))]2

xx(z =y, 00(z) — wo(y) + fe(@,t) — fe(y,1))dy—

dpo B0 8f- . Ofe,
[ [ @- G G wh - Grw ]

xn(z =y, po(x) — @o(y) + fe(z,t) — f(y,£))dy =0

fe(z,0) =0

(21)
Using the structure of (21), we define the Frechet spaces F' and G that
appear in the theorem

F = {pairs (v(x,f),¢) A| veF,v(z,0) =0, ceR)}
G = {pairs (w(z,t),e) | weG, ceR)}

where F and § are tame Frechet spaces of smooth functions in R/ x
[0,1] graded with the seminorms °

(22)

~ def A
oz, D)lln = sup 020¢v(w, E)|lLgeree
a+b<n .

The seminorms in F' and G are given by

(v, ), )l < le] + l[o(, D)l

We define the operator P, analogous to P in the above theorem by

6Tor the Sobolev norms we will use the notation || - || gs and || - || .2, leaving the notation
|| - ||s only for the seminorms in ¥ and §

12



P, : F— G

(v,€) — (Twoyfvv €)

where

0 o) 1o} . 1o}
O (@) - Lo y) + o -

+ 7(3:775) - 7(’!],1?)
Tpo,c0(, ) = 811 (w,f)—g/ Oz Oy Or dy
ot v/y [(x —

¥)? + (po(x) — po(y) + v(x, 1) — v(y, 1))’

X

N

xx(z—y, po(x)—po(y)+v(z, t)—v(y,))dy—

o G~ w0t g D 0D e eo(@) ) ot D D)y

(23)

We devote the next chapters to proving that P, satisfies the hypoth-

esis of the Nash-Moser Theorem presented above. Using that theorem we
will then prove the desired result.

3.2 Application of Nash-Moser: proof of Thm 2

Assuming that we are able to prove all the hypothesis of the theorem
above, we will now show, how its application provides us with the desired
result, the existence and uniqueness of a solution for the evolution of a
sharp front (in the periodic setting), proving Theorem 2.

Once we prove the theorem we will know that the operator P, is
invertible in a neighborhood of the origin in G. (Recall (22)). That
means that for every smooth function w(z,%) in R/ x [0,1] in a certain
neighborhood of the origin in the Frechet space § and every small € (recall
¢ is not necessarily positive) the operator P,, is invertible. In other words,
there exists v(zx, ) such that

T%Oyfv(xa tA) = w(m, E)

This means we can fix a certain positive value of € and take w(z, ) to be
identically 0. We obtain the existence of v(zx, f) satisfying T, cv(z, ) = 0,
ie.

Oyo dvo ov A ov A
E0 () - 20 o, d) - (.t
iy @ -+ e - imd
~(z, - —
ot ®/z [(z = y)* + (po() = po(y) + v(z, 1) — v(y, 1))*]

xx(@ =y, po(x) — po(y) +v(w,1) — v(y, i))dy—
0o 0o o, .~ Ov, -
[ @G w g - Gwi)x

13



xn(z =y, po(z) — po(y) + v(@, ) — v(y,))dy =0
Inverting the transformations that we performed in order to reach
the above equation, (adding ¢o(x) and rescaling £) we obtain the desired
solution to the original equation.

4 P, is smooth and tame

We devote this chapter to proving that the map P,, is tame and smooth.
Specifically, we need to obtain the following estimate

1Peo (f, )1k S L+ I(f ) lksr VE > ko (24)
for all (f,¢) in a neighborhood O of (0,0) in F, i.e.

I fllar < Co for some M and Co and le] < eo (25)

We will determine M in the next chapters. M might be increased in
the next chapters, since some interpolation inequalities will require that
we control a certain fixed number of derivatives.

In terms of Ty, . the above tame estimate (24) becomes

ITeo,c flle S A+ Fllktr)  VE > ko (26)

for all (f,¢) in the neighborhood Oas defined by (25).

Notation

In the previous inequalities we used the symbol < to indicate the
existence of a constant, that depends only on the initial data ¢, k, and
the constants M, Cp and g¢ that appear in (25). We will use this notation
from now on.

In order to prove (26) we have to obtain the following inequality.

920 (4 %‘)( )+ 2ty - g—’;w,f)

a;af{?tf (2, ) / o . —
®/z [(z —y)” + (po(z) — wol(y) + f(z,t) — f(y,1))"]

X

[N

xx(z—y, po(x)—po(y)+f (=, )~ f(y,t)) dy —

) Ao af , - af, -
_5/R/Z [%(“ﬁ”) - Ty(y) + %(x,t) — Fy(y’t)} x

S

xn(z—y, po(x)—po(y)+f(z,t)— f(y,1)) dy}

LLSe

A

(1+  sup  1|050] fllegre + [e]) (27)
ct+d<a+b+r

14



Using the triangle inequality we have 3 inequalities to prove. The
estimate for the first term is trivial. We show in some detail the estimate
for the second term. The third one is completely analog. We have

990 (0) - 920y 4 W (0 iy - O

Ey ay + oz - Fy(y’t)

030% - -
/R/z [(z —1)* + (vo(x) — o(y) + f(x,E) — f(y,1))?]

X

[N

xx(x—y, po(x)—po(y)+f(z,6)—f(y, {))dy

LgeL

We will obtain the estimate for the above terms using the lemmas
in appendix. We will denote the integrand by Q(z,y,t). Notice that
Q(z,y,?) is not smooth in z,y but rather sgn(y — z) times a smooth
function. For this reason we break up the integral into two.

. oty . @ R
Qo ity = [ Q)+ [ Qy iy
R/7, x :c—%

Observe that once we have broken up the domain of integration, we
obtain a smooth integrand. It is also clear that both integrals and all
their derivatives are estimated in exactly the same way, so we will only
deal here with the first one. In addition, notice that

Q(z,y) =0
for ¢ in a neighborhood of both y = = + % and y = — é7 due to the
presence of the cut-off function x in Q. (See (9))
Using these observations and lemma 9 in the appendix we have *

a:Jr% a—1 da—l—j an z+% aaQ
a qb A _ab) R 2 » oY o _
azaf/z Q(‘T7y7 t)dy - 6t{ Z dl‘a_l_j (auj (f,{l?,t)) +/m axa (1’7y,t)dy}

Jj=0

j=0 k=0
a—la—1—j a1 1 it
8 b . /$+2 a Q )
= ch—————— 0 Q(z, x,t) + == (z,y,D)d
jE::o gz:o ALl i L ( ) ; 6maatb( y, t)dy

Since we are only interested in the L7°L° norm of the above quantity
we note that all the terms in the sum or the integral are of the same form
and can be treated using the lemmas in the appendix. We rewrite @ so
that we can apply our lemmas. We have the following expression (recall
that now y >z + 3)

"We denote by u the first variable in Q. v will be the second, i.e. we regard Q as Q(u,v).
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o) - W + e - L)
TV = x(@—y, eo(x)—po(y)+f(z, 1) f(y,1))

Notice that the integrand is the product of 3 tame functions, since
the denominator is bounded below by 1, and hence it is tame. &

To prove that the operator P,, is smooth we just notice that the
decomposition showed above decomposes the function in simple blocks
for which is trivial to prove smoothness.

5 Existence and uniqueness of a solution
for the linearized equation

In this chapter we prove the existence and uniqueness of a solution for the
linearized equation, precisely for the equation

DP*PO(fve)(hﬂ‘J) = (kaa) v (ka J) in G (28)
Recall that

P,,: F— G
(faE) - (Ttpo,s,ﬁf':)

where T, f(, 1) is given by (23).
Now we compute DP,,. Observe that

Two,s-‘r&v(f + 6h) — Tvoyi(f) €+ dw — 5)

DPyq(f,2)(hyw) = lim . 2

After a simple, long computation we obtain the following expression
for the first component of DP,,

oh, . oh, -
%(l’at) - @(yvt)

oh, -
) — " "
ot ) // (e — 1) + (¢o(2) — golw) + £ (,0) — f(y.D)?

X

[N

xx(z =y, 00(x) — wo(y) + f(x,t) — fy,£))dy+

1920 @) - %2 W)+ LD~ ] [oolo) - po(w) + Fad) = 10,

+e

3
2

R/z [(x —y)* + (o(z) — poly) + f(z, &) — f(y, )]

8To see that the numerator and denominator are tame use Lemma 8

16

X



x [h(x,8) = h(y, D)]x(@ — y, p0(x) = wo(y) + f(x,8) — f(y,1))dy—

[he, ) = (. O] (52 0) = G200 + G o) = G0, )]

- /R/Z [(@ —y)® + (po(@) — po(y) + f(z,) — f(y, )]

Xxo(x =y, 00(x) = o(y) + f(z,t) — fy,))dy—

X

[ @ w+ ghe - g d] [ - nd)]

X (z =y, po(z) — wo(y) + flz,t) — f(y,t))dy—

e / / (9 ()~ g—’;m B]n( — v, po() — po(y) + F(@.E) — F(y, D)dy—

o) - W+ e - L)

ox
/R/Z [(z —)* + (po(z) — o(y) + f(=z, 1) — f(y,1))%]

X

N

xx(z =y, 0(x) — po(y) + f(z,t) — f(y,1))dy—

oz Jy oy

~of [T =g D]ty o) —enw) D= )y

Z

The second component of DP,, is just w. Since we have to solve the
system

DPy,(f,&)(h,w) = (k,0)

we obtain that w = o and are led to solve the first component.

Notice that the initial condition for the equation above comes from
the fact that heF and so we have h(z,0) =0

We will use the notation g(z,#) := @o(z) + f(z,) in order to simplify
the formulas. We will also denote x(z — v, g(z, ) — g(y,))) and n(z —
y,9(x, 1) —g(y, 1)) by X(,y,1) and (=, y, ) and x.(x—y, g(z,1) —g(y, 1))
and nv(z — y, g(:v ) — g(y,1))) by Xo(z,y,1) and 7u(2,y,%). The system
we need to solve is

X(z,y, t)dy+

=

Oh, Oz
7("17725) - h n
ot // [~ v)* + (9, ) — 9(v, D))

17



/ (e B) = (D] (522 D)~ 52, 0)]

Io (@ —y)* + (9(x, F) — g(y, )?]2

)?’U (‘T7 Y, i)dy_

e /R/ [%(m,f) - %(y, E)] {h(z,f) _ h(y,g)]m@% Ddy—

< [ [t~ gy 0]t Dy

dg, .~ O

22 () — (. )
_w/ 6236 Aay — lx(m,y’ f)dy—
®/z [z —y)° + (92, 1) — gy, 9)°]2
—w /]R/Z [%(M) - %(y, f)]ﬁ(ac, y, H)dy = k(x,?) (29)

with the initial condition  h(z,0) = 0.

5.1 Simplifying the equation

We perform a detailed analysis of the most singular terms in the equation
and perform the necessary transformations to simplify them.

We would like to modify h so that the most singular term in the
equation (2nd term) absorbs the following term (3rd term)

(b B) = bl D g2 D) — 22, Dlo(e D) — ()]
e/ : oy (v, )dy
R/z (= y)" + (g(2,1) — g(y,1))"]?

We want to do this since this term is of the type

/ h(‘rvi) — h(y7 tA)
R/7 |z —

and that will bring up a logarithmic divergence when computing energy
estimates.

For this purpose we want to make the change h(z,?) = o(z,{)h(z, ) in
order to obtain an equation for ¢ so that we can cancel those two terms.

The second and third term become

0(x, y)dy

(o) G o 8) = ol )5 01)
. /]R .

X(‘rv Y, f)dy_

(@ —y)* + (g(z, D) — gy, 1))*]2

18



/[so(x,i)f‘m(m,f)—so<y,f>ﬁ<y7f>}[§§<x7i> - 52— 9(0.0) -
+ 3 X(x,y,t)dy—
e (@~ 9 + (gl D) — 90 D)3 e
We want to find ¢ so that
N N 7, 0o,
h(x7t)%(x7t) 7h(y7t)87y(y7t) R
- N ~ 1 7('%7 7t)d +
) /R/z (@ —y)* + (g(z,1) — g(y,1))%]? U
/ [l (e ) = ol D D[ 52 (,) = 520 D]l — 0. ] -
—+ 3 X(z,y,t)d
Jer, [(z —y)* + (9(z,1) — g(y,9)%]> U

cancel each other, up to smooth terms. Combining the two integrals
in one, we can rewrite the integrand in the following form

|:Z:_?{|3 A 3>_<(x7y7£)><
(@ = )* + (g(x, D) — g(y,1))°]2
[l (1) = ol Dy, O] (52 (0.6 = 52 0.0 o &) = 900,
X{ |z —yl® -
e f)%ﬁ(% B = h(y, D)5 (0, )] (2 = 9)* + (9(. £) — 9(v,1))”) }
- o —yl?

We want to choose ¢ so that the function in curly brackets is a smooth
function or a smooth function, times sgn(x — y).

We look at the factor multiplying A(y, t) inside the curly brackets. The
factor is

lxy|1{gs;(yyg)[1+(w)2]

T —y
99, » 99, 4
et

Notice that the factor multiplying h(z, ) is

—|z — yl{a‘”(x,f)[1 + (Mﬂ B

ox rT—y

19



dg, ~ 0J0g, -
7(55725) - 7( 7t) h n
ol B 2 yay Y J[¢ln0 —stw.0) }

r—y
and so the analysis of both terms is completely analogous.
We can take ¢ so that it solves,

0 - N R - R
a*;j(y, DL+ (9'(,0)°) = ey, Dlg" (v, D]lg (9, 1)) = 0
where the prime (') stands for the partial derivative with respect to
space.

So we have

N 74 (%)) | AR
ay (y7t) Lp(y7t) [1 + (gr(y7 E))2] O
and so

o(y, t) = c(t) x wp(/.y lg" (& Dlg' (&, D))

)
e

Since we have taken

h(y, ) = ¢(y, t)h(y,?)
we need to make sure that

ey, ) = oy + 1,9)

in order to preserve the periodicity of h. We must have
R y+1 " 2 / ~

o(i) x emp</ lg (&, Dllg (&,0)]

L rwens ) =

and so we must have

e Dl (€
““L 1+ (@i

MR
5

N

=%

and hence
/y“ 9" (&, D)]g' (€

but this is true since

TEDN D]y LA e )2 = Rogi (o€ D" =
/y md& */y 2d§l g[1+(9' (€, )°1de = Slog[1+(g'(€,1)’] : —0

because ¢’ is periodic.

Since c¢(f) does not play any role in the periodicity of h we can take
c(f) to be identically 1.

With this choice of ¢ the two terms become

20



=, NO0p, Nz, A 0P,

h(l‘,t)f(l‘7t) - h(y7 t)i(y7 t)
< O OV e,y i)yt
®/z [(x —y)” + (9(z,1) — g(y,1))7]2

/ [l () — ol D D[ 52 (,) = 520 D], ) — 0, )]
+e 5

. — X(z,y, t)dy
R/7, (@ —y)" + (g9(z,t) — g(y,1))"]

3
2

=¢ h(y,t)sgn(z—y) A1 (z,y, f)dy—el_l(%f)/ sgn(z—y)B(z,y, t)dy =
R/7 R/z,

—c / Ry, B)sgn(z — y)Ar(z, g, Ddy + eh(z, ) As(z, )dy =
]R/Z

where

A, f):sgnw{g%;(y, i)+ (ot D) =gl D)8 5 0 = 52 0]

x| 96w, 0) — g(v, )] }[(:c — )+ (9(a,0) = 9(y, )] x(, 9, D)

By, azsgn(w-w{gm B (e-0)+(g(e. =900 )"l D] 52 2, - 5 (0, 7)
x| 902, D) = 9(y. )] }[(m —)* + (g 1) = 9(9,8)°) "2 (a9, )
and

As(,B) = — / sonte =BG Dy
Z

Notice that A;(z,z,t) = 0.
With this choice of ¢(y, f) the most singular term becomes

ol gt h) — e D W)
_6/ 2 ~ yA 2L )_((:E,y,t)dy
®/z [(x—y)” + (9(z,t) — g(y,1))"]?

Now we produce several transformations to the equation so that the
most singular term becomes

oh, .. Oh, .
%(Iﬂf) - Fy(yv t)

0(x — y)dy
A
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Precisely, we write ¢(y, ) in the following as p(y, ) = o(z, {)+[o(y, {)—
@(z,%)] in the most singular term and start by dividing the equation by
o(z f) and then perform a change of variables in the equation. In partic-

ular we take

= ¢(f7£)

>
Il
Sl

We use the notation

B(i’f) = B(¢(i‘7{>7{) 95(‘7_775) = ‘p(¢(j7t_)7£) g(fvf) = g(¢(‘f7£)7{)

_71775) 27 E) ¢> yaa E) ﬁ(ia'gﬂ?) = 77(¢(~’?7{)»¢(§,{)»f)

)Z‘U(a_":gva = XU(¢(£7D7¢(g7{)7ﬂ ﬁv(j7'g7{) = ﬁv(¢(i’7{)7¢(§7f)j)

The most singular term becomes (except for the minus sign):

o i
i = 0P
Z,7y,t) = (7, t)dy =
g/nw[ o@D oG] 1 xj)—gy,{))?]%X( yf)ay(yf)y

oh _ oh  _
$($,ﬂ—%(y7ﬂ

. Y7, 5, dj+
/R/Z (6@ D) — 0.0 + @@ D —a@ o

=

oh 1 1
_M[
? % @ §¢’< )

VS
+ 1 (ZL', 75)7,( ,ﬂd -
/., D — o)+ GED — 3w Dyl Dy 5D

>0

8h oh
37 (& 1) = 3_ (7,1)

= —x(z,7,t)dy+
// AP e T G 6w I e R

oh 1 1
T %wn P "
fyi) y,f)dy+

1

+
E/R/Z [(6(z,0) — ¢(5,1)* + (3(z,1) — §(5,1)"]2
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oh ,_

Oh
7,(‘73,5 - i(gat‘)
0T oy o _
+ 1 (w» 7E)d -
E/R/Z (6@ D — 6@ D) + @@ D —a@oyE Y

[N

.
= (z,1) - (y,f)

0% L _

- (1‘7 7ﬂd

// & — 3ll¢ @ D) +<g< o007 G D

We want to choose the change of variables x = ¢(Z,?) in such a way
that the expression in square brackets in the denominator in the first
integral is only a function of time. We want to define ¢ and a in such a
way that we have

(6" (7,0) + (9 (6(5,5), D¢ (7,D)%]% = a(f)

and hence

D+ @0 =ad (30)

/ 1 _
(9 (y,£)*)2dy = a(t)dy
Since we want our change of coordinates to be a diffeomorphism from

R/7 toR/7 we can choose, without loss of generality that = 0 is mapped
into y = 0 and so § = 1 is mapped into y = 1. Therefore we have

y , 1 -
[+ €nmi=ang
0
where we define a(%) in order the preserve the periodicity of the front,
ie.
[0+ € =a (31)
Jo

Some observations about the change of variables are in order. The
results needed to apply the Nash-Moser theorem require that we solve the
linear equation, but only in a neighborhood O, of the origin. In proving
the tame estimates for P we have restricted f to a neighborhood of the
origin (recall (25)), and so we have

gl < K 1029l < K [|02gll~ < K

where K depends only on o and the constant Cp appearing in (25)
(recall that g = f + ¢o). K is taken to be greater than or equal to

maz(|[¢ollze + |z, [10zollLoe + 110z fllzoe, 192 pollLoe + [0z fllo)

Since that gives as a bound on g/7 looking at (31) we get
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1<a(t) £ V14 K2

and so using (30) we obtain

1 dr  9¢ a(t) 5
e s a b= RPN <VI+K? (32

These bounds will be useful in controlling the support of the cutoff
functions after the change of variables. The function y is evaluated at

(¢(a_:7£) - (b(?j,f),f](f,f) - g(gﬂ?))

and since we have obt/ained upper bounds for g and g/ and lower and
upper bounds for ¢ and ¢ we can choose r and R in the original definition
of the support of x (See (9)) sufficiently small so that

X(¢(§Zvﬂ - ¢(gvﬂvg(i'7i> - g(?},i))

is supported in the strip |§ — z| < %. We still have that y = 1 if

|§ — z| < C(K), where we will determine C(K) below.

Since ——~— < 22 < 1+ K? and |¢'| < K, the norm of (¢(z,f) —

Vi S0
o(g,t),g(z,t) — g(g,1t)) is smaller than |§j — Z|v/1 + K2 + K2 and bigger
— 1
than |g — x|7 and so we can choose
V14+ K2
1 1
R=—Ff—— and r=-—x=—co
4,/ +2K? 81 + 2K2
1

Hence we can take C(K) = ————7r
(V1+ K?)

With this choice of » and R we can split x in

)Z(CE7177{) = X(QS(EﬂE) - ¢(yat_)7g(ivf) - g(gaf)) =

= 0(7—2)+x(6(Z, 1) - (7, 1), §(%, 1) —3(5, 1)) —0(5—Z) = 0(§—2)+p(Z, 7, 1)

where

{0(5):1 if se[~C(K),C(K)], 6evenand supp 6C [—1,1]
supp p C{C(K) <|j—2| < 7}

After all this transformations the equation becomes

8(;5, 9P ,_ op ,_ op ,_

oh ,_ = (@.0) o7, — 57 (@) 5= (2,9) (%( f)

@ D+—o— (%( ~ 52 @D+ (%( . W{)M D+ Sy k@D
oz’
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8h

(z,1) - y,f)
_ oz N
—ea”'(t 0(z — y)dy—
0, ey
R @D~ o@D
1 oz ay N
—Ea (ﬂ |_ = P(-’E»yvﬂdﬁl*
R/y, z -y

oh

(xa[ ! }
% @0 8—‘;@,%)

. / 0 09,
®/5 [(6(Z,F) — 6(5,) + (§(2,F) — §(7, )2

oh

, P (z,t) — *( ) )
o — (@, 5, Ddy+
®/z2[(6(z, 1) — ¢(5,0)% + (g (1‘7{) 3(7,1))°]2
oh oh
+5/ O ($ ﬂ - 8734( E) 1 X(f,g,i)dg—
®/z |2 —gl[(¢'(3,9)* + (¢' (9,98 (3,1)%]?
1 8i~z _ [¢(£7£) - @(:@ E)] ~r— = _
oA 7—( 75 1 (Iv 7E>d+
BED) S 05 (0, 0) — 0@, D) + @@ D) — s@m DT

+eﬁ . E(y,f)sgn(aé(azt‘)—cb(@,f))Al(aﬁ(f,iW(g,D,Dg—;(y,ﬂdw
1 - _ _
+5¢(f’ﬂh($7ﬂA2(¢(%{)»5—
07 99
Y9z,0 @)
[¢(2.Dh(z.0)~ 53 Dh(3 3}{3; -5 }
€ " ?( z,1) 87( 91) P
— == )Zv(cag:_)i( ady—
2@ Dwsy (62,0 — 65, D) + Gz, 1) — §(5,0)%)F 9y
a3 99
€ T, ( ) 8y(y 1) 00, _
50 s, 2@ D@ D550 t‘)}[ ~ag |70 55 0. D~
1 1 1 ;)
REED) R/z[ o(z, ﬂ&p( E) ( ) —o(7, 33(1)( E) ( D]z, f)afg( t)dij—
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1 -~ 1 o -~ 1 op , _ 00, _ _
—Em R/Z[h(%ﬂ@iﬁ(xﬁ—h(yaE)Tafg(%m??(%yaf)afg(y,ﬂdy—
T

3 (z,1) ag(m
1 oG ,_ 1 g ,_
% B %(%{) 04 ,_ a*g(yﬂ?)
,(xag) 7( vﬂ
S or % % D, 5, Ddg—
@0 Jesy (@ -9+ (320 - §@.8)YE O
99 - 99 - D)

1 @0 5P as ke@B.D
W—= - n(m,y,f)—_(y,f)dyzf
QO(J?,'E) R/7 [g(ﬁ(‘i‘ﬂ?) g(yﬁ(g?{)] ay @(Ivf)

(33)

The above equation can be rewritten in the following for

i oh _ oh )
O e —ea (@) [ 9299 ga—g)dg+eTi (2, DAz, D +eTa(@, B 2 (2, B)+
ot r/, 1T =7 oz

e / h(g. DT (2,7, D)dg + < / R, Dysgn(@ — §)Ta(z, 7, Ddg+
R/7, R/z,
+wTs(x,t) 4+ Te(Z, 0)k(Z,1) = 0 (34)

where T} smooth functions, that when considered as operators acting

on g are tame. We will denote the largest of all the degrees by do. That
means we have the estimates °

def a
1T (z, D)l = sup 10708 T (2, &)l 2o £ S 1+ llglln-vaq
a+b<n

In the next sections we will also need estimates for the L? norms of
Ty. Notice that we have

10808 Tkl 2 poe < 10508 Tkllnoe, S 1+ sup (0507 g(w, B)l| oo re=
: a+pB<n+dg

9We leave the proof to the interested reader. The ideas are the same as in the proof of P
being tame.
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5.2 Solution to the linearized equation

We make several observations about the most singular term in the above
equation (34). First, we will prove that the operator is translation invari-
ant and so is given by a multiplier.

We denote by
oh oh
(g, — —(z,1
a5 Y pric)

szm,t =a '@ ——
(z,1) ®) o =7l

0(y — z)dy

and

75f(2) = f(Z - 6)
‘We want to prove that

(msQ0)(2, 1) = (Q75h) (3, 1)

Now

oh . Oh,_
5 ) 87@(:%{)_%(3:_5,{)
(15Qh)(Z,1) = a” ' () 5 =z 13 0(y — &+ 6)dy =
zZ
% y—0,t fa—ff z—96,t
0 0
— xr _ _
zZ
and
- R-sD- @60
P - T N
(QTéh)(‘T?i):a 1({) R/ Y |y—fl}'| H(y—f)d’y:
z
%(ﬂ—&ﬂ—%(f—@{)
_— 71 U — 7T 7l
=a (%) s 2] 0(y — z)dy

As a consequence we have
Qh(k) = m(k)h(k)
Notice that the same is true for the operator P given by
Pz = [ MEDZh@D,0 50
R/y 1y — 2|

We will prove that this operator P is symmetric, and since

Th(z,7) = [P(2) ()] (,7)
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we obtain that T is skew-symmetric
Now

[ =D iy, 0-ite. Dlg( Dpds =
R/, 19— 2

/R/z P(h)(z,t)g(z, t)dz = /

R/g,

B _/ / M[ﬁ(g,{) — h(z,1)g(z,t)dydz =
R/z /R/z ]

-2 O —T) 0 o
_2/11«/2/1@/2 ] [h(g,t) — h(z,1)][9(7,t) — 9(z,1)]dyd

where in the second line we have interchanged the dummy variables x
and y and used the fact that 6 is an even function. Since we have proven
that T is skew-symmetric and we know that T is given by a multiplier m,
we obtain that the multiplier is purely imaginary. So we have

—

Thik) = i - m(k)h(k)

where m(k) is real.
We want to prove local existence of a solution for the equation (34),

using energy methods. That is, we intend to prove the existence of a
solution for a regularized evolution equation in certain Banach space and
obtain energy estimates that allow us to pass to the limit.

We choose a smooth function ¢ , even and compactly supported. We

define the operator Sgr by
1

Sef@) =g | ¢(FF) Ty

where 0 < R < 1.

In particular we want to solve

Ohr ,_ Ohr ,_
ahR T—R(?ﬁﬂ - 87;(:1:7{)
7 =eSr(a” (D) 4

ot R/g FEE 0(y—z)dy)—eSr(Ti (T, D)hr(Z, £)—

Ohr

*ESR(Tz(fE@%(f@) - ESR(/ hr(9,0)T5(%, §,t)dy)—

R/7

_6SR(/ hR(gv E)Sgn(g_j)T‘l(jv Y, E)dg)_WSR(T5(ia E))_SR(TG (577 E)];:(j7 ﬂ)
R/z
(35)
with the initial condition hgr(x,0) = 0, in some Banach Space, and
obtain energy estimates independent of R so that we can pass to the limit

when R tends to 0.
First we want to obtain the estimate
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Ihgllrz <c

for all ¢ in [0, 1] with ¢ independent of R.

We multiply (35) by h and integrate with respect to Z. We have

ohr ,_ oh
1d , . a_R( ) — R(ri)
bl hel’dz =¢ | Sr(a™'(I 0(5—7)dg)hr(z, 1) di—
5 I R/ZI R » r(a™ () s |y7x‘ (§—z)dy)hr(z,t)

—€ SR(Tl(f7t_)hR(f,f))hR(i‘7{)df—E SR T2 .CL‘ 'DahR T E))hR(i‘7adf—
R/7 R/z,

—e [ Su([ (o, D@5, 0d0)h(@. D~
R/7, R/7

—< [ Sa([  ha@0s9n(s — D)Tu(w. 5. D) bae, Dir-
R/z R/7

—w Sr(Ts(z,t))hr(Z,1)dz — Sr(Ts(z, 0)k(z, 1) hr(Z,1)dz
R/z R/7,
The ideas involve in proving this estimate are very standard. We just

outline the main ideas needed.
Since Q(-) is skew-symmetric we have

Ohgr ,_ oh
T—R(yvt - 87;( ﬂ
e[ Sra (D) S 0(j — 7)dg)hr(z,1)dz = 0
R/y, R/7, |y — 2|

We also need to prove that the following commutator
0
T>(z,t), Sr] ==
[ 2(% _)a R} B
is bounded in L? uniformly in R. Now

[Ta(3,0), Srl 32 = To(2,08a(52) — Sa(Ta(e,0 3L =

)(3 y

B nl. -y 0f Le®
_/R/ZTQ(Z&BRC( R )8§dy /R/Z RC(

_ B v et /YRSy R EUVOE e /N
= [, @0 ¢ (@ / (L5, 15, Dy +

R/
“fmC

T35, f (3, 0)dg =
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_ L@, t) —To@) 2 =g 1 1 Z—F\ o oo 1 Ty v o
7/]1@/2 -7 ® U R )f(y,i)dw/R/Z 7SRO (9, 0)dy

From this equality we obtain

_ af
I172(2,8), Srl5 N2 S 1 T2llegellf 112
where we assume that ¢ satisfies
¢*(z)dE < 0o / (¢")?(2)dz < o0
R/z R/z
The same ideas allow us to obtain the general estimate

k
/ |8,:1R(:?:,E)|2daz§c
R/y O

with ¢ independent of R.
We still need to prove that the system

Ohr  Ohr

oh _ g 0%

IR _ e @) [ 29T g(5—2)dy) - eSr(Ty (5, Dhr(@,7)-
ot R/y, 1y — 2|
Ohr

—eSr(T2(2,t) o

(@m—ﬁm/ hi (5, DTs(z, 5, D)~

R/7

—ESR(/R/ hi (Y, D)sgn(y—2)Ta(, §,1)dy)+wSr(Ts(2, 1)) +Sr(Ts(z, Dk(Z, 1))

hr(Z,0) = Sr(ho(T))

has a solution in some Banach space.

We will use Picard’s Theorem:

Let O C B be an open subset of a Banach space B and let F': O — B

be a mapping that satisfies the following:
1. F(X) maps O to B
2. F is locally Lipshitz continuous, i.e. for any XeO there exists L > 0
and an open neighborhood Ux C O of X such that
|F(X)— F(Y)|s <L|X - Y| forall X,YeUx.
Then for any XoeO, there ezists a time T such that that ODE

% —F(X),  Xlimo = Xo€O,

has a unique (local) solution X eC*[(—T,T);O].

Denote the right hand side of the above equation by F'(¢, h)
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We need to prove

IE(t, ha) = F(t, ha)|ls < L7 (t) — ha(D) |8 (36)

where B is some Banach space. We take B = H*(R/7) for some large
k.

It is clear that to prove that F' is Lipshitz we have to prove that each
of the terms in the right hand side is Lipshitz. We have

8h1R 6th
ay ( E)i (75)

leSr(a™"(2) —— 0(y — 2)dy)—
R/7 |y fU|

Ohar ,_ Ohar
oy ) -5 @1

—eSr(a™" () — 0(y — 2)dy)| gr <
R/y [y — 2| “
1
< CH@HL& x[|Sr(h1,r(Z,t)=h2,r(Z,)) | grr2ts < for any 6 >0
1 _ _
< W”hlﬁ(%ﬂ — ha,r(Z,1)|| gx
2nd term

leSr(T1 (2, )h1,r(Z,1)) — eSr(TL(T, t)h2,r(Z, 1))l g <

C(T)1h1,r(2, 1)) = h2,r(Z, 1) || s

3rd term
||eSR(T2(£,_)ah1 B (z,7)) — eSr(T2(z, t_)ahQR(w e <
< D) PR 7,1~ PR (5 ) 0 < OCT) S (2, )~ (2, D) s

1 1
< 2) 5 ||9r(h1,rR(Z,1)—N2 R(Z, gk < 2) 5 ||h,rR(Z,T)—Nh2 R(Z,T)|| gk
< C(T2) 5 1Sk (b r(Z t)—h2,r(z,1))|| < O(T2) 5 llh (2 t)—ho,r(2, 1)

4th term

S / ho, 1 (5, DT3(2, 5, D)dg) — =S / o, (5, T2, 5, D) | v <
R/Z ]R/Z

C(Ts)||ha, (%, 1) = ho,r(Z, )| grr
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5th term
leSi( / . Dson(s BT, D)~
R/z

—eSk( ) ha,r (Y, t)sgn(y — 2)Tu(Z, ¥, t)dy) || gr <
R/z

< C(Ta)||h1,r(Z, ) — ho,R(Z,T)]| i

Observe that the terms involving k cancel each other out.

In order to apply Picard’s Theorem we still need to define the neigh-
borhood O and check the remaining hypothesis about F. Since we have
taken B = H"(R/7) and F considered as an operator in h loses 1 + &
derivatives, we take O to be {heH""?| ||h||gr+2 < C} where C is the
constant appearing in the energy estimates obtained above.

That way we can assure that F': O — B is satisfied. Since we have
proven above that F' is Lipshitz for h in O, we can conclude that the
mollified equation has a solution for ¢e[0, T'(R)].

Notice that we can make T independent of R using the a priori energy
estimates that we have obtained above. Precisely, since we know that
the solution that we have obtained for [0, T(R)] still remains in O, we
can iterate Picards theorem until T'(R) reaches 1. Recall that we have
re-scaled our original equation using the parameter ¢ and so we are only
considering ¢e[0, 1]. In addition we can not (a priori) extend the solution
past that point since we have obtained the energy estimates only for that
time.

In order to obtain a solution to the linearized equation (34), we observe
that since we have the bounds

Ihellme < C
we can use the Banach-Alaoglu Theorem to obtain the existence of a
function h and a sequence of functions hr; such that
hr, =h in H*

and hence using Rellich’s Theorem we can conclude that

hr; — h in H®° for s<k

Observation 3. The problem about the uniqueness of the limiting func-
tion h and the possible existence of other limits coming from the Banach-
Alaoglu theorem gets ruled out, once we prove that h satisfies the linearized
equation and that the solution to the linearized equation is unique.

Observe that since hg — h in H® fors < k and hg — h in C([0,T], H?)
we also obtain that hr — h in C([O,T],CS,) using Sobolev embeddings.
(Notice that the equation provides us with derivatives in time for the so-
lution).
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Recall that the final form of the linearized equation is

oh

dh oh
i(gaﬂ - i(jvl?)
@ —ea () 2 Oz

TP

+e / h(g,0)T5(z, 5, t)dy + € / (g, t)sgn(y — 2)Tu(z, 7, t)dy+
]R/Z R/Z

+wTs(Z, 1) + Te (T, 1)k(Z,T) = 0 (37)

Uniqueness follows as an application of Gronwall’s inequality to the
difference of two solutions h1 — ha.

Observation 4. Notice that the time of existence of the solution to the
mollified equation is independent of k and hence we obtain the existence
of a C*° solution.

6 DPF,’s inverse is smooth and tame

We still need to prove that the inverse of the map DP,, is smooth and
tame. Recall that

DP,,(f,e)(h,w) = (k,0) vV (k,0) in G

and hence the inverse VP,, '° is given by

VP((f,€)(k,0) = (h,w)

In this notation the tame estimate we need to prove is

(R Ol S 1A+ MICFs )l lnts + 111K o) lnts (38)

Recall that in the previous chapter we have proved that ¢ = w, and
so the in terms of h the above inequality is equivalent to

[hlln S 1+ lel + |0l + [ flln+s + [[Ellnts (39)

In order to prove this estimate we are going to use the equation ob-
tained in chapter 5, for h and k, (34) :
We will prove the tame estimate in terms of h

Blln S 1+ [e] + 1wl + lgllnts + 15llnts (40)
and use that

iz 7 h¢(,1),1)
h(z,t) = h($(z,1),t) = ————==
e(¢(z,1),t)
to conclude the estimate, once we proved that the change of coordi-
nates ¢ and the auxiliary function ¢ are tame maps with respect to g.

10We follow Hamilton’s notation for the inverse.
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6.1 Change of coordinates x = ¢(X,t)

We prove that the change of coordinates = ¢(z,f) and its inverse Z =
Y(z,t) are both tame.
Recall that

¢ (@, D1+ (¢'7,D)%? = a(D)
and so
j= L / "t (g (6 0) e = iy, 1)

where

aft) = / 1+ (' (6, 0) 2 de

First notice that since the function w(r) = [1+ 7"2]% has all its deriva-
tives bounded independently of r we have the following tame estimate

0 a(®)llLee S 1+ 110 gllrge
We still need to prove that v is tame. Since we know that 1 < a(t) <

1+ K?2. we can use the lemmas in the appendix to obtain that ﬁ is

tame. We will denote the largest of the degrees of tamenes of ¢ and a™*

by d;.
y
As for the second term / 1+ (g (¢, t))Z}%df, using the same remark
0

about w, we have

v 1
||8Zf9?/ [1+(g'(&1)%)2 d€ oo se < (1057107 2 gl| Loo 1o
0
Using the lemmas in the appendix we have that 1 is tame, precisely

0808 (,t) || Loese < 1+ 10510 gl e oo

In order to prove that the inverse map (¢) is tame we use the identity

We have

8921!’(‘15(527{)7{)6@(75(57{) =1

and so

3z¢(¢(f@@3§¢(f@ + aglp((ﬁ(f,i), 5)(85(;5(:3,{))2 =0
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L ((2, 1), 1) (05 (, +§j D Chara; B(G(E, 1), D05 $(2,1)...08° $(2,1) = 0
j=2ai+...+aj=k

so we have

1
TR Char,a; B (D(T, 1), D05 6(7,1)...05" ¢(%,T)
(s, X }

Ok p(z,t) =

we will use the following interpolation inequalities

k—j i—1
k—1 k—1
[Pl S 1Pl 191l s

kal

[dllce < llollor™ gl 52 o
< 9:¢(z,t) < /14 K? using the interpolation in-

Since S S
V14 K2

equalities we obtain

19 6(z, Dl < €] Z Kol A 5 1}

j=2

Suppose that we know by the induction hypothesis that

[Bllcr-1 S lPllor-1 +1

By interpolation we have

k=2
lller-1 +1 S ([[ller +1)%=1

when [[pflr S 1.
Inserting this in the above inequality produces

1056(2, D)L r2e S 10"l o e

and since the right hand side is tame with respect to g we have just
proved the same property for ¢. The above argument can be trivially
extended to time derivatives, and so we have proved that ¢ is tame.

We will denote the degree of tameness of ¢ by da.

6.2 Auxiliary function ¢

Recall the definition of ¢

©(y,1) :exp</0y W )
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The first observation is that since we have defined the neighborhood
of the origin we have ||g||]2 < C and hence we have

16”6, Ollg' (.0
([ T weon s

e
and so

<l < e

2
eC

Notice that for a function of the form

we have

In our case f is

”€t][g (&, 1)]
=/ e

As we have noticed before

1
i
independent of . Since f is the product of 3 tame functions, we have
that f itself is tame. Together with the interpolation inequalities in the
appendix, that completes the proof of the fact that ¢ is tame. We will
denote the degree by ds.
In order to simplify the presentation we notice here that since l;(iz, t) =
k(¢(z,%),t) and we have proved that ¢ is tame with respect to g we obtain
the tame estimate (we denote the degree by da.

= Ck

[Elln S 1+ [[Kllntas + 1glln+as

In the next section we will use the tame estimates that we have proved
for T, a, ¢, ¢ and k. We will assume that all of them have the same degree
that we will denote by d, i.e. d = maxz(do,d1,d2,ds,ds).

6.3 Tame estimates for the inverse: modifying
the definition of energy

Now we try to obtain tame estimates for h. Recall
oh _ Oh

aﬁ oy 0z
1‘ t ea " (t Er———
ot 0= (_) R/ |z — gl
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te / h(g. DT (2, 7, D)dg + < / R, Dysgn( — 5)Ta(z, 7, Ddg+
R/Z R/Z

+WT5(E’E)+T6(557£)I;(E7£) =0 (41)
We will obtain L? estimates for h and its derivatives and then use
Sobolev embedding theorems to obtain the L results.
First we define the energy

1 o**h ’
Eap(D) = = 2z dz
@ 2/R/Z<amaafb< 3)

‘We need to prove the estimates

Eap(®) S 1+ kllasors + lgllazors (42)
for some s independent of a and b.

Due to technical problems controlling some of the terms involved in
E.» we need to introduce the following auxiliary quantity.

2
Eapa(t) = 1/ G Q'(h)(z,1) | dz
o 2 Jey, \ 0z 01" ’
where @) is an operator given by multiplication by a function that
behaves like log|k| for large k in Fourier space. We take

(u) — f(x)

R/7, lu— 2|

Q) (z) = o(u — z)du

where ¢ is a smooth even function, supported in [—i i] Moreover o

is identically 1 on a fixed neighborhood around the origin. We need to

include this cut-off function, since otherwise E E m is not well defined

for w,z in R/z.

‘We want to obtain the estimate

Eapi(®) S COQ+ karsrs + llglarors) (43)
We will obtain this estimate in 3 steps.

1. Obtain Eo0.(f) < C(1)(1+ [lgll2 + [|k[I3).
2. Obtain Eq0,.(5) < CO) + |lgl|2 s + ||k]|2+s) using induction on a.

3. Incorporate time derivatives and run induction on b. We will prove
the estimate

Eap1(t) S 14 lgllassss + 16l 20+s + Earrp-1.011(D)

and use the induction hypothesis

Eap() < CO)(1+ llgllaiprs + 15lassts)

for any a and 8 < b to conclude the argument.
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In order to obtain 1 and 2 we prove the tame estimates for Fo 0,0(%)
and Fq 0,0(t) using induction (notice that we take [ = 0) and use the fact
that

Ea0,1(t) < C()Eay1,0,0(%)

to obtain the desired estimates.
In order to obtain the estimate for Fo,0,0(f) we multiply the equation
(41) by h and integrate with respect to Z. We have

8 5.0 - (m D) )
Eo,0,0(f) = / 0(z — y)dyh(z,t)dz—
R/z IR/, |z — y\

—E/ Ty (Z,t)h mf)dw—s/ Tg:cﬂ xf)h:cf)dm—
R/z, R/gz

_E/ il(ﬂ,f)T3(f,g7f)dgiL(i‘7{)df—

R/z JR/7

<[ [ hw.Dsgn(@ - 5)Ts(a.5. Ddgh(z, D~
]R/Z R/Z

—/ Ts(:z,ﬂﬁ(gz,i)di—/ Ts(z, D)k(z, D)h(z, )dz
R/7,

R/7,

Using the skew-symmetry of the most singular term and integrating
by parts in the term containing 7> we obtain

oT:
Eg0,0(t) S (1T |z + ||7;|\Lw + 175 Loe + || Tul| oo ) Eo,0,0(t)+

+|T5 |12 + [|T6]| 2o [IE]I 72 + Eo,0,0(F) <

< 1+ llglla + llgllasr Eo.o.0 () + [1K]1G

and hence using Gronwall’s inequality we obtain

Eoo.0(D) S €141 [Ep,0,0(0) + / lglla + %3] < 1+ llglla + lIEllS

since we are proving this estimates in a neighborhood of the origin
and we know that the exponent of e is smaller than C. This proves the
estimate (1) for any s > d, say s =d+ 1 and M = d+ 1. We will still
need to increase M in the next estimates.

Now we try to obtain the estimate for Fq 0,0(f). We differentiate the
equation (41) a times with respect to Z and then multiply the equation

by g (z,t) and integrate with respect to Z. We obtain
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oh oh ,_
/ %(yaﬂ_%(zvﬂ

R/z |z — 9

9(f—y>dy} e

1, _ o”
§Ea,0,0(t_> =Ea 1({) —a {

9« T1 0°h _ 0%, . _
_EA Z CO‘@ f)a?(%f)ﬁ(%ﬂdm—

/Z a+B=a

0Ty P h 9%k _
—& o8 Ao t t a x,tdmf
/R/ZWG P @D @D @D

—e/ / h5. D (@, 5.1 O (7, gz
R/7 YR/7 oz

d° - 9%h
e / G ([ i Dsen@ - 9)Ta(z, 5.Ddy) T (. Hdz—
R/Z 6.’1‘ ( R/Z ) a

9Ty
—w 8x (z f)aa(w t)dz—
°Te _ 0%k, _0°h,_ . _
jﬂf,tiﬂ?,tfaw,tdm
/R/Zwa i e (0.0 @D (0,1

Obtaining the required estimate is a simple exercise using the skew-
symmetry of the main term, and the interpolation inequalities described
in the appendix combined with Gronwall’s inequality.

We have

Ea0,08) S 1+ llgllats + 11Kl 24
and hence

2 2
Ea01(t) S 1+ [lgllarstr + kllarst
In order to obtain the estimate 3 we need to commute the operator @

past the different operators in the equation.
The following formula for Q' can be proved by induction.

9Q' (h) @5 — 6@ (h)

I : )
@ e [ ot -
—<T1(3,0Q' (A7 - 3] W@ oen @D =G o
mtn=1-1 R/Z |z — 7l

.
@02 Wen e v [ or@hg eI bED,

m4n=1—1"R/z 1z — gl
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z,t)dz—

9))dy—

¥))dy—



— / R0 (1)@ 5 Ddy—<Q( / (3, Dysgn(@—5)Ts (7, 7, )dg)—wQ' (T5 (7, F)) —

/7

-/ /M@i)@l*(M@(@ — g)dj—
R/z

Iz -9l
- [ ko PRI e gy

In order to prove the estimate for E, 5,(f) we differentiate the equation
(44) a-times with respect to Z and b-times with respect to ¢, and multiply
the resulting equation by

8a+b

@ ()@ )

and integrate with respect to Z. We have

ablf)_EZCZJ )X

i+7=b

a+1l+i oL, at1+i 0l (j,
9 Q(h), 9 Q( )@’ﬂ

—atlam WU T T atb
X/ / oz 1ot L ogttor 0@y aQ(h) (5. Ddz—
R/z JR/y |z — gl oz ot

i B+iNl/T a+b /7
-2 S e [ S0 M n TN 6 s

=B a1 —angb
itjb ot fea oz ot oz ot

—e Z Cij Z /]R iaa{ 81Qm( )(— E) Q ( 1(:?715—T1(gj,f)x

itj=b  mn=i—1"R/z 0z R/, O |z — 7]
8a+le(ﬁ)
xo(Z — §))dy p —————= (&, t)dz—
o(z — 7)) y} PRy (z,7)

i yel IiNnl/z a-+b 7
Z Z Cz]a5€/ o 15;2 oo+t Q_(h) (‘%758 + Ql(h) (z,%)dz—

wia i oz’ o oz ot

9% 5. & Tz ) — TG0
_ Z Cij Z € 78”{/ - Y 7D =Q (wx
i+j=b m4n=Il—1 JR/z, x R/7 ot ot T—1
B B ~ 8a+b li‘l ~ B
xo(Z — y))@/}@f%ﬁ;»(% t)dz—
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aa+ aa+bQ (h)
—e cij 5.0 Q' (T3)(7, 5, D)y —— 5 (7, ) dz—
Yoo, [ G0 @enha e

‘ " ([ d'h o Ll o L () I
—EZ cz,]/ j{Q( ” o7 (g, )sgn(z— y)at Ty (w,%ﬂdy)}w(x,f)dx—

aa+b aa+b h
Q\(Ty(x, i))a%%i)

R/y OT°L

(z,t)dz—

y aa-!—le(B)

z,1)dz—
8z (@, D)dz

Yo, [ 2 'k o To(@,1) = To(5,0)
Z Ci,j R/Z aia{ IR/Z 8t (y,_)atJQ ( |i‘-y‘ (.’I y))dy}

atb Al
x aTQ(ﬁbh) (j ) E)dj
o0z ot

As before, a careful analysis of each terms, using integration by parts,
interpolation inequalities and the skew-symmetry we obtained the desired
result. We leave the details to the interested reader.

To conclude the proof of the tame estimate we use Sobolev embeddings.
Recall that we are interested in the L® norms, not the L2.

We have

Hh||a+b S ~ sup ||a h”Herle = sup E1+1,J, (E) S 1+HgHa+b+s+l+||k”a+b+s+l
i+j=a+b i+j=a+
and so we obtain the desired estimate.
In order to conclude the argument we still need to prove that the
inverse is smooth. Recall that the inverse map is h = VP(f)k where
VP:UxG—F.
In order to prove the smoothness we will use the following

Theorem 5. Let L: (U C F) x H— K be a family of invertible linear
maps of Frechet spaces and let V : (U C F) x K — H be the family of
inverses. If L is smooth and V is continuous then V is smooth and we
also have

DV (f)k,g = =V(f)DL(H)V(f)k, g
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A proof can be found in [Ha].

We will apply the above theorem taking DP as the operator L. We
have already proved in chapter 4 that such operator is smooth and tame.
We have just proved in this chapter that the inverse V P is tame. In order
to complete the proof we just need to prove that V P is continuous. Recall
that we have produced the following transformations to h

h(z,t) = o(z, f)ﬁ(x, f)
and

h¢(z,1),t) = h(z, 1)

Recall that both ¢ and ¢ have been proved to be smooth when con-
sidered as operators acting on g

Finally, we look at the equation for A, (41). The dependence of h on
k and g come from the terms T and k, which have been proven to be
continuous when consider as operators acting on g.

Putting all this results together we conclude the continuity of our map.
This concludes the argument.

7 Appendix A: Auxiliary lemmas
In this appendix we compile some lemmas that we have used throughout
the thesis.

Lemma 1. Let f and g be smooth functions defined on R/z. Then if
i+ j = a we have

10" gllce < I fllzzellglles + 1 f s gLz

The following lemma provides a family of interpolation inequalities
that we use throughout the following sections.

Lemma 2. For functions defined in a compact domain in R?, and for all
I<m<n

m
n

[¥llem S [1¢llen

—1 n—m
ol
m—1l n—m
[¥llam S l1ellgn 190 g
The proofs of the above two lemmas can be found in any standard text
about interpolation, see for example [Be-Lo].
We make the observation that the above lemma holds in R/ x [0, 1]
as well.

Corollary 1. Let;,i =1,...,a be a set of smooth functions on (R/Z)d X
[0,1] with ||Vl < C uniformly in i. Then given m;,i = 1,...,a with
I <m; < n satisfying > (mi — 1) =n — | we have

a a
IT 1illzrme < D Millan
i=1 i=1
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Lemma 3. Let QQ be an operator given by multiplication by a function that
behaves like log|k| for large k in Fourier space. Then, for f,g functions
on R/7 we have

1Q"(f - 92 S llgllee Q" (N2 + 0gll e |l f1l 2

Lemma 4. Let f:RXR—-R,g: RxR—Randh: RxR — R be
smooth functions satisfying the following tame estimates,

1088 fllzeese <1+ ||hllatbrs;

0207 gllserse < 1+ |1hllatbrss
If also ||h||Lee, < Co then there exists some r depending only on s
and s so that we have
10207 [f (2, )g(, )| Lo £ge S Co(1 + [|hllatvtr)

Lemma 5. Suppose f: R — R is a smooth function satisfying

195 f (@)l < O
where Cy is independent of . Now, if g : R X R — R satisfies the
tame estimate
10507 g(z, t)lLee rze S 1+ [Allatbrr

for some positive r then the composition f(g(z,t)) satisfies

10507 f(9(z, 1)l Lse e S Co(1+ [[Allators)
provided ||h|, < Co.

As a Corollary of the previous lemma we can obtain the following
result.

Lemma 6. Assume that g : R x R — R satisfies the tame estimate

10207 g(2, D)l g rze S 1+ [lhllatosr
Assume also that g is bounded below, precisely
0<C<|lglz,V)llLgere
Then the functions % and % are tame with respect to h provided
g2
Ihl. < Co.
Lemma 7. Suppose f(u,v) satisfies
HazaszLgeLgc < Cap
with Coqp independent of uw and v. Then if g1 : R xR — R and
g2 : R X R — R satisfy the estimates

1050791 (%, )| oo rze S 1+ [[hllasbra
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10807 g2 (2, t) |z oe S 1+ [|hllatbtss

we have the estimate

1070 f (91(2,t), g2 (@, 1)) |Lse, S (14 hllatos+s2)
provided ||h|s, < Co and ||hl|s, < Co.

Remark 1. The above lemmas can be easily extended to the case of func-
tions of more that two variables.

Lemma 8. If f(z,y,t) is tame and satisfies f(z,y,t) = 0 when x =y
th@’fb f(x7y7 t)

is also tame.

Lemma 9. Given a smooth function P(u,v,t) such that P(u,v,t) = 0
for v in a neighborhood of u + % we have

a—1

s A P “+3 9o p
az/x P(%y:t)dy:—Zw<w(%%t))+/ W(xayvt)dy

=0 @
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