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DYNAMICS OF ONE-FOLD SYMMETRIC PATCHES
FOR THE AGGREGATION EQUATION AND
COLLAPSE TO SINGULAR MEASURE

TAOUFIK HMIDI AND DONG L1

We are concerned with the dynamics of one-fold symmetric patches for the two-dimensional aggregation
equation associated to the Newtonian potential. We reformulate a suitable graph model and prove a local
well-posedness result in subcritical and critical spaces. The global existence is obtained only for small
initial data using a weak damping property hidden in the velocity terms. This allows us to analyze the
concentration phenomenon of the aggregation patches near the blow-up time. In particular, we prove
that the patch collapses to a collection of disjoint segments and we provide a description of the singular
measure through a careful study of the asymptotic behavior of the graph.

1. Introduction 2003
2. Graph reformulation and main results 2006
3. Generalities on the limit shapes 2012
4. Basic properties of Dini and Holder spaces 2014
5. Modified curved Cauchy operators 2017
6. Local well-posedness proof 2033
7. Global well-posedness 2052
8. Scattering and collapse to singular measure 2058
Acknowledgements 2063
References 2063

1. Introduction

This paper is devoted to the study of the two-dimensional aggregation equation with the Newtonian

potential:
d:p+div(vp) =0, >0, x e R?,

v(t,x) = =5 [pa(x = y)/|Ix = y[*p(t. y) dy, (1-1)
p(0,x) = po(x).

This model with more general potential interactions, with or without dissipation, is used to explain
some behavior in physics and population dynamics. As a matter of fact, it appears in vortex densities
in superconductors [Ambrosio and Serfaty 2008; Du and Zhang 2003; Keller and Segel 1970], material
sciences [Holm and Putkaradze 2006; Nieto et al. 2001], cooperative controls and biological swarming
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[Bernoff and Topaz 2011; Breder 1954; Boi et al. 2000; Gazi and Passino 2003; Mogilner and Edelstein-
Keshet 1999; Morale et al. 2005; Topaz and Bertozzi 2004], etc. During the last few decades, a lot of
intensive research activity has been devoted to exploring several mathematical and numerical aspects of
this equation. It is known according to [Bertozzi et al. 2012; Nieto et al. 2001] that classical solutions
can be constructed for short times. They develop a finite-time singularity if and only if the initial data is
strictly positive at some points and the blow-up time is explicitly given by 7, = 1/max pg. This follows
from the equivalent form

dip+v-Vp=p>,

which, written with Lagrangian coordinates, gives exactly a Riccati equation. Note that similarly to
Yudovich’s result [1963] for Euler equations, weak unique solutions in LN L% can be constructed follow-
ing the same strategy; for more details see [Bertozzi et al. 2009; 2011; 2012; Bertozzi and Laurent 2007;
Bertozzi and Brandman 2010; Fetecau et al. 2011; Fetecau and Huang 2013; Dong 2011; Laurent 2007;
Li and Rodrigo 2009]. Since the L' norm is conserved at least at the formal level, a lot of effort was made
to extend the classical solutions beyond the first blow-up time. Poupaud [2002] established the existence
of global generalized solutions with defect measure when the initial data is a nonnegative bounded Radon
measure. He also showed that when the second moment of the initial data is bounded, for such solutions
the atomic part appears in finite time. This result is to some extent in contrast with what is established for
Euler equations. Indeed, according to Delort’s result [1991] global weak solutions without defect measure
can be established when the initial vorticity is a nonnegative bounded Radon measure and the associated
velocity has finite local energy. During the time, those solutions do not develop atomic part, contrary to
the aggregation equation. This illustrates somehow the gap between both equations, not only at the level
of classical solutions but also for the weak solutions. The literature dealing with measure-valued solutions
for the aggregation equation with different potentials is very abundant and we refer the reader to [Bodnar
and Velazquez 2006; Carrillo et al. 2006; 2011; Carrillo and Rosado 2010; Masmoudi and Zhang 2005].

Now we shall discuss another subject concerning the aggregation patches. Assume that the initial data
takes the patch form

po = 1p,,

with D¢ a bounded domain; then solutions can be uniquely constructed up to the time 7* = 1 and one
can check that

1
,()(I)= :ll)t, with (at—i-l)'V)lDt =0.

Note that v is computed from p through the Biot—Savart law. To filter the time factor in the velocity field
and find an analogous equation to the Euler equations, it is more convenient to rescale the time as was
done in [Bertozzi et al. 2012]. Indeed, set

1 X—) ~

t=—In(1-1¢), u(r,x)=-— 15r(y)dy, D = Dy;

27 Jya Ix—yP?
then we get
(B +u-V)lz =0, Do = Dy.
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We observe that with this formulation, the blow-up occurs at infinite time and so the solutions do exist
globally in time. To simplify the notation we shall write this latter equation with the initial variables.
Hence the vortex patch problem is reduced to understanding the evolution equation

dip+v-Vp=0, >0,
v(t,x) = =5 [p, (x = y)/|x = y[*dy, (1-2)
p(O) = 1D0~

Let us point out that the area of the domain D; shrinks to zero exponentially; that is,
forallt >0, |p(t)|z1 = e "|Dol. (1-3)

The solution to this problem is global in time and takes the form p(¢) =1p,, D; = ¥ (¢, Do), where ¥
denotes the flow associated to the velocity v. Similarly to the Euler equations [Bertozzi and Constantin
1993; Chemin 1993], Bertozzi, Garnett, Laurent and Verdera [Bertozzi et al. 2016] proved the global-in-
time persistence of the boundary regularity in Holder spaces C15, s € (0, 1). However the asymptotic
behavior of the patches for large time is still not well understood despite some interesting numerical
simulations giving some indications on the concentration dynamics. Notice first that the area of the patch
shrinks to zero, which gives that the associated domains will converge in Hausdorff distance to negligible
sets. The geometric structure of such sets is not well explored and hereafter we will give two pedagogic and
interesting simple examples illustrating the concentration, and one can find more details in [Bertozzi et al.
2012]. The first example is the disc which shrinks to its center, leading after a normalization procedure
to the convergence to Dirac mass. The second one is the ellipse patch which collapses to a segment along
the big axis and the normalized patch converges weakly to Wigner’s semicircle law of density

24V x02 — x%

X1 = 3

1 , Xo=a-—b.
X0 [=x0,x0]

It seems that the mechanisms governing the concentration are very complex and related in part for some
special class to the initial distribution of the local mass. Indeed, the numerical experiments implemented in
[Bertozzi et al. 2012] for some regular shapes indicate that generically the concentration is organized along
a skeleton structure. The aim of this paper is to investigate this phenomenon and try to give a complete
answer for a special class of initial data where the concentration occurs along disjoint segments lying in
the same line. More precisely, we will deal with a one-fold symmetric patch, and by rotation invariance
we can suppose that its axis of symmetry coincides with the real axis. We assume in addition that the
boundary of the upper part is the graph of a slightly smooth function with small amplitude. Then we will
show that we can track the dynamics of the graph globally in time and prove that the normalized solution
converges weakly towards a probability measure supported in the union of disjoint segments lying in the
real axis. The results will be formulated rigorously in Section 2. The paper is organized as follows. In next
section we formulate the graph equation and state our main results. In Sections 3, 4 and 5 we shall discuss
basic tools that we use frequently throughout the paper. In Section 6 we prove the local well-posedness for
the graph equation. The global existence with small initial data is proved in Section 7, and Section 8 deals
with the asymptotic behavior of the normalized density and its convergence towards a singular measure.
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2. Graph reformulation and main results

The main purpose of this section is to describe the boundary motion of the patch associated to (1-2) under
suitable symmetry structure. One of the basic properties of the aggregation equation that we shall use in
a crucial way concerns its group of symmetry, which is much richer than for Euler equations. Actually, in
addition to rotation and translation invariance, the aggregation equation is in fact invariant by reflection.
To check this property and without loss of generality we can look for the invariance with respect to the
real axis. Set
X=(x,y)eR? and X =(x,—y)

and introduce

A Sy s 1 X-Y
t,X)=p(X), 1L X)=—+— ——— p(t,Y)dY.
p0X) = pie. X0, 00,30 = =5 [ )

Using straightforward change of variables, it is quite easy to get

v(t, X) =00, X), div(vp)(r, X) = div(Dp)(t, X).
Therefore we find that 0 satisfies also the aggregation equation
d:p + div(d p) = 0.

Combining this property with the uniqueness of Yudovich’s solutions, it follows that if the initial data
belong to L' N L> and admit an axis of symmetry then the solution remains invariant with respect to
the same axis. In the framework of the vortex patches this result means that if the initial data are given
by po = 1p, and the domain Dg is symmetric with respect to the real axis, the domain D, defining the
solution p(#) = 1p, remains symmetric with respect to the same axis for any positive time. Recall that in
the form (1-2) Yudovich-type solutions are global in time. To be precise about the terminology, here and
contrary to the standard definition in topology, where “domain” means a connected open set, we mean by
“domain” any measurable set of strictly positive measure. In addition, a patch whose domain is symmetric
with respect to the real axis (or any axis) is called one-fold symmetric.

In the current study, we shall focus on the domains D¢ such that the boundary part lying in the upper
half-plane is described by the graph of a C! positive function fy : R — R with compact support. This
is equivalent to

Do = {(x,y) € R?:x € supp fo, —fo(x) <y < fo(x)}.
We point out that concretely we shall consider the evolution not of Dg but of its extended set defined by
Do={(x,y) eR*:x €R, —fo(x) <y < fo(x)}.

This does not matter since the domain D; remains symmetric with respect to the real axis and then we
can simply track its evolution by knowing the dynamics of its extended domain: we just remove the extra
lines located on the real axis.

One of the main objectives of this paper is to follow the dynamics of the graph and investigate local and
global well-posedness issues in different function spaces. In the next lines, we shall derive the evolution
equation governing the motion of the initial graph fy. Assume that in a short time interval [0, T'] the part of
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the boundary in the upper half-plane is described by the graph of a C! function f; : R — R.. This forces
the points of the boundary dD; located on the real axis to be cusp singularities. As a material point located
at the boundary remains on the boundary, any parametrization s > y(s) of the boundary should satisfy

(Brye(s) —v(t. y2(5))) -7 (ye (5)) = 0,
with 71 (y; ) being a normal unit vector to the boundary at the point y; (s). Now take the parametrization in the
graph form y; : x — (x, f(, x)); then the preceding equation reduces to the nonlinear transport equation
s ft, x)+ur(t,x)0x f(t,x) =usz(t,x), t>0,xeR,
f(0,x) = fo(x),

where (11, u3)(t, x) is the velocity (v, v2)(¢, X) computed at the point X = (x, f(¢, x)). Throughout
this paper we use the notation

fr(x) = f(t.x) and f'(t,x) = 0x f(t.x).

To reformulate (2-1) in a closed form we shall recover the velocity components with respect to the graph

2-1)

parametrization. We start with the computation of v1(X). Here and for the sake of simplicity we drop the
time parameter from the graph and the domain of the patch. One writes according to Fubini’s theorem

SO
_ Xy dr2
o) = / xorp?' = /(x yl)/f(yl) G2+ (-2 T

where Y = (y1, y2). Using the change of variables y, — f(x) = (x — y1)Z we find
20 () = [ [(M) . (M)] p
R y—x

y—Xx
_/[ (f(ery)—f(X)) (f(X+y)+f(X))}
= arctan + arctan d
R y y
To compute v, in terms of f we proceed as before and we find
S =y Son S(xX)=y2
—27nvy(X) = dA(Y) = / / dy, dy;.
’ b IX=YP fon =y + (f) =22 2

Therefore we obtain the expression

y2+(f(X+y)—f(X))2)d
2+ (f(x+y)+ f(x)?

With the notation adopted before for (11, us) we finally get the formulas

ul(f,x)z%/R[arctan(ft(x_'_y;_ft(x))+arctan(ft(x+y)3+f’(x))] dy.

_ 1 Y24 (il +3) = fi(x)?
uz(t,x) = E/Rl‘)g(yz F(fil+ )+ ft(x))z) ¢

We emphasize that for the coherence of the model the graph equation (2-1) is supplemented with the

drva(x, f(x)) = /R 1og(

(2-2)

initial condition fo(x) > 0. According to Proposition 6.2, the positivity is preserved for enough smooth
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solutions. Furthermore, and once again according to this proposition we have a maximum principle
estimate:

forallz >0, forall x e R, 0< f(t,x) <| follLoe-

Notice that the model remains meaningful even when the function f; changes sign. In this case the
geometric domain of the patch is simply obtained by looking to the region delimited by the curve of
[ and it is symmetric with respect to the real axis. This is also equivalent to dealing with a positive
function f; but its graph will be less regular and belongs only to the Lipschitz class. Another essential
element that will be analyzed later in Proposition 6.2 concerns the support of the solutions, which remains
confined through the time interval. More precisely, if supp fo C [a, b] with a < b then provided that the
graph exists for ¢ € [0, T] one has

supp f(t) C [a. b].

This follows from the fact that the flow associated to the horizontal velocity u; is contractive on the
boundary. It is not clear whether global weak solutions satisfying the maximum principle can be
constructed. However, to deal with classical solutions one should control higher regularity of the graph
and it seems from the transport structure of the equation that the optimal scaling for local well-posedness
theory is Lipschitz class. Thus, in what follows we say that a function space is critical if it scales
as a Lipschitz class and subcritical if it scales above like Holder spaces C!*5, s > 0. Denote by
g(t,x) = dx f(¢, x) the slope of the graph; then it is quite obvious from (2-1) that

;g +u10xg = —0xu1g + dxusz. (2-3)

For the computation of the source term we proceed in a classical way using the differentiation under the
integral sign and we get successively

J'x+y)-f(x) S'x+y)+ (%)

d V. d 2-4
ERACAR A My rars wupreu eR i

27T8xul(x) =p'V'/I;{ y2+(f()€+y)_f(x)

and

(fx+y)— N (x+y)— f(x)
V2+(f(x+y)— f(x)?

o / AN+ NS AN+ ')

R V2+(f(x+y)+ f(x)? ’

where the notation “p.v.” is the Cauchy principal value. It is worth pointing out that the first two integrals

2w dxuz(x) =p.v. dy

appearing in the right-hand side of the expressions of d,u1 and d,u» are in fact connected to the Cauchy
operator associated to the curve f defined in (5-1). This operator is well-studied in the literature and some
details will be given later in Section 5. Next, we shall check that the integrals appearing in the right-hand
side of the preceding formulas can actually be restricted over a compact set related to the support of f.
Let [-M, M] be a symmetric segment containing the set Ko — Ko, with K¢ being the convex hull of the
support of fp, which is denoted by supp fp. It is clear that the support of dyu; f’ is contained in Ky and
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thus for x € Ky one has
St =10 /M S-S0
Jr 2 H(f(x+y) - f(x))? e V2 y) = ST

Consequently, we obtain for x € R

M / — 7!
270 f"(x)dxu1(x) = f'(x) p.v. /_M »? —{((;(: Jyr)y) f 1(:26))

: M e+ W)
+f(x)p'v'/_M y2_|_(f(x—|—y)+f(x))2y .

Coming back to the integral representation defining d,u, one can see, using a cancellation between both

p.v

>y dy

integrals, that the support of d,u> is contained in Ky. Furthermore, for x € Ky one may write

M (S +9) = fONS (x + ) = [ (x) dy

27 dxUz(X) = p.v. /

o P -@)?
o /M (E 40+ [N D+ @)
Clw T UG+ 0P |

Gathering the preceding identities we deduce that

27 (=dxuy f'(x) + 0xu2) = F(x) — G(x), (2-5)
with

M , , ,
F(x)2pv. /_M /G4 = @) =y f OIS a9 = f'@)

2+ (f(x+y) = f(x)?

G & p /M LFG+3)+ @) + 2 O +9) + £1(x)
S Y Y2+ () + F(0)?

One should keep in mind that the integrals above can also be extended to the full real axis. Sometimes in

dy.

order to reduce the size of the integral representation we use the notation

AF f(x) = f(x+y) £ f(x). (2-6)
Thus F and G take the form

_ M AT f(x) =y (0)]Ay £/ (x)

F(x) =p.v. /—M VT (A f)? v, 2-7)
_ MTAT f(x) + f'(0]AT f/(x)

G(x) =p.v. /—M T (A;rf(x))z dy. (2-8)

The first main result of this paper is devoted to the local well-posedness issue. We shall discuss two
results related to subcritical and critical regularities. Denote by X one of the following spaces: Holder
spaces C*(R) with s € (0, 1) or the Dini space C*(R). For more details about classical properties of
these spaces we refer the reader to Section 4.
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Theorem 2.1. Let fo be a positive compactly supported function such that fj € X. Then, the following
results hold true:

(1) Equation (2-1) admits a unique local solution such that ' € L°°([0, T], X), where the time existence T
is related to the norm || fyllx and the size of the support of fo. In addition, the solution satisfies the
maximum principle

Jorallt €[0.T], || f(D)llLee < [ follzoe-

(2) There exists a constant € > 0 depending only on s and the size of the support of fo such that if

Ifoles <& (2-9)
then (2-1) admits a unique global solution ' € L™ (R4; C*(R)). Moreover,
forallt >0, ||0xf(t)|lLe < Coe™",
with Cg a constant depending only on || f§llcs.
Before outlining the strategy of the proof, some comments are in order.

Remarks. (1) The global existence result is only proved for the subcritical case (C*). The critical case
(Dini case) is more delicate to handle due to the lack of strong damping, which is only proved in the
subcritical case (see Proposition 7.1). Roughly speaking, the damping comes from the linearization of the
nonlinear term. Indeed, one finds that the equation

0 f +updx f' = %(F(x)—G(x)) = — f" + L1(x) + nonlinear,

where (see Proposition 7.1) the term “nonlinear” has superlinear C*-type estimates. If the term L (x)
were identically zero, then one can use the damping term — f” to obtain exponentially decaying global
solutions with small initial data. On the other hand, as it turns out, the almost-linear-type term Lj(x)
admits estimates of the form

IL1lls < (Lflls + 20 Nzee) + ClLF 7 eolLf s
IL1llzee = € min([| £ lIZoo I/ s 1L/ llzoe).

The key improvement here is the first estimate in the L°° estimate of L, which is in some sense superlinear.
By using Proposition 6.2 one can obtain an exponential decay estimate of || f'||; through an area argument.
This important estimate together with some interpolation estimates (and an exponential decay estimate
of ||0xu1 |loo) and the strong damping term — f” then yields global well-posedness for small data.

(2) Coming back to the patch domain, we see that it admits cusp-like singularities located on the axis
of symmetry. This is not covered by the preceding result [Bertozzi et al. 2016] where the boundary is
assumed to be more regular than C !. From the proof of Theorem 2.1 we deduce that the graph solutions
generate a Lipschitz velocity. This allows us to easily propagate a weak notion for the order of a cusp.
More precisely, let o > 0 be the order of a cusp xo; that is, for small r, we have | D N B(xg, r)| = O(r?1%),
and then for the solutions constructed in Theorem 2.1 we get |D; N B(x;,r)| = O(r?>*%), with x, the
image of xo by the flow. Notice that this problem was studied for Euler equations in [Danchin 2000].
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(3) From Sobolev embeddings we deduce according to the assumption on fg listed in Theorem 2.1 that
fo belongs to the space C!(R) of compactly supported C! functions.

(4) The maximum principle holds true globally in time; however, it is not clear whether some suitable
weak global solutions could be constructed in this setting.

Now we shall give some details about the proofs. First we establish local-in-time a priori estimates
based on the transport structure of the equation combined with some refined studies on modified curved
Cauchy operators implemented in Section 5 and essentially based on standard arguments from singular
integrals. The construction of the solutions done in Section 6C is slightly more intricate than the usual
schemes used for transport equations. This is due to the fact that the establishment of the a priori estimates
is not purely energetic. First, at some levels we use some nonlinear rigidity of the equation like in
Theorem 2.1(3), where the factor f” behind the operator should be the derivative of the function f that
appears inside the operator. Second, we use at some point the fact that the support is confined in time.
Last we use at different steps the positivity of the solution. Hence it seems quite difficult to find a linear
scheme taking into account all of those constraints. The idea is to implement a nonlinear scheme with
two regularizing parameters ¢ and n. The first one is used to smooth out the singularity of the kernel and
the second to smooth the solution through a nonlinear scheme. We first establish that one has uniform
a priori estimates on n but on some small interval depending on ¢. We are also able to pass to the limit
on n and get a solution for a modified nonlinear problem. Second we check that the a priori estimates
still be valid uniformly on . This ensures that the time existence can be in fact pushed up to the time
given by the a priori estimates obtained for the initial equation (2-1). As a consequence we get a uniform
time existence with respect to € and finally we establish the convergence towards a solution of the initial
value problem using standard compactness arguments.

The global existence for small initial data requires much more careful analysis because there is no
apparent dissipation or damping mechanisms in the equation. Notice that the estimate of the source
term G contains some linear parts as it is stated in Proposition 6.1. The basic ingredient to get rid of
those linear parts is to implement a kind of linearization allowing us to capture a weak damping effect
in G that can just absorb the growth of the linear part. We do not know if the damping proved for lower
regularity still happens in the resolution space. As to the nonlinear terms, they are always associated
with some subcritical norms and thus using an interpolation argument with the exponential decay of the
L' norm we get a global-in-time control that leads to the global existence.

The second result that we shall discuss deals with the asymptotic behavior of the solutions to (1-2) and
(2-1). We shall study the collapse of the support to a collection of disjoint segments located at the axis of
symmetry. Another interesting issue that will be covered by this discussion concerns the characterization
of the limit behavior of the probability measure

1
dP; 2 et 2t g4, (2-10)
[ Do

with d A being Lebesgue measure and | Dg| denoting the Lebesgue measure of Dg. Our result reads as
follows.
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Theorem 2.2. Let fo be a positive compactly supported function such that f; € C*(R), with s € (0, 1).
Assume that supp fg is the union of n disjoint segments and satisfies the smallness condition (2-9). Then
there exists a compact set Do C R composed of exactly of n disjoint segments and a constant C > 0 such
that

forallt >0, dg(D;, Do) <Ce™", |Deo| > %|D0|,

with dg being the Hausdor{f distance and |D | the one-dimensional Lebesgue measure of Doo. In
addition, the probability measures {dP;};>o defined in (2-10) converge weakly as t goes to oo to the
probability measure

dPs = 31)00@{0},

with © being a compactly supported function in Do belonging to C*(R) for any a € (0, 1) and can be
expressed in the form

_ fO(Wo_ol(x)) g(x)
=T ¢

with g a function that can be implicitly recovered from the full dynamics of solution { f; : t > 0} and

Voo = t1—1>rlc;lo V().

2-11)

Note that (t) is the one-dimensional flow associated to uy defined in (6-26) and

Dy ={(x,y):x esupp fr, —fr(x) =y < fr (x)}.

Remark 2.3. The regularity of the profile ® might be improved and we expect that @ keeps the same
regularity as the graph.

The proof of the collapse of the support to a disjoint union of segments can be easily derived from the
formula (2-11) which ensures that the support of the limit measure is exactly the image of the support
of fp by the limit flow /o, Which is a homeomorphism of the real axis. To get the convergence with
the Hausdorff distance we just use the exponential damping of the amplitude of the curve. As to the
characterization of the limit measure it is based on the exponential decay of the amplitude of graph
combined with the scattering as ¢ goes to infinity of the normalized solution e’ f(¢). In fact, we prove
that the density is nothing but the formal quantity

d(x) = 2tl_i)r£>1o el f(t,x)

whose existence is obtained using the transport structure of the equation through the method of character-
istics combined with the damping effects of the nonlinear source terms.

3. Generalities on the limit shapes

In this short section we shall discuss a simple result dealing with the role of symmetry in the structure
of the limit shape D . Roughly speaking, we shall prove that thin initial domains along their axis of
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symmetry generate concentration to segments. Notice that
Do £ { lim ¥ (¢t,x):x € Do},
t—00
where v is the flow associated to the velocity v and defined through the ODE
ey (t, x) =v(t, ¥(t,x)), t>0,xeR?,
¥(0,x) = x.

The existence of the set D, will be proved below. We intend to prove the following.

(3-1)

Proposition 3.1. The following assertions hold:
(1) If Dy is a bounded domain of R?, then for any x € R? the quantity lim,_so ¥ (¢, X) exists.

(2) Let Dy be a simply connected bounded domain symmetric with respect to an axis A. Denote by
do = Length(Dg N A). There exists an absolute constant C such that if

1
do > C|Dy|2
1
then the shape Do contains an interval of the size dg — C|Dy|2.

Proof. (1) Integrating in time the flow equation (3-1) yields

v, x)=x+ /Ot v(t,¥(r,x))dr.

Now observe that pointwisely

1 1
ot = 5 (1 ot o
Thus interpolation inequalities combined with (1-3) lead to

1 1 ¢ 1
lo®)llzee = ClloOIZ PO oo = Ce™2Do2, (3-2)

with C an absolute constant. This implies that the integral fooo v(t, ¥ (7, x)) dt converges absolutely and
therefore lim; o0 ¥ (, x) exists in R2. This allows us to define the limit shape Dy, as

Doo = { lim ¥ (¢, x):x € Do}.
t—>o0
(2) Without loss of generality we will suppose that the straight line A coincides with the real axis. Since
D is a simply connected bounded domain, there exist two different points X, X, (;r € R such that

DoNA =[Xy, X1

Then it is clear that Length(Do N A) = X(;r — X :=do. By assumption Dy is symmetric with respect
to A; then the domain D; remains also symmetric with respect to the same axis and the points X, (;—L move
along this axis. Set

XE() =y (. X5):

then as the flow is a homeomorphism

D/:NA=[X"(), X))
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Now we wish to follow the evolution of the distance d(¢) := X T (¢)— X ~(¢) and find a sufficient condition
such that this distance remains away from zero up to infinity. Notice from the first point that lim; .o d(¢)
exists and is equal to some positive number do. From the triangle inequality, one easily gets

t
a0z do=2 [ ol dv.
0
Inequality (3-2) ensures that
d(t) = do— C| Dol

and therefore doo > do—C |D0|%. Consequently, if dg > C|Dg |% then the points {X *(¢)} do not collide
up to infinity and thus the set Do, contains a nontrivial interval as claimed. O

4. Basic properties of Dini and Holder spaces

We now set up some function spaces that we shall use and review some of their important properties. Let
J :R— R be a continuous function; we define its modulus of continuity ws : R4 — Ry by

wr(r)=sup [f(x)=f()I.

lx—yl|<r
This is a nondecreasing function satisfying ws (0) = 0 and it is subadditive; that is, for r1, 72 > 0 we have
wr(r1 +12) S wr(r1) +or(r2). 41

Now we intend to recall Dini and Holder spaces. The Dini space denoted by C *(R) is the set of continuous
bounded functions f such that

. Lwg(r)
1fllee + 1 fllp < o0, with || f]Ip = /0 o gy

Another space that we frequently use throughout this paper is the Holder space. Let s € (0, 1); we denote
by C*(R) the set of functions f : R — R such that
. wy (r)
IfllLoe + 11 flls < oo,  with || flls = sup -

o<r<1t TI*

Let K be a compact set of R; we define Cg as the subspace of C*(R) whose elements are supported
in K. Note that Cg < L°°(R), which means that a constant C depending only on the diameter of the
compact K exists such that

forall f € Cf. [/l <C/lp. (4-2)

This follows easily from the observation
for all r € (0, %] o(r)In2<|flbp.

From (4-2) we deduce that for any 4 > 1

A
[T ar <151p + 20 e 104 £ CLF (1 + 10 4), (4-3)

r
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Coming back to the definition of Dini seminorm one deduces the product laws: for f, g € Cg

Ifellp =l flleligllp + gl l[f o and | fgllp < Cllflpllgllp- (4-4)

Another useful space is C¢, which is the subspace of C*(R) whose functions are supported on compact K.
It is quite obvious that

CE < Cf > L™, (4-5)

We point out that all these spaces are complete. Another property which will be very useful is the following
composition law. If f € C*(R) with 0 <s <1 and ¥ : R— R s a Lipschitz function then f oy € C*(R) and

I ovlls = Lf lls + 20 F o) IV Il 7 00 (4-6)

It is worth pointing out that in the case of the Dini space C*(R) we get a more precise estimate of
logarithmic type,

Ifovlp =CUflp + 11/ lLoo)( 4+ In (V[ Lo0)). (4-7)

with the notation

A (Inx ifx>1,
Iny x = .
0 otherwise.

Another estimate of great interest is the following product law:

Ifglls = 1/ e llglls 4 lgllzee I[A ls- (4-8)

In the next task we will be concerned with a pointwise estimate connecting a positive smooth function to
its derivative and explore how this property is affected by the regularity. This kind of property will be
required in Section 5 in studying Cauchy operators with special forms.

Lemma 4.1. Let K be a compact set of R and f : R — Ry be a continuous positive function supported
in K such that f’ € C*(R). Then we have

I/l + 1L/ llzee
LI (Lf'lp/ f(x)

forallx eR, |f'(x)|<C

A weak version of this inequality is

(UL o + 1L llzee) (X + Ing (1/11fIlD))
I4+1Iny (1/f(x)) ’

with C an absolute constant. If in addition f' € C*(R) with s € (0, 1), then

forallx eR, |f'(x)|<C

forallx € R, |f' )| < CIf IS [F ()T

and the constant C depends only on s.
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Proof. Let x be a given point; without any loss of generality one can assume that f’(x) > 0. Now let
h € [0, 1]; then using the mean value theorem, there exists c¢j € [x — &, x) such that

fx—h)= f(x)=hf"(ch)

= f(x)=hf'(x)=hlf"(cn) = f' ()]

< f(x)=hf'(x) +hogs(h).
From the positivity of the function f we deduce that for any % € [0, 1] one gets

F(xX)=hf'(x)+haws(h) > 0.
Then dividing by 42 and integrating in /1 between ¢ and 1, with & € (0, 1], we get
1
)2+ @) e+ f'[p = 0.
Multiplying by ¢ we obtain
foralle € (0,1), f(x)+ f'(x)elne+ | f'|lpe=> 0. (4-9)

By studying the variation with respect to ¢ we find that the suitable value of ¢ is given by

Rl
f(x)
Inserting this choice into (4-9) we find that
ef'(x) < f(x);

that is,
e—l—llf’llD/f’(x)f/(x) < f(x).

From the inequality fe™* < e~ ! we deduce that

/
1> ||f/ 1D =151/ 17 G)
f'(x)
which implies in turn that
e—l—llf’IID/f’(x)f/(x) > e_2||f/||D/f/(x)||f’||D‘

Consequently we get
WAL p < f ().

Thus when f(x)/| f/|lp > 1 this estimate does not give any useful information and then we simply write
1) = f e

However for f(x)/| f'llp <1 we get

I/ "o
L+Ing (Il f//lip/ f(x))

flx)y=cC
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from which we deduce that

I/ lp (1 +Iny (/1L f"llD)

fn=c 1+1ny (1/ f(x))

Indeed, one may use the estimate

I+1Iny(1/x) -

forall x >0, ————
oraty 1+Iny(a/x) —

1 +1ny(1/a),
which can be verified easily by studying the variation of the fractional function.

Now let us move to the proof when f’ is assumed to belong to the Holder space C¥, with s € (0, 1).
Following the same proof as before one deduces that under the assumption f’(x) > 0 one obtains for
any h € R4

) =hf' )+ £ 2 0.

By studying the variation of this function with respect to & we find that the best choice of 4 is given by

S i)
L+, lls”
which implies the desired result, that is,
/ / % -
') = CIf s L (). O

5. Modified curved Cauchy operators

This section is devoted to the study of some variants of Cauchy operators which are closely connected to
the operators arising in (2-4) and (2-5). Let us first recall the classical Cauchy operator associated to the
graph of a Lipschitz function f : R — R,

_ gx+y)—g(x)
Cra(x) _/Ry+i(f(x+y)—f(x)> a.

which is well-defined at least for a smooth function g. According to a famous theorem of Coifman,

(5-1)

Mclntosh and Meyer [Coifman et al. 1982], this operator can be extended as a bounded operator from
L? to L? for 1 < p < oo. By adapting the proof of [Wittmann 1987], this operator can also be extended
continuously from Cg to C*(R) for 0 < s < 1, provided that f belongs to C 1+5(R). However this
operator fails to be extended continuously from the Dini space Cg to itself, as can be checked from
Hilbert transform. The structure of the operators that we have to deal with, as one may observe from the
expression of F following (2-5), is slightly different from the Cauchy operators. It can be associated to
the truncated bilinear Cauchy operator defined as follows: for given M > 0, 6 € [0, 1],

M
) LM (g4 0y) — g () (x4 ) — h(x))
Cr (g Mx) = /_M Vi) — )

dy.
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The real and imaginary parts of this operator are given respectively by

BN g, ) (x )_/ Y(g(x +0y) — g(x) (hx +y) = h(x))

et n—for @ 62

and

6,3 M +9) = ) (Ex +60y) — g () (h(x + ) — h(X))
Crr(g.M(x) = 3
-M y2+[fx+y) = f(x)]
In what follows we denote by X one of the spaces Cg, with 0 <5 < 1, or Cg. The result that we shall
discuss deals with the continuity of the preceding bilinear operators on the spaces X. This may have been
discussed in the literature, but as we need to control the continuity constant we shall give a detailed proof.

Proposition 5.1. Let K be a compact set of R and | be a compactly supported function such that ' € X.
Then the following assertions hold true: The bilinear operator CJQ, : X x X — X is well-defined and
continuous. More precisely, there exists a constant C independent of 6 such that for any g,h € X

le7" (. mlix < CA+11f e £ Il I1Rllx + 12l ligllx),
1C23 (g Wllx < ClLA x4 1 £/ 1F)Ugllp Iallx + ligllx 1Al p).

Proof. We shall first establish the result for the real-part operator given by (5-2). First we note that one
may rewrite the expression using the notation (2-6) as follows:

M yAg,g(x)Ayh(x)
CGSR h yRey& y ’
ne= [ e

where we simply replace the notation A" by Ay. Using the product laws (4-4) and (4-8) one obtains

1c2% (g, h B VNN Y A LTIV, d
(g Mllx = . 1AgygAy ||xm+ . |y AgygAyhlLee V.

1
y2+(Ay ) lx
Using once again the product law, it becomes

[AgygAyhlx < [AgygllLee |Ayhlx + 1 Asygllx | AyhllLee
< wg(|yDllx + 2llgllx @n(lyD.

where we have used that for 6 € [0, 1], y € R

[Ayhlx <2lklx.  [[AgyhllLoe < wp(ly]). (5-3)
Consequently
M
/ ||A0ygAyh||Xﬂ =C(lglp lAllx + 121D lIgllx)- (5-4)
By the definition it is quite easy to check that for any function ¢ € X N L*°(R)
1 2|l
H 3| =3 lellx
Yyt y
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Hence we get

[Ay fllzee
52yy—||Ayf||

<Cy72|| fllLee ILf Nx - (5-5)

1
H y24+(Ay ) x

where we have used the inequalities
1Ay fllzee < |yl f'llLee and  wa, £ (r) < [ylwy (r).
Therefore we get in view of (5-3),

wg(|y]) d
|y

M
dy < CILf oo £ Ix Al zoc / ;

< CIf e L/ lx Il liglp-

M
[ ||AeygAyh||Loo\
—-M

y2+(Ay )

Combining this last estimate with (5-4) we find that

IICﬁ’m(g, mlix = CAglp Ihllx + 121 llglx + I1Lf zee | £/ lx 1allL<llglp)-

To deduce the result it is enough to use (4-5).
We are left with the task of estimating the imaginary part, which takes the form

0.5 M Ay f(x)Agyg(x)Ayh(x)
h —
G (& M) = /_M V1 By f ()2

Note that we have dropped the minus sign before the integral, which of course has no consequence on the

computations. Using Taylor’s formula we get

1
Ay f(x) =y /0 £+ y)de

and thus

6.3 yf(x+1y)Agyg(x)Ayh(x)
¢23 (g, ) (x) = / / sy,

It suffices to reproduce the preceding computations using in particular the estimates

1f' (- +1y)AgygAyhllLee < || f'llLeellh|lLoowg (|y])

and
1f'C+ 1) AgygAyhllx <11 f lLee | AgygAyhllx + 111 Ix | AgygAyhllLee
< 1S lzee (g (¥ DIRIx + llglx @n(lyD) + 201 f/lIx lIgllLe@n (| y])-
This implies, according to the Sobolev embeddings (4-5),

/ / £/ +9)AgygAy h||XﬁdT<C”f Ix(lglp IAlx + liglx I21p)-
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Using (5-5) one may easily get

M
1
G+ o) Bayeshlie| s | dy = CIP I 1 Tl el
/_M PRI (a2 -
which gives the desired result using the Sobolev embeddings (4-5). O

The second kind of Cauchy integrals that we have to deal with, and that are related to the integral
terms in (2-4) and (2-5), are given by the linear operators

wh B vg(ax + By)
Tf g(X)—P-V-/Ry2+[f(x)+f(x+y)]2 >

with & and B being two given parameters. The continuity of these operators in classical Banach spaces
is not in general easy to establish and could fail for some special cases. We point out that it is not our
purpose in this exposition to implement a complete study of these operators. A more complete theory
may be achieved but this topic exceeds the scope of this paper and we shall restrict ourselves to some
special configurations that fit with the application to the aggregation equation. Our result in this direction
reads as follows.

Theorem 5.2. Let , B € [0, 1], K be a compact set of R and f : R — R4 be a compactly supported
continuous positive function such that f' € Cg. Then the following assertions hold true:

(1) The operator T%F . C & — L% (R) is well-defined and continuous and

f
178 gllzoe < CA+ 11 Foo + £ Nz D)8l

with C a constant depending only on K and not on o and B.

(2) The modified operator f’ Tffx’ﬂ : Cg — Cg is continuous. More precisely,

||f/T}¥’ﬂg||D < ClIf lp(Cpint(1/1Lf D) + 1 £ Ip) gl D,
with C a constant depending only on K and

a f(I-Inpg), Be(0,1],
1 B =0.

(3) Let s € (0, 1) and assume that f" € Cg; then f/T;"ﬁ : Cg — Cg(R) is well-defined and continuous.
More precisely, there exists a constant C depending only on the compact K and s such that

Cg

1
1£/ TP ells < CCRIFIES + 17134 g lls. (5-6)

In addition, one has the refined estimate

1 1 1 14s
IIf’T;’ﬂglls <CISIZE AL IS C+ 1 sHNgls + Cliglzi g hs™ 1 lls.
with .
2, Be(0,1],

Cp & p -
I,  g=o.
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Proof. To simplify the notation we shall throughout this proof write 7 g instead of T;f’ﬂ g.

(1) By symmetrizing we get
[ ylglax+ By) —glax —By)]
e = [ T 4 16 4P
. [°° yglax —By)[f(x—y)— f(x + MIAT f(x) + Afyf(X)]
+ lim

&0 2+ A P2+ AT, f()P)
N
= Tflg(x) + szg(x). (5-7)
Without loss of generality we can assume that K = [—1, 1] and supp g C [—1, 1] and deal only with x > 0.

We shall distinguish two cases 0 < ax <2 and ax > 2. In the first case, reasoning on the support of g
we simply get

Tlo(x) — yiglax + py) —glax —By)]
0<py<3y Y+ + fx+y)]

Hence we obtain according to the definition of the modulus of continuity, a change of variables and (4-3)

dy.

wg (2BY)
T/ g(x)] < / —£——"dy < C|llp- (5-8)
{0=<By=<3} y
Coming back to the case wx > 2 one may write
wg (2BY)
Tig0o) < | ©0eCPY) 4y
{ax—1<By<l+ax} y
1+ax 1
<l [ Ly
ax—1 Y
I+y )
< o In , =ax >2
<lele=in( =)

<ClgllL~.

Combining this last inequality with (5-8) we deduce that

1T/ gl < Cliglp. (5-9)
For the second term sz g we split it into two parts as follows:

yglax—py)f(x—y)— f(x+y)]
P2+ + f+ PO+ () + f(x - y)]2)
/°° yglax—By)f(x—y)— f(x+»]Y(x,y)
o O2H[f)+ fx+PPO2+f(x)+ f(x=»]?)
£ 77 () + T2 (), (5-10)

ng(x) = hm 4f(x)/

with

1
w(x,y)=f(x+y)+f(x—y)—2f(x)=y/0 [f'(x+0y) = f'(x—0y)] db.
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The first term Tf g is easily estimated. Indeed, one can assume that f(x) > 0; otherwise the integral
vanishes. Thus using the mean value theorem and a change of variables we obtain

2

02 +] f(x)12)2 a

y2

o0
<8 oo ¢ oo/ —d
=8liglliL=l /"l L o2

<Cllglreellf"]lLoe- (5-11)

T2 (o) < 8lglzoo /o £ () /

As for the term sz 2, straightforward arguments yield

1
2 Y (x,y)

L dy + 20l ||f’||Loo/ Weenty,

y 0 y

wsr(2y) dy)
y

732600l <8lgloel S [

ryz 7
< Cllgllze (Ilfllioo Ol e /0

< Cliglzee(lf 7o + ClLf Lol f D),

where we have used the fact

D=

[Y(x, »)| < 2ywr (2y).
Consequently we obtain
IT7glLoe < ClighLoe (£ o0 + 1L Lol £/ llp + 11f I Lo0)- (5-12)
Putting together this estimate with (5-11) and (4-2) we obtain the desired estimate.
(2) First, recall from part (1) of this proof the decomposition
Trg(x) =T;g(x)+ T lg(x)+ T 2g(x). (5-13)

The second term is easier to deal with and one has

177 gllp < Clighp I/ I+ 1//1112%). (5-14)

This implies in view of the product laws (4-4) and (5-11) that

177 glp < Cliglp I IpA1Lf e + 111 I115)- (5-15)

To establish (5-14) we first note that if f(x) = 0 then sz ! g(x) = 0. However for f(x) > 0, using the

mean value theorem and the change of variables y — f(x)y we get

4/°° y? glox — ﬂf(X)y)fo [f'(x+0f(x)y)+ f(x=0f(x)y)]do
0 o(x, y)o(x, —y)

sz’lg(x) =— dy, (5-16)
with

1 2
¢(x,y)=y2+[2+y/0 f’(x+9f(x)y)d9] .
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Observe that the identity (5-16) is meaningful even for f(x) = 0 and we can check easily that it vanishes.
This follows from the fact that owing to the positivity of f when f(x) = 0 we have f’(x) = 0. To
simplify the expressions we introduce the functions

1
Ni(x.y) = glox — Bf(x)y) /0 F/Gx + 07 ()y) + f'(x — 07 (x)y)) o,
Di(x,y) = ¢(x, y)o(x, —y).
Then by (4-4) we obtain for fixed y

1
IN1 (-, )b =2llgo(ald—=By )ip || £/l +Ilgl Lo /0 [/ od+0y)llp+1f"oUd—0yf)llp]db.
Using the composition law (4-7) we get successively

lgo(ald—=pByf)lp < Cliglp(l+Iny(a+ Bl flLey)),
If" o(d+0yf)lp <Clf Ip(+In(1 40| fllLeoy)).
This implies
[NV1(-, »)llp

1
=Clglp(I+Iny(a+ Bl f ey [/ lLoe + Cligllzoe ||f/||D/(; (1+1In(1+ 6] f'llLooy)) d6.

Since

n n
ln(l + 1—[ xi) < Zln(l + x;) forall x; >0,
i=1 i=1
we have

Vi) p = Cliglp ILf'Ilp (14 Ing [| /'l oo +1Ing y). (5-17)

On the other hand it is clear that

IN1(C- ) [Lee = Cliglizsell f oo (5-18)
To estimate 1/D1(-, y) in the Dini space Cg we come back to the definition, which implies
11/D1(-. W)llp < ID1( W 11/D1 (-, Y| oo (5-19)

Now using the product law (4-4) we deduce that

D1 )l < lleC-. L= lloC-. =)D + lleC-. WD lleC-, =y)lzee.

From simple calculations we get

(- £ lLee <¥2+Q+ vl fllLee)? <CA+ £/ 1700)(1 + ¥?).

Applying (4-4) and (4-7) to the expression of ¢ it is quite easy to check that
1
leC-. £9)lp < CA+yllfllLee)y /0 If"od+0yf)lpdo

<CO+ Y21/ o) 1S Ip (14 | f'llzoe +Ing ).
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Thus combining the preceding estimates we find

IP1C )l < CO+Y21f L) L o A +Ing || £ l|zoe +Ing y) (LI £/ 117 00) (14 2)
< CA+y*Ing YIS o Ay |f zee) A+ £117.00)- (5-20)

Now we shall use the following inequalities, which can be proved in a straightforward way: for any
y € Ry and for any a, b € R with |a| < b, one has

Y+ Q+ya) 2y + Qv z =z s (5-21)
It follows that 5
L+ /1700
11/9(-, £ llLe < —1+y2L : (5-22)
Putting this estimate together with (5-20) and (5-19) yields
14 y*Iny y
11/P1¢. )b = CH—Snf/uD(l g L f o) (U4 Lf " 25)
1+1In
<c— e+
I+y
Therefore we obtain using (5-17), (5-18) and (5-22)
[N /PO = IWVLCL )l 11/ L ) + TNV G ) 11/ (- y)llee
l+Iny y
<Cliglreellf Lo Tyt [FRPICER A ES!
L+Ing || f'llzee +1Ing y
+Clglpllf b 15y A+ 111700
1+1Iny y
=Cliglp 1 f'lp———7 e A+ 1122
+
Plugging this estimate into (5-16) we find
o0
172" ¢llp <4 /0 VWP ) lp dy < Cliglp 1L/ o (1 + L7 152). (5-23)
This concludes the proof of (5-14).
Now we intend to estimate ||T g|| D, which is trickier. Let r € (0,1) and x1,x, € R such that
|x1 —x2| <r. We shall decompose ) ! ¢ as follows:
Tig=Tfu g+ T8 (5-24)

with

1 " ylglax + By) — glax —By)]
Trim §) = / CrUm+ fatnpr

rl [ ylglax + By) — glax — By)]
Treon8() = / AU m+ farP “
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From the subadditivity of the modulus of continuity we get

If(X)T’;mg(X)|<C|f()I/ % y < CIf(X)I/ j;y())

Using Lemma 4.1 we find

v(f) T os0)
14+Ing(1/f(x) Jo v+ f(x)

|f'(0)T lntg(X)ISC
where
y(f) 2 o +Ing (1/1 £'llp)).
Now we claim that for y € (0, 1)

1 1 C n 1
S T s (/o) y te—y(+ny) T+

for some universal constant C > 0. To prove this result it is enough to get

1 1 C
sup < .
ee(0,1) L +1In(1/e) y +& = y(1+[Iny|)

Indeed, we shall consider the two cases € > ,/y and ¢ < ,/y. In the first case we observe

1 1
<— and

- 0 @ @ @0< 1,
y+e T Jy 1+In(l/e) —

which implies
1 1 1 C
<—=—.
I+In(l/e)y+e = /y ~ y(1+[Iny])

However in the second case ¢ < ,/y we write simply that

1 1 1 1

< — and =< 1 ’
y+e "y 1+1n(1/¢) 1+ 3In(1/y)

which gives the desired result. Coming back to (5-25) and using (5-27) we deduce that

- wg ()
sup £ (0T ()] = CV(f)/ P s (1 fo O+ Fa) P

g wg()’) wg()’)
SCy(f)(/o y(1+[Iny]|) dy+/o 1+y dy)'

Consequently

2025

(5-25)

(5-26)

(5-27)

(5-28)

swp | £ TEL g(r) = £10) T mtg(xz)\SCV(f)([O _os0) 4 /0 wg(y>dy).

y(1+[Iny])

|x1—x2|<r
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Therefore we get by using Fubini’s theorem

1
/0 sup | f'(x))T mtg(xl) ST mtg(xz)|—

|x1—x2|<r

wg(y) Iyl : J
<oy [0 Iy s ey [ nylosras

<Cy(f)lglp-
As for Tfe &> we write

ST () — £/ () T g (x2)
= (f'(x1) = f'(x2)T extg(xz) + f'( (T extg(xl) eXtg(xz))
£ u1(x1. x2) + palx1. x2). (5-29)
Our current goal is to prove that for j € {1, 2}
/1 sup wj(x1,x2) J
0 |x;1—xa2|<r r
is well-estimated. For the first term we use (5-9) leading to

1
/Ll(xl,X2) ()
[ s B2 gyt g [P < Clglol .

|x1—x2|<r

The second term is subtler. First note that if |[x; — x| < 1 then the quantity

f'e)T extg(xl) ST extg(Xz)

vanishes for x1, x, outside a compact set related only to the support of f. Therefore the integrals defining
U2(x1, x2) may be restricted to the set {fr < By < B}, with B being some constant related to the size of
the supports of f and g, and without loss of generality we can take B = 1. It follows that

y[§(x1,y) = &(x2, y)]
Br<py<1y ¥* + [f(x1) + f(x1 + y)I?
Y &(x2, MIAF f(x2) = A F(x)][AS f(x2) + A f(x1] J
{Br<py<1} 2+ [AF )P (2 + (AT f(x2)]?)
2 po,1(x1.x2) + fi2,2(x1, X2), (5-30)

pa(x1.x2) = f'(x1)

+ f'(x1)

with
g(x,y) £ g(ax + By) —glax — By) and AT f(x) = f(x+y)+ f(x).

To estimate (2,1 we shall use the following inequality, which is a consequence of Lemma 4.1:

aPALCI| I ( L)
/0 s dy =171+ 75 ) = Cr(H(1 +ins L),
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with C an absolute constant. This implies

L
pa(.32) = Coglaln =l )l [© =

= Cog(|x1 —x2D)y () + [In ).

dy

Consequently, we find that

sup  [p2,1(x1, x2)[ < Cog Ny (f)(1 + [In )

|x1—x2|<r

and therefore

! d
s et S = Crna+ In el

|x1—x2|<r

We emphasize that for B = 0 one can still get an estimate since p2,1(x1, x2) = 0 and therefore we get
the desired estimate.
Now we shall move to the estimate of j12 2(x1, x2). We start with using the estimate

L
as0y2 +a? = 2y’
which implies
Y182 MIIAT f(x2) = AT f(x)IAT f(x2) + AF f(x1]
(72 +[AY Fx)) (2 +[AY f(x2)])

wg (2By)
<Clxz —X1|||f,||L°°g—2-

Thus 1
B wg(2B8y)
wp paot ) = Crlf e [ gy
|x1—x2|<r r
which yields in view of Fubini’s theorem
1 dr 1 wg(2By)
[ s matia Tecis [ f 0 CPY) 4y ar
0 |x1—x2|<r r 0 J{Br=<py<1}y Y
wg(2By)
<Clf - | 0sCPY) 4,
{0<By=<1} y

2 604 (7)
scnf'nioofo e ay

<C|f' ;gD

Note that the last constant does not depend on . Putting together the preceding estimates we find that

1/ T7 gl < Cllglp (1 + [ BNy (f) + [1£117 ), (5-31)

where y( f) was defined in (5-26). As noted before, the case § = 0 has a special structure and one gets

1f'Tr el < Clglp () + 1 17e0)-
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Now let us move to the estimate of f” (x)T]g 2 g given by

T2 (x) = /°° y glax = By)lf(x —y) = fx + MY (x. y)
! o P+ O+ +PIG?+ )+ f(x=p)]?)

2,2 2,2
=T () + T g(x),

dy

where .
Y(x,y)=y /0 [f'(x+0y) = f'(x—0y)]do
and the cut-off operators are given by

T2 (x) & f yglax—By)f(x—y)— f(x+»¥(x, y)

Sin 02+ AT F P32+ A%, F(0)P)
and
Tr22g () = / yglax —By)lf(x =y) = fFx + MY (x. y) yA/IN(x,y)
fi r 2 HAT FOP) 2+ AT, f(0)]2) r D(x,y)
We shall proceed in a similar way to Tf1 g. Let us start with f’ (x)Tr2 2g Since
[V (x, )| < 2yop:(y),
one has
- y2wr(y)
f T8 ()] = Cliglzoe |l f ool £/ (x)] / o
wp(y) (y)
< CligllLeellfllzee] £/ (x )I/ T+ @)

Thus following the same steps as for (5-28) we obtain

sup | £/ ()T g (1) — f(x2) T g (x2))

[x1—x2|<r

< Cllglzee Il /L 7(f) /0 y(f‘)’;—l(ly)yl)

Therefore Fubini’s theorem and (4-2) imply

1
/0 sup | S (x) Ty g (xn) — f(xz)T’jfg(xzn—<C||g||Loo||f||Dy<f)

|x1—x2|<r

What is left is to estimate the quantity f” (x)Tr 2,2

[T 22 () = f ) T2 g (x2)

g. First, it is obvious that

= (' (1) = [ ) T22 (x2) + S (e)(Tf22 (x1) = T2 (x2)).

The first term of the right-hand side is easy to estimate. Indeed,

(') = f ) T2 ()] < opr(Ix1 =2 DI T oo

dy.

(5-32)

(5-33)

(5-34)

dy + Cllgllooll f' oy () /0 lop () dy.

(5-35)
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It is clear that

Lo (y)
S22 dy < Cllglees 1113

2,2
IT7226(0)] < Clglize |/l /

,
Hence

! d
| s 1 = e 226 S < Clelle 113,

[x1—x2|<r
To deal with the second term we proceed as for the term o (x7, x2) in (5-30). From (5-33) one has
LI ONTF22000) = T2 (x2))
PN (x1,9) =N (x2, y) ' N(x2,y)(D(x2, y) = D(x1, y))
— s [ dy+ £ [
P D(x1,Y) r D(x1,y)D(x2,y)

It is quite obvious from some straightforward computations using in particular (5-34) that for |[x1 —x3| <r

dy. (5-36)

N (1, 9) =N (x2, )| < CLf Lo y* (@g (@r)or (9)y + l|gllLeows (r)y + gl Leer @ (1))

Since
: = ¢ < E
D(x,y) ~ [y + f(x)* ~ y*
we get
N (x1. y) = N2, y)l / wr(y) wp(r) wr(y)
Dery) - e [wg@tr) gl L0 glor 250 ]

This gives, in view of (4-2),

, VIN(x1, ) = N(x2, »)]
f (’“)'/, 2y

1
scnf’nn[nf’n%)wg(arw||g||Dw,~(r> [

Ywsi(y)

Mdy]+||g||z>||f’||%)r [ 2y 53)

y+ flx1)

which implies according to (5-31)

! / ! |N(X1,y)—/\/(x2,y)| dr )3 .
dy —<C )
/0|xli‘;§|5,'f (xl)'/, D, y) v LU+ 1 1By lgln

Now straightforward computations show that

[N (x2, y)(D(x2,y) —D(x1,¥))]
D(x1,y)D(x2,y)

Therefore using Fubini’s theorem we get

1 o [ N2 P2 ) =D dr
I e e o CAE L T P PP

wr(y)
< Cllglzee |l f/ 3 oo X1 — x2| fyz : (5-38)

[x1—x2|<r
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Putting together the preceding estimates we find that
1/'T7glp < Cllgln L 1D + 1L 1y () +1LF115)
<ClglpUlf I+ 171D)- (5-39)

with C a constant depending only on the diameter of the compact K. To get the desired estimate it
suffices to put together (5-15), (5-31) and (5-39).

(3) We shall proceed as in the proof of part (2) of Theorem 5.2. We use exactly the same splitting with
similar estimates and to avoid redundancy we shall only give the basic estimates with some details for
the terms that require new treatment. We use the decomposition described in (5-13). To estimate sz !
in C* we use the expression (5-16). Then following the same lines using in particular the product law
(4-8) and the composition law (4-6), one has

1
INL G0 lls = Cligls @ + B f NLoo DI llLee + C”g”LO"”f/”s/O (L4 0% £/l 700¥*) dO.
Since «, B € [0, 1] we deduce
Vi )lls = CAlgllsllfee + lgllzooll £ lls) (L + 11 f 700 ).

Similarly we get

1
loC£3)ls < CA+ v/ L)y /0 1o (1d 0yf)], d6

<CO+ Y21 e s+ 1L 100 y®).
This implies

D1 )lls < CA+y* A+ LITEDN S lls
and

C
11/Di(-. s = 1+—4~V(1 LS OIS s

Consequently for s € (0, 1)
[N/ D)L p)lls = ||(N1(- Wz l1/D)C P)lls + NG ) Is I11/Di(-, y)llzee

s LIS IO s g s

- 1_|_ 4—s
Therefore we get similarly to (5-23)
2,1 11+ ©  y?
) /
177 glls = CA+ 1 f NIz DI f ||s||g||s/0 T, ds

<CA+ LIS s lgls-
Combining product laws with Sobolev embeddings and (5-11) we get
/T ells < I e 177 glls + 1L N I T gl oo
<CA+ LIS s 1 Moo Nglls + lglzee 1L/ I 1 Nls
<CA+ LN s 1/ I llglls-
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Using once again Sobolev embeddings we get

2,1
LT glls < CAS s + 1L UL D g s
Now to estimate Tf1 g we come back to the decomposition (5-24) and we easily get
r
I el = Cllgls [ 374 dy < Ll
Hence we obtain, since r = |x1 — x2|,

|Tr’ &(x1) — fmtg(xz)l <Cliglslx1 —x2f°.
and we also get

|/ (x)T 1mg(xl) f'(xe2)T lntg(xz)|<c||f Lo llglls lx1 —x2%.

2031

(5-40)

To estimate the term f’ Tr’ «& we come back to (5-29) and (5-30) and following the same estimates one

gets

1 (xr,x2)| < ler = x2* ILf /15 1T, ! &l

<Clx1—x2I°Il f'lIslgllp-

Moreover

|2 (x1, x2)| < |p2,1(x1, x2)| + |p2,2(x1, x2)|
and

K22 (a1, x2)| = Cloa =t 1 el | (By)*y 2 dy
{Br<By<1}

< CIf 70 lIglls lx1 — x2I°.
To deal with the term 5 ,1(x1, x2) in (5-30) one obtains in view of (5-31)
y
{Br<ﬂy<1}y2'+~f2(x1)

< 1= lgls | f (x1)|/

2,1 (x1, x2)] < |x1 —x2|" [Iglls [ /' (x1)

y+f@)

Using the second part of Lemma 4.1 one finds for s” € (0, s]

1+W’ T£%7 % 1
|f(1)|/ s W = e [y

Combining this inequality with

S/

al+s’

1
sup <Cy 1+
a>0)y t+a

we get

1
sup |f'Geol [© ——ay <y g
x1€R 0 y—l—f(x)

(5-41)
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and therefore

1y
2,101, x2)| < Jxer =2 lglls /1l BT+

Hence
£ DT g (1) = f/(02) T 8 (x2)
1

2 - s
<Clglp If llsx1 =x2l* + Cl f 7o lglls [x1 = x2|* + Clxs = x2*llglls | f Il 87T+

It follows that

1 s/

1/ Trglls < CllglsULf 15" BT + 1L/ I70) + Clligln 1/ lls- (5-42)

It remains to estimate f/7 2" g described in (5-32) and (5-33). First one may write
S

,
,2,2 _
IT7228 (0] = Cliglzoe I 1z 1Ll /O ¥y
< Cllgllzoe | lzes 1Lf s 11 = xal.
Therefore

9 ’2 32’2
| O T2 gten) = [/ () Tn g (k) < Cligloe [/ 1F oo 1/ 15 161 — X2l
g S

By Sobolev embeddings we get

f T2 () — ) T2 g ()l < Cllgls I o 1 f 12 k1 =l (5-43)
From (5-35) and the analysis following that identity one has
(') = f N TEm2 o)l < 1 s I T g oo 1 — xaff
< Clliglzee 1A IS oo |x1 = x2|*
Using (5-36), (5-37) and (5-41) (with s’ = s) combined with Sobolev embeddings, one deduces

1 —_
If'(X1)|/ IN(x1,y) = N(x2, )|

/ m2 ,
D(x1,y) dy = Cllf llzeellglls A5 + 177 Ms)-

From (5-38) we get

N(x2, y)(D(x2,y) —D(x1, y))|

< CllgllLee I f oo £ 115 |x1 — x2] 572
D(x1,y)D(x2,y) :

Therefore we get

/ VN (x2, ) (D(x2, y) — D(x1, y))|
7 (x1)|/r D(x1,y)D(x2,y)

dy < Cliglee £ 1 Zo0 I/ lls Ix1 = 2.
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Hence plugging the preceding estimates into (5-35) and (5-36), we find
|f e T22 () = [ () T 22 (e2)| < Cliglos L1131 oo [x1 — X2
+CIS Moo lgls (1T + 17 ) I = x2*
+Clglzoe L/ o0 ILf lls 1 =22,

Using standard embeddings we get

£ T2 0e0) = 1) T122 () < Cllglls L e [ = x2S (Lf s + 1F12). (5-44)
Putting together (5-43), (5-44) and (5-32) we obtain

1F'T72glls < Cligls I Lo (1S ls + 1.£/13)- (5-45)

Combining (5-40), (5-42) and (5-45) we get for any s € (0, s]

1 s/

Lf'Trgls < Cligls 1L UL s + 177153 +Cligls I £ 157 87 +Cliglp ILfls-

Now using the embedding C* < C%" < D we get

S

_ T _1 L
1f ' Trels < CllglsB™TH 1A 15 + 115 < Cligls B2 1A s + 115

Another useful estimate that one can get from taking s’ = 5 and using the interpolation inequalities

1+3: l' 1+3: 1 1 s it
1 o < CULIST < CULIZE NN N s =CUF e 1llS s BT <72,

is the following:

l‘ lS 1 ls 1+§
1f'Trglls < Cligls 1A 125 AL B2+ 1715 + CllglZE Nglhs™ 1 lls-

This completes the proof of Theorem 5.2. O

6. Local well-posedness proof

The main objective of this section is to prove the local well-posedness result stated in the first part of
Theorem 2.1. The approach that we shall follow is classical and will be done in several steps. We start
with a priori estimates of smooth solutions in suitable Banach spaces and this will be the main concern of
Sections 6A and 6B. The rigorous construction of classical solutions will be conducted in Section 6C.

6A. Estimates of the source terms. The main goal of this section is to establish the following a priori
estimates for the source terms F and G described in (2-7) and (2-8).

Proposition 6.1. Let K be a compact set of R and s € (0,1). We denote by X one of the spaces Cg
or Cg. There exists a constant C > 0 depending only on K such that the following estimates hold true:

(1) Forany f € X we have

IFlLee < ClLf el D I1FIx = CIUf oS Ix + 1L 1R)-
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(2) Forany f € X we have

1
IGllzee < ClLf NLee(L+1L/1D), IGIx < CA+ 11D x + 1 15)-

Proof. For simplicity throughout this proof we denote the operator A by A,,.

(1) The estimate of F in L°° is quite easy. Indeed, it is obvious according to (4-3) that

M /)C-i- — f(x
||F||Loosc||f’||mo/ sup 1IN =S 4,
—M xeR |y|

M o (ly))
< C|lf' e /M L dy

=Cllflzellf'llp-

Now let us move to the estimate of F in the function space X, which is the Dini space Cg or the Holder

space Cy-. For this purpose we shall transform slightly F in order to apply Proposition 5.1. In fact from
Taylor’s formula one can write

My By A f)
o=, | S e

From the notation (5-2) one has

1
0,0
P = [ ep e
At this stage it suffices to apply Proposition 5.1, which implies

1Flx < CAL DS Ix + 1 Teee LA lp 1L 11%)

and gives in turn the desired result according to the embedding X <> L.

(2) The expression of G is given in (2-8) and for simplicity we shall assume throughout this part that
M = 1. We shall first split G as follows:

CURIGHA S @IS )+ )

6= ‘”’/_1 (a2 4
~ U ) () ULAT F+0/ IR () +AT £(0)
=2/(9 p‘“/_l PG+ fane P “"V'f_l Vi (FaAn) T f)? d
£ G1(x)+Ga(x). (6-1)

The estimate G in L™° is quite easy. To see this we can first assume that f(x) > 0; otherwise the integral
is vanishing. Thus by change of variables we get

SAC]

—————dy <C|f'||Loe-

G ()] < 411 0w /_
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Note that for x € supp f we have f(x 4+ y) =0 for all y ¢ [—1, 1]. Thus

B Flex+y)+ f(x) B
Gy =2/ (")/R PG+t fooR YTV (")/1 ¥ +(f(x>>2 v
B Flx+p)+ f(x) o
=2f(x) Y oty )2 dy —4f"(x) arctan( f(x))
2 G114 G1a. (6-2)

The estimate of G5 in L is elementary:
1G12llzee <4lLf Lo [l f oo (6-3)
However, to estimate G153 in X we use the product law (4-3) leading to
I f"arctan f||x < |larctan f|Lee || f'llx + || f'llLoe || arctan f/x.

It is easy to check from the mean value theorem that
larctan f[Loo < [| fllzee  and  @urcran £ (1) < @y (1),
which implies in view of the embedding Lip < X that
larctan flx <[ fllx < CIlf'llzee.
Therefore we obtain from the classical embeddings
1G12llx < CUl fllzeell fllx + Clf NZee) < LS Nl L f Ix (6-4)

We shall now estimate the term G1; in the space X. First we use Taylor’s formula

1
Fa 0+ @ =264y [ 7o) a0,
which implies after the change of variables y = f(x)z (assuming that f(x) > 0)
S+ fx+y)
G =2
no =2/t | Y2+ 2f )y Ji £(x+ ) doP

S+ f(x + f(x)2)
R p(x,2)

dz, (6-5)

with
1 2
o(x,z) =22+ (2 + z/ f'(x+6f(x)z) d@) .
0

Note that for f(x) = 0 we have from the definition G11(x) = 0, which agrees with the expression (6-5)
because f/(x) = 0. The estimate in L is easy to get in view of (5-22):

1G11 Il < 4 £ llLoe /R 11/0(- lzoe dz < Cl f oo + 11200
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From the product laws (4-4) and (4-8) we deduce that

1G11llx =2/R||f’+f/0(ld+2f)llx 11/¢(-.2)l|Lee dZ+2/R Lf'+ flo(d+zf) Lo 11/¢(-.2)Ix dz

2 L1445,
According to the product laws (4-6) and (4-7), one may write

L7+ frod+z0)lx < I/ llx (1 4+ m(+ 1zl £ lIzee)).

with . .
Inr if X =Cp,

s
w(r) = {rs if X = C5.

Observe that we can unify both cases through the estimate
If"+ fro@d+zf)llx < Cllf lx (A4 (14 |zl £ l=)®)
<ClIf x @+ 1251 f 700
Putting together (6-6) and (5-22) we find for any s € (0, 1)

s P VS

112 dz

b=Clflxa+ 1 [ 2
<CIf Ix A+ £ 170).
To estimate £, we use the elementary estimate
If"+ frod+zf)lLee <20 f lILoe.

Notice from the definition of the spaces X and (5-22) that one can deduce

L+ oo

11/0(- Dl < 11/9 D Fe o 2y < €

Moreover by the product laws we find

1
loC-. 2)lx <2122+ |z IIJ”IILoo)/0 If"o(d+0zf)lx do.
and this implies according to (6-6)

le(-.2)llx = Clzl@+ |zl £ llzeo) L llx T+ |25 11Lf 11 7.00)
< CA+ A+ IS Nx

Putting together this estimate with (6-8) we find

(I+ ||f’||ii§)||f’||x.

1/e(-, <C
/g2l = €5 L2

Therefore we deduce that

b= Clf e (LIS IZEDNS x = CA+ 1170 1/ Ix-

loC-.2)lx.

(6-6)

(6-7)

(6-8)

(6-9)
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Combining this estimate with (6-7) we obtain

IG11lx <CA+ £ 1] lIx-

It follows from this latter estimate, (6-4) and (6-2) that

1G1llx < CA+ 1/ IZo)ILS " x- (6-10)

What is left is to estimate G,. For this purpose we write according to Taylor’s formula

/ ’ 1, /
Gz(X)zp.v./Ryf Q[ x)+2 [y [1(x+0y)dO+ f'(x+y)]

d
Y2+ (F() + fx+ )2 Y
Ay F(X) Ay f'(x)
P /R VU + Sy P TS (x)/ o f2<x>

2 Go,1(x) + Gap(x) + 2" (x) arctan( f(x)),

where y : R — R is an even continuous compactly supported function belonging to X and taking the
value 1 on the neighborhood of [—1, 1]. Note that we have used in the first line the identity, for any x € K,

pv/l y dy:pV/ yx(») "
1 Y2+ +y)+ f(0)? RYZHLSG+y)+ f(0))F
which follows from the fact that f(x + y) = 0 for all y ¢ [—1, 1]. Therefore we may write

1
Ga,1(x) = (f /() (T ) (x) +2 /O LT fx)do+ f1 TP ),

where we use the notation T;‘ % from Theorem 5.2. The estimate of G»,1 in L is quite easy and follows
from Theorem 5.2:

1G2,1llLee < CllLf oo I/ D A+ 1L 115)-

However to estimate G > in L it is more convenient to write it in the form

oy /1 By f(x) By f'()
@+ a2

Thus using the mean value theorem we find

1G2.2llzoe = Cllf L./ D

Combining these estimates with (4-2) we obtain

1G2llzoe < CIf e (/o + 11/715)- (6-11)

We shall now implement the estimates in X and start with the term G2 1. According to Theorem 5.2 one

Gao(x) = dy +2f'(x) arctan(f (x)).

can unify the estimates in Cg and C* and get the weak estimate

L1
17T gllx < Cliglx (1113872 + 1115)- 6-12)
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From the product laws (4-4) and (4-8) one has

0,1 0, 0,1
NPT 0% < 1 ool Tl + 1 1L e I T .

Hence we find

T 0lx < ClLf e (L ||X+||f 15°) + 1l L e (U 1L/ 115
5C||f/||L°°(||f/||)§(+||f/||X

Using (6-12) we get successively

,0 L1
1T £ lx < CIA Ix (L 3072 +11Y (6-13)
and

1
1T x < CUL AL g+ 171%
Thus using the inequalities above we deduce that
1G2,1llx < Cllf Ll f’ IIX +IA1) + LA xS IIX +IL£1lY
SC(IIf/II?(JrIIf/IIX : (6-14)

When X = C*® we can give a refined estimate for (6-13) using (5-7),

3+2s
0,0 s s p—1
LF'T7 flls < ClLf! ||2+ U107z + 17157,
which implies
3+2s

1G2,1lls < ClLf Nlee(llf ||s +1/12) +Clf IIZJ” AN+ 105
< C”f/”zoo(”f/”.f + 111159 (6-15)
Hence one can combine (6-14) and (6-15):
1
1G24 llx < CIA 15U x +1LF15°)- (6-16)

As for the term G >, we may write

G22(x) = 2f"(x) arctan( f(x))
/M Ay /@) =y CNAY [ / /@) Ay f(x)
M Y2+ +y)+ f(x))? TRy (f(x+ )+ f(x))?

22/ (x) arctan( f(x)) + G3 ,(x) + G2 5 (x).

The last term was treated in the preceding estimates and we obtain as in (6-16)

1
1G3 2lx < CILA 15U x + 1/1155)- (6-17)

It remains to estimate G21 5» which can be split into two terms

G2 2(X) 1ntr(x)+Gextr(X)
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with
a B [Ay f(x) =y ()] Ay £/(x)
Grour (1) = /M YA+t L)z D
A [Ayf(x) —Yf/(x)]Ayf,(x)
Gext r =
() /Mzmzr (Gt )+ f(0)?

Now we shall proceed as in the proof of Theorem 5.2. Let r € (0,1) and x1,x2 € R such that

|x1 —x2| < r. First it is clear that
|Ay £/ ()] < wp (Iy)]). (6-18)

In addition, using Taylor formula we get

1Ay f(x) =y f ()] < [ylws(y]). (6-19)
Therefore

2
Gur(0 < [ CAC1) e

yl<r Yl
It follows that

G A " o (0))?
sup |Gint,r (XZ) — Gint,r(x1)| < 4/ WO dy

[x1—x2|<r 0 y

(6-20)

Hence by Fubini’s theorem

! - S e e
[ s (G (o) = G )l - <4 [y .
0 0

[x1—x2|<r

From the definition and the monotonicity of the modulus of continuity one deduces that for any r € (0, 1)

Lo (y)
In rlaoy () < / L dy <1f o,

-
which implies

! ~ ~ dr
[ sup 1B (o0 = G G0l S <4171, (©21)
0

|x1—x2|<r

To get the suitable estimate in C* we come back to (6-20), which gives

r
sup  |Ging,r (x2) = Gingr (x1)] < 4] £/ / yE Ny < C|lf7|12r,
0

|x1—x2|<r
and thus
|Gint,r (XZ) - Gint,r (xl ) |
sup

/12
1 —x2|<1 X1 — x| =CI/s- (6-22)
1—X2|=

As for Gext,r, One writes

Gext,r (xl)_éext,r (XZ) =

’

N(xl,Y)_N(xz,)’) dy+/ N(XZ,J’)[K(XZ»)’)_IC(XIJ’)]
M>|y|>r K(x1) Mxlylzr K1, 0)K(x2,y)
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with

N, y)=[Ay f()=yf'0)]Ay f'(x) and  K(x,y) =y + (f(x) + f(x + ).
Notice that from (6-18) and (6-19) one gets

W (x1, ) =N (x2, )| = Clylwg (rop(lyl) and [N, )] 2]yl (yDIf L. (6-23)
In addition, using straightforward calculus we obtain
K(x1,y) = K(x2, )| < Crll f'llLoe (VE(x1, ¥) + VK (x2, 7))
. N2 K (2. ) ~ K3 9)] (y)
X2,y X2,y) — A1,y wr (Y
sup - <Crllf et
[x1—x2|<r (X19 y)’C(XZ, J’) |y|
Hence we get by Fubini’s theorem and (4-3)
1
IV (x1, ) =N (x2, y)l //
swp [ wp s () 2 <))
/lel—lefr (M=|y|>r} K(x1) wxlyizny ] P
and
' W ez DK G2 ) =Kl wp(|y1)
[ s | Ceewtif [ g
0 [xi—x2|<r M =|y|>r} K(x1,y)K(x2,y) M>lyl>ry |V

<Cllf "z l1f"lIp-
Finally we obtain
! A A ﬂ "2 2 /
sup  |Gext,r(x1) = Gext,r (X2)| — = C|f7lp + Cllf 1o 1/ D
0 |x1—xz|<r r
As to the estimate in CS we use (6-23) which implies
N(x1,y) = N(x2,y) wr (1))
/ | ( 1 J’) 2,y |dy§C||f/||srs/ f
{r=lyl<M} K(x1) rlylzmy Y
<CIf'lsIf Ipr®

dy

and
dy

dy < ClLf ool /'l /
< IS ool f 5.

/ [N (2, Y| K (x2, y) —K(x1, y)|
(M=|y|=r} K(x1, y)K(x2,y)

It follows from Sobolev embedding C* < L°° that

|Gext.r (¥1) — Gexir (X2)]
sup

|x1—x2|<r |.X'1 _les

<CIf o lf s+l D ILf 1>

Combining the estimates above with (6-21) and (6-22) we deduce

1Gaslx < CIL Ip(f x + 1 £13)-

(M>|yl=r} V1?75
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Putting together this estimate with (6-16) and (6-17) we get

1
1G2llx < CILA 13U Ix + 171150 (6-24)
Now using (6-10) and (6-24) we find

1
IGIx <CIf IIx A+ 11D+ CUA RS x + 1115

1

< CA+1/ 1R AL x + 115,
which ends the proof of Proposition 6.1. O
6B. A priori estimates. The aim of this section is to establish weak and strong a priori estimates for

solutions to (2-1). This part is the cornerstone of the local well-posedness theory. The main result of this
section reads as follows.

Proposition 6.2. Let f : [0, T] x R — R be a smooth solution for the graph equation (2-1). Assume that
the initial data is positive and with compact support Ky. Then the following assertions hold true:

(1) Foranyt €0, T, the function f; is positive and

forallt €[0,T], || f(®)llLee =l follLoe-
(2) Foranyt €[0,T], we have
If @Ol =l follLre™.

(3) The support supp f; is contained in the convex hull of Ky; that is,
forall t €[0,T], supp f(t) C Conv K.
(4) Set X = Cg or X = Cg, with s € (0,1). If f5 € X then there exists T depending only on || f;lx
such that ' € L*°([0, T]; X).
Proof. (1) To get the first part about the persistence of the positivity of we shall prove that

forall x e R, wus(t,x) = f(t,x)U(t, x), (6-25)
with
IU@ Lo < CA+ (' D]D)

and C being a constant depending only on the size of the support of f;. Note from part (3) of the current
proposition that the support of f; is contained in a fixed compact set and therefore the constant C can be
taken independent of the time variable. Assume for a while (6-25) and let us see how to propagate the
positivity. Denote by 1 the flow associated to the velocity u1, that is, the solution of the ODE

atW([’x):ul(t’ W(Z‘,X)), W(O,X):X. (6'26)
Recall that

ul(t,X) = % /{R[arctan(f(t’x + y; — f(t’X)) —arctan(f(t’x + y; + f(t’X))] dy
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Set
n(t,x) = f(t, ¥ (. x)):;
then
den(t, x) = uz(t, ¥ (2, x)) = n(t, x)U, ¥ (1, x)). (6-27)
Consequently

n(t, x) = fo(x)elo U@ @) dr
Since the flow ¥ (¢) : R — R is a diffeomorphism we get the representation
F(t.x) = fo(W™1(t, x))elo Vlr¥ @y~ @.x)ldr (6-28)

As an immediate consequence we get the persistence through the time of the positivity of the solution. Let
us now come back to the proof of the identity (6-25). To simplify the notation we remove the variable ¢
from the functions. Applying Taylor’s formula to the function

y2+(f—f(X+y))2]
24+ fx+y)?

€10, F(0] > g(0) 2 log[
yields

—2muz(x)

F+ ) -1/ () Fle+ ) 41/
=/ )ffMy Gt )-SR 4T d”f(x)ffMy e R Y
2 (V) + f() Vo).

Using once again Taylor’s formula we get the expressions

Vi(x)
LM (1-0) f(x) yfof(x+9y)d9
= d d dtd
/o/—M V[0 oy o £ rom o V/ / myH G —of P T
= V1,1(x)+V12(x)
and
V2(x)
LM (147) f(x) Y Jo f/(x+60y)do
= d d
/o/—M 0 oy i faromaef V/ / m VH )T (P

= V2,1(x)+V2,2(x).

To estimate V7,1 and V2,1 we can assume that f(x) > 0. Then making the change of variables z > y =
(1—=1) f(x)z leads to

T=r® dtdz
Via(x) = / / . (6-29)
= 2 +[1+Zf0 "(x+0(1—1)f(x)z)db]
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Using (5-22) we deduce that

Villzee < CQL+ 11 f'I700)- (6-30)
Similarly we get

1V2,1llzee < CQL+ [ 7117 0)- (6-31)

Let us now bound V2, j = 1, 2. First by symmetry we write

M 1 , _ .
Via(x) = /0 1/0 VS 1+ ) dOLf(x— y) — £+ ). y)

dyd
2+ S+ —fOPO2+ fa—y) —tfmP) "

LMoy [ f (x4 0y) — f/(x — 6y)] dO
dvdr,
+/0/0 VUG- —fopr T
where
Vel y) = FOx+3)+ fx—y) =207 (x)
1
= 21— 1) f(x) +y /0 L (x +0y) — f'(x — 0y)] 6.
Thus
IVizllzeo
LM 112 oy 2[(1=0) f () + yooy (1) LM g (y)
<C dyd C dydr.
= /0/0 TG-S ey —fP P /0/0 y e

Similarly to V7,1 one gets

s y2(l=1) /(@) dy d »
c( 2.
/0/0 P2+ +y) =t f O+ [f(x —y) —tf(x)]?) =CA+ [/ ze)

It follows that

M wr(y)
IViallzee < ClF 7oL+ [1£/ 1700 +/0 fy dy)+Cll f'lp

< CIf 1o+ 1 Lo + 1 D) + C L - (6-32)
The estimate of V> 5 can be done in a similar way and one obtains
IV22llzee = ClLf 7o (L4 1/ 1700 + 1L/ D) + CILf |- (6-33)
Combining both last estimates with (6-30) and (6-31) we finally get according to the embedding (4-2)
Ul < CA+1113).

where the constant C depends only on the size of the support of f.
Now let us establish the maximum principle. From (2-2) combined with the positivity of f; one gets

forallt €[0,T], forall x e R, wus(t,x)<0.

Coming back to (6-27) we deduce that
den(t,x) <0,
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which implies in turn that
forallz €[0,T], forall x e R,  f(t,x) < fo(y~1(z, x)).
Combined with the positivity of f(#) we deduce immediately the maximum principle

forallz €[0,7], || f®llLee < |l follLoe.

Now we intend to provide a more refined identity that we shall use later in studying the asymptotic
behavior of the solution. Actually we have

ur(t,x) =—f(, x)(1+ R(t, x)), (6-34)
with
IRM) |z < IS Ollp A+ [Lf/ ()] 0)-
First note that R = le j=1 Vi,j. The estimates of V1 > and V> > are done in (6-32) and (6-33). However
to deal with V1 ; and similarly V> ; we return to the expression (6-29). Set
1
2414zt

Easy computations using (5-22) show the existence of a positive constant C such that

T K(1) =

2zf|1+ 27| _ 1 14172

f 11 ) ER, K/ — <C .
orall 7,z |K*(7)] 2+ 142122 ~ 224+ [1+z71]2 ~ 1422

Applying the mean value theorem yields

1+ 172
K(r)— <Clt|——>.
‘ © 1+2z2|~ |r|1+22
Therefore we get
T=Hrm dzdr
v [ [ < ClL e (L 1)
=7
which implies that
Vi) = 7| < Cl[f Lo (L4 [/ 1 700) + ClLf oo (6-35)
Similarly we obtain
V2,1(x) = 7] < C||f'llLee (L[| f'117.00) + Cl £l oo (6-36)

Putting together (6-32), (6-33), (6-35), (6-36) we get (6-34).

(2) Integrating (1-2) in the space variable we get after integration by parts

%AP(I’X) dx=/l;{div v(t, x)p(t, x) dx=—/Rp2(t,x) dx=—/Rp(t,x) dx,

where in the last line we have used that for the characteristic function one has p?> = p. The time decay
follows then easily.
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(3) According to the representation of the solution given by (6-28) we have easily that the support of

f(¢) is the image by the flow v (¢) of the initial support, that is,

Kt == W(tv KO)

(6-37)

We have to check that if Ko C [a, b], with a < b, then K; C [a, b]. To do so it is enough to prove that

W(tv [a’b]) C [a,b].

This means that the flow is contractive on the boundary of the support. As ¥ (¢) is a homeomorphism, we
have ¥ (¢, [a, b]) = [V (¢,a), ¥ (¢, b)]. Hence to get the desired inclusion it suffices to establish that

a2y(t.a)za and b 2y(.b)<b.
This reduces to studying the derivative in time of a; and b;. First one has
ar=u1(t,a;) and by = ui(t,by).

Since f(t,y) =0, for all y ¢ (a;, b;) and f; positive everywhere,

b[—(l[
ul(t,at):l arctan M dy > 0.
y
7 Jo y

Hence d; > 0 and therefore a; > a, for any ¢ € [0, T'].

bi—a; b; —
uy(t,by) = —l/ arctan(M) dy <0,
T Jo y

which implies that by < b for any ¢ € [0, T']. This ends the proof of part (3).
(4) Recall from (2-3) and (2-5) that g 2 [/ satisfies the equation

Similarly we get

1
0:g +u101g = 7, F—G).

Set h(t,x) = g(¢t, ¥ (t, x)), where i is the flow defined in (6-26). Then

Ieh(t, x) = (PP (0.30) = G Y (1.3))),
Thus

_ 1 [ _
€0 =00 ) + 5 [P0y ) de
Recall the classical estimate
102ty (1, ][ oe < efe 10x1r W )llzoc di”

which we may combine with the composition laws (4-6) and (4-7) to get

t t
lg@lx < CeV® [||g0||X + /O I(F - G)(0)lx dr}, Vi 2 /0 w01 () < d.

(6-38)

(6-39)
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To estimate ||dxu1(2)| Lo we come back to (2-4). The first integral term can be restricted to a compact
set [-M, M| and thus

M et - @) ‘ Maop @)
d 2
Lo @] =2, %
As for the second term, the integral can be restricted to [—M, M| and we simply write
D / a4+ + /() v dy
RS+ f())?
M ety =) 2f"(x)
=p.v. d V. dy.
> /_M 2 )+ fap” @ /R VS + Y
The first term of the right-hand side is controlled as before:
/M S +y)—f'(x)
—m Y+ (fx+y)+ f(x))?

However, the last term can be estimated as in the proof of Theorem 5.2(1). One gets in view of (5-7),
(5-10) and (5-11)

‘P-V- dy <C| f'llp-

‘p-V- ydy| <C|f'Ip.

y m2 / / /
v [ o o @] £ O B 1 el + 1)

Hence using the embedding X < Cg <> L we find
10xur(@)llzee < CAULf Il +1Lf Izl ' llp)
<CUS" Olx + 1/ Ol%), (6-40)

which implies
V() = Ct(l £ lzgex + 11 1700 x)- (6-41)

Using Proposition 6.1 we obtain

I(F=G)®)lx < CULf Olx + 1./ Ollx). (6-42)
Plugging (6-41) and (6-42) into (6-39) we obtain

CT(IIf’IILc%oX+IIf’|Ii

ooy )
1/ g <e P S + TS esex + 1L oo x0).

This shows the existence of small 7 depending only on || f§|lx and such that

1A Negex <21l follx
which ends the proof of the proposition. O

6C. Scheme construction of the solutions. This section is devoted to the construction of the solutions
to (2-3) in short time. Before giving a precise description about the method used here and based on a
double regularization, let us explain the main ideas of the strategy. The a priori estimates developed in
the previous sections require some rigid properties like the confinement of the support, the positivity of
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the solution and some nonlinear effects in order to control some singular terms, as was mentioned in
Theorem 5.2. So it appears hard to find a linear scheme that respects all of those constraints. The idea is
to proceed with a nonlinear double regularization scheme. First, we fix a small parameter ¢ > 0 used to
regularize the singularity of the kernels around the origin, and second we elaborate an iterative nonlinear
scheme giving rise to a family of solutions (f,’), that may violate some of the mentioned constraints.
With this scheme we are able to derive a priori estimates uniformly with respect to n during a short time
T > 0, but this time may shrink to zero as & goes to zero. By compactness arguments we prove that
these approximate solutions ( f,°), converge as n goes to infinity to a solution f* living in our function
space during the time interval [0, T;]. Now the function f¢ satisfies a modified nonlinear problem but the
important fact is that all the a priori estimates developed in the preceding sections hold uniformly on ¢.
This allows us by a classical procedure to implement the bootstrap argument and prove that the family
(f®)e is actually defined on some time interval [0, T'] independently on €. To conclude it remains to pass
to the limit when & goes to zero and this allows us to construct a solution for our initial problem.

Let us now give more details about this double scheme regularization. Consider the iterative scheme

ds n8+1 +ui(fns)ax n8+1 = ug(fns_i_l), nenN,
Jo (2, x) = fo(x), (6-43)
w10, x) = fo(x),

with

ly|=e 64
s (2)(1 x)éL X(y)log(y2+(g(t,x—i—y)—g(t,x))z)d
’ ’ AT Jiy)>e y2+(g(t, x+y)+g(t,x)2)

The function y is a positive smooth cut-off function taking the value 1 on some interval [-M, M| such
that

Ko, Ko — Ko C [—M,M],

with Ky being the convex hull of supp fo. The function y is introduced in order to guarantee the
convergence of the integrals. We shall see later by using the support structure of the solutions that one
can in fact remove this cut-off function. Define

Er={f:feL*®(0,T]xR), f' € L*(0,T].X)}
equipped with the norm
I f ler = 1f oo (o, 71xm) + 10x f 1l oo ([0,71, %)

where X denotes the Dini space C* or Holder space C*(R), 0 < s < 1, and for simplicity we shall
during this part work only with the Holder space. We intend to explain the approach without giving all
the details, because some of them are classical. Using the method of characteristics, one can transform
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(6-43) into a fixed-point problem

t
Jatt =Ny (1), with N (), x) = fo( o (2,x)) + fo U5 ()T Yn o (T, Y a2, X)) d
with ¥, ¢ being the one-dimensional flow associated to u’f ( f,7), that is, the solution of the ODE
t
Vne(t,x) =x+ / Wi () (T, Yne(t, x)) dr. (6-45)
0

It is clear that

INCOOllzoe = | follee +/O lu3 (/) (@)L d.

Applying the elementary inequality, for a > 0, b, ¢ € Ry,
(a + b) ‘ b+c
log < ,
a+c a

f2.x+y)+ f2(t.x)
y2

we get from (6-44) that

e 1 _
T dy < Ce2 | f(O) v

It follows that
IN()LgeLee = Nl follzee + C8_2T||f||ic%oLoo- (6-46)

We shall move to the estimate of |0, N ()| Lo x- Letus first start with the estimate of [[0x 4 Sy, Hu L¥PX-
By straightforward computations using product laws (4-8), composition laws (4-6) in Holder spaces and
the classical estimate on the flow

Cax G5 DN 1 oo

|0x Ve lLgex < Ce (4 10x @i (S Ly %)

one gets
19x{ fo (W M Lo x < I40x fo} (Vo ) I Loox 19x ¥ g oo x
< C”axfo”Xecllax(u‘i:(fns))llLlTLoo(1 + ||3x(“i(fn8))||L1TX)-
Differentiating the expression of u§(f,’) in (6-44) and making standard estimates we get easily
19x 3 (SO x = C +Ce™Hdx 7 (Olx +Ce2 195 fiy Dl | £y Ol
<C+Ce | filler +Ce? A7 12,

where we have used

<Clflzy—*
X

1
H y2+ f?
Therefore

Dl foW DHlzgex < Cllde follxe T HEeT MM iller +Ce T, (6-47)
n,e T

+1 CT+CTe Y félle, +CTe 3| f22
10x ¥y ellLeex < Ce 115 ler A5 (6-48)
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Similarly we get
19x 5 (N lzgex < Ce210x f ugex I f lzgex +Ce*10x f lzgoroe I f lzgeroe I f 200
<Ce 2SI, +Ce I fIIE, -
Combining this estimate with product laws and (6-48) we deduce that
05 {5 () (@ Y e (0 U D x < CE2IS1E, + e 1, )eCTHETe Miler +CTERIATE,
Putting together this estimate with (6-47) we find that
102N (NllLgex < Cllx follx +Te 21 f 12, + Te*| £114,)eCT T Miler +CTERN0E,
which yields in view of (6-46)
INC)ller = CAl follzos +1x follx +Te 21 £12, +Te™ | £, )eCTHETe Wiler +CTe0AE,
We can assume that 0 < 7" < 1 and then
INC)ller = Cl follos + 19 follx + e~ £11£,)eCT* Vil
Consider now the closed ball
B={f €&r:1fler <2C( follLos + 19x follx)e €T VilEry,
if we choose T such that
16C3 T (| follLoe + 132 follx)?e*CTe M ler <4 (6-49)

then N : B — B is well-defined and proceeding as before we can show under this condition that it is also
a contraction. This implies the existence in this ball of a unique solution to the fixed-point problem and
so one can construct a solution f,” 1 € &1 to (6-43) and we have the estimates

=3 £&|13
<2C(| folloo + 10x follx)e€Te Miler

foralln e N, | £ ller
Now we select T' such that it satisfies also
64C (|l follLee + 185 follx)*Te™> <In2; (6-50)
then we get the uniform estimates
foralln e N, | fulley <4C(| follLoe + 10x follx)-
In order to satisfy mutually the conditions (6-49) and (6-50) it suffices to take
T, := Co&?, (6-51)
with Cgy depending only on || fo||Loe + ||9x follx such that

foralln €N, || fulle; = 4C(ll follLoo + [19x follx)- (6-52)
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Now we shall check that we can remove the localization in space through the cut-off function y. To do
so, it suffices to get suitable information on the support of (f,¥). We shall prove that

foralln € N, supp f,/(t) C Ko, (6-53)

where Ky is the convex hull of the support of fy. Before giving the proof let us assume for a while
this property and see how to get rid of the localizations in the velocity fields. From the expression of

u5(f,;,,) one has

y2+(f:H(r,x+y>—f,f+1(r,x))2) )
°g(y2+( e tx )+ o2 )Y
1 Y2+ (fE @ x+y)— ,fH(I,X))Z)
_— 1— 1 .
in Jyymlt 7O °g(y2+(f,f+1(r,x+y>+f,f+1(r,x))2 Y

Since for all x ¢ Ko we have f,41(7,x) =0, it follows that u5( f,7, ;) (¢, x) =0; hence suppu5( f,7, ) (1) CKo.
Thus for all x € Kj

Y24 (f2 (6 x+ ) —f:H(t,x))Z)
/Iylzs[l *Q)] Og(yZ F e x )+ £ 2) Y

e = [

ly|=e

yl=e

y2+(fns_H(t’x+y)_fn8+1(t’x))2)dy:0
Y2+ (i G x+ )+ fr (8, x))?

because y = 1 on Ko — Ko. Now we claim that in the advection term u{(f,;, {)(t, x)dx f,7, ; of (6-43)
one can remove the cut-off function. Since dy f,7, ; = 0 outside Ko, one gets immediately y(x)dx f,7y | =

x f,741- Similarly one has

O | [arctan(g(t’x+y)_g(t’x))+arctan(g(l,x+)’)+g(1,x)):| o
T Jlylze y y

1 g(t, x+y)—g(t, x) g(t, x+y)+g(t, x)
= +-arctan dy,
2 | y Y

/ [1— %) log(
{ly|=le}NnKo—Ko

(1—x(»)) [arctan(

yl=e
and for x € K it is clear that
t, —g(t, t, z,
/ (1_X(y))[arctan(g( x+y)—g( x))—i—arctan(g( x+y)+4( x))]dy
ly|=¢ y y
t —o(1 1 t
g(t.x+y) g(,X))+arctan(g( X+y)+g( ,X))}dy:().
y y

Now let us come back to the proof of (6-53) and provide further qualitative properties. Similarly to the
identity (6-25) one obtains

w0, x) = [E (6 X)(U+ Ungr (6, %), NUng1,60) Lo < CA+ | fug1 @S-

So following the same lines as in the proof of Proposition 6.2 we get a similar formula to (6-28) which

/ (1—=x(») [arctan(
{r|=e}NKo—Ko

implies the positivity result
Jn+1(t,x) =0,



DYNAMICS OF ONE-FOLD SYMMETRIC PATCHES FOR THE AGGREGATION EQUATION 2051

where we have used in particular that the initial data satisfies f,7, ;(0,x) = fo(x) > 0. Thus we obtain
forallme N, f,(t,x)>0.
As u,Z, <(t,x) <0, following the same lines as the proof of Proposition 6.2 we get the maximum principle

foralln eN, || f @)L < | follLoe-

The proof of the confinement of the support (6-53) follows exactly the same lines as the proof of
Proposition 6.2(3). Now we shall study the strong convergence of the sequence (f,7),. Set

9;1?([,)() = fn+1(t»x) _fn(t’x)-
Then

0t0p 41 +ul (S p)0x0n 11 = —Wi(fp) —ui () 0x fr g1 T us(fi2) —us(frpr)-
According to the mean value theorem one has fora > 0, x,y € R,
|arctan(x) —arctan(y)| < [x —y| and [log(a + |x|) —log(a + [y)| < |x —yla~",

which imply

EHEA I ORTHEAIG] Ao FARIOEFAG] 12 [ 20)

lylze |Vl

<Ce! | fros1 () = frs (O)]lLoo.
Similarly, we obtain

3 S )@ =u5 (S Ollzee < Ce2( firp1 O llzoe + 1L Ollzeo) L fify 1 (6) = £7 Ol zoe.

Using the uniform estimates (6-52) we get for any ¢ € [0, T%]
s (S ) @) =u5 () Ol < Cll follxe 2N figs1 ) = fg D llzoe,  N19x Sy 1 @)llzee < Cll follx-
Using the maximum principle for the transport equation allows us to get for any ¢ € [0, T]
t
16n+1(0)lzoe < Ce72 || follx | /O [16n+1 () l[Loo + 16n (D) [|Loc] d T

By virtue of Gronwall’s lemma one finds that for any ¢ € [0, T¢]

t
16 s1(0)]| oo < €€ MlxT / 1650l oo .
0

Hence we obtain in view of (6-51)

t
610 = Co [ 160l d
0
By induction we find

tn
foralln e N, forall 7 € [0, Te], [|OnllLoopoo < Cg—'||00||L§>OLoo.
n!
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This implies the convergence of the series

> 60t e oo < 00.

neN
Therefore ( f,7)n converges strongly in L%‘;LOO to an element f€ € L%‘;L“. From the uniform estimates
(6-52) we deduce that f¢ € £r,. This allows us to pass to the limit in (6-43) and obtain that f° is a
solution to

atfs-i—ui(fs)axf*?:u;(fs), o5
{fos(l,x) = fo(x), (6-54)
with
ui (f)(.x) = % [arctan(fg(t’x—i_y)?_fg(t’x)) +arctan(fg(t’x+y)2+f8(t’X)):| dy,
|y|=e 655

y2+(f8(t,x+y)—f8(t,x))2)d
V2H(fe(t. x+y)+ f6(t.x))? ’

Now, the proofs used to get the a priori estimates can be adapted to (6-54) supplemented with (6-55).

us(/6)( 0 2 L |y|281°g(

For instance the a priori estimates obtained in Proposition 6.2 hold for the modified equation (6-54)
independently on vanishing ¢. In particular one can bound uniformly in ¢ the solution f* in the space X,
and therefore T is not maximal and by a standard bootstrap argument we can continue the solution up to
the local time T constructed in Proposition 6.2. It follows that f¢ belongs to £7 uniformly with respect
to small . This yields according once again to Proposition 6.2 and the inequalities (6-25) and (6-40)
sup [|0¢ fCllLgeLoe = Ui (f*)llLge oo 10x /Lo roe + U5 (f)llLse Lo = Co,
g€[0,1]

and Cy is a constant depending on the size of the initial data. Now from the compact embedding C- — Cp,
and Ascoli’s lemma we deduce that up to a subsequence (f ) converges strongly in L7 L° to some
element f which belongs in turn to 7. This allows us to pass to the limit in (6-54) and (6-55) and find
a solution to the initial value problem (6-43). We point out that by working more one may obtain the
strong convergence of the full sequence ( f¢) to f. Note finally that the uniqueness follows easily from
the arguments used to prove that (6,,) is a Cauchy sequence.

7. Global well-posedness

We are concerned here with the global existence of strong solutions already constructed in Theorem 2.1.
This will be established under a smallness condition on the initial data and it is probable that for arbitrary
large initial data the graph structure might be destroyed in finite time. The basic ingredient which allows
us to balance the energy amplification during the time evolution is a damping effect generated by the
source terms. Note that this damping effect is plausible from the graph equation (2-1) according to the
identity (6-34). However, as we shall see in the next section, it is quite complicated to extend this behavior
for higher regularity at the level of the resolution space due to the existence of a linear part in the source
term governing the motion of the slope (2-3). This part could in general bring an amplification in time
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of the energy. To circumvent this difficulty we establish a weakly damping property of the linearized
operator associated to the source term that we combine with the time decay of the solution for weak
regularity using an interpolation argument.

7A. Weak and strong damping behavior of the source term. Note from Proposition 6.1 that F' does not
contribute at the linear level, which is not the case of the functional G. We shall prove that actually there
is no linear contribution for G. This will be done by establishing a damping property that occurs at least
at the linear level. This is described by the following proposition.

Proposition 7.1. Let K be a compact set of R and s € (0,1); then for any f € Cg we have the decomposition
G(x) =2mf'(x) + L(x) + N(x),
with
1
1Ll <27 (If"lls + 20/ zee) + ClLf Nzl £ s and INIls < CILIHAS s + 115,
where C > 0 is a constant depending only on K and s. Moreover,
ILlILoo < € min([[f [[Zo0 L/ Is: I/ L) and [[N|Loe < Cllf I (f D + 1./ /13)-
Proof. In view of (6-1), (6-2), (6-4), (6-16), (6-17) and (6-24) one gets
G(x)=Gu(x)+ H(x), H=Gi2+Go,

with )
IH s < U5 A s +1150)- (7-1)

Note also that from (6-3) and (6-11) we get

IH |lLos < CIf oo (LS lls + 1LF713)- (7-2)
Now from (6-5) we get

/ /
Gy =2 [ LS CE 0
R @(x,z)

with
1 2
o(x,z) =22+ (2 + z/ f'(x+6f(x)z) de) .
0

We shall split again G as follows:

S0+ L0 f@2) 0+ S+ f0D )
R 22+4 R QD(X,Z)(ZZ+4)

£ L(x) +N (),

Gri(x) =2 dz

with ) . 5
Vi(x,z) 24z / f'(x +0f(x)z)d6 + z* ( / f(x 4+ 6f(x)2) d@) .
0 0

From (5-22) one gets
VLo < CILF 1700 (14111 1700)- (7-3)
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Using the product law (4-8) we get

H Lf"+ fTo(d+z/)]Y(-.2)

<2 f Lo lly (-, )= I11/0(-, 2)]ls
(0(',2) s

+ 2 e ¥ L Dls 11/ 9(- . 2)llzoe
+ U+ 1f o Ad+ 2DV (-, D lizee [11/0(-, 2)[Lee.

In addition, it is clear that

1y (-, 2)lLee < 4z L f Lee + 1212 1 f 17 oo

Performing the composition law (4-6) we deduce that

1 (. Dlls < ClzlLA s+ 121 7o0) + ClzP 1 oo I s (U4 12111 17 00)-
Combining this latter estimate with (6-9) and (5-22) yields
H [f"+ fed+z/)]Y(-.2)
p(-.2)
Hence we get according to the embedding Cg — L°

IVl < CILA Nlzoe L s (U4 1A IZES

s

< cnf/nioo(nf/us% H15 )
< cnf/nioo(nf’us +1£129).

Setting N = N + H and combining the latter estimate with (7-1) we find the desired estimate for N
stated in the proposition. Putting together (7-2) and (7-3) combined with Sobolev embedding we find

INlIzee < ClLf Moo (L lls + 1F715)-
Coming back to £ one may write

1 flx+ f(x)z) = f'(x)
22+4d2+2 R z2 +4

< CI e L/ s+ LS IZEDA + 121).

N

dz £ 27 f'(x) + L(x). (7-4)

£t =4 [
R
To estimate L in C* we simply write

||L||ssz/R”f’°<1d+zf)lls+||f'||s N

z2 44
Combined with (4-6) we find
1/ o (d+zN)lls < (S lls + 201 f L) A+ 2] f | Loe)*
< Ms + 20 M) A+ 12 1Lf N zo0)s

where in the last line we have used the inequality, for all s € (0, 1), for all x, y > 0 one has

(x+y)° =x*+y*.
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Using (4-2), it follows that

1L <27 ()flls + 20 zoe) + CUL s Lf 100

The estimate of L in L *° is easier and one gets according to (7-4),

2I°

dz <ClfOI LS Nls.

ILEOI =21 f I s /R 214

Therefore we obtain

ILlzee < Clfllzoo ILf s

We point out that we have obviously
ILlLoe < 27|l £/ || Loo-
It follows that
IL]|zoe < € min(| £ lIzeoll £ llss £ llzoe)- (7-5)
This completes the proof of Proposition 7.1. O

7B. Global a priori estimates. The main goal of this section is to show how we may use the weakly
damping effect of the source terms stated in Proposition 7.1 in order to get global a priori estimates when
the initial data is small enough. The basic result reads as follows.

Proposition 7.2. Let K be a compact set of R and s € (0, 1). There exists a constant € > 0 such that if
I folls < & then (2-1) admits a unique global solution

/e L®Ry; CR).
Moreover, there exists a constant Co depending on the initial data such that
forallt >0, | f'(t)||Lee < Coe™".

Proof. According to the decomposition of Proposition 7.1 combined with (2-3) and (2-5) we get that
g = 0y f satisfies the equation

0:g(t.x) +u1(t.x) 01g(t. x) + g(t.x) = R(t.x). R2L(F—L-N). (7-6)
Using Propositions 6.1 and 7.1 combined with the (4-2) we find
1
IRls < I s +20f oo +ClLF In AL s A ID+CUS Moo L s +C U Z oo (I s+ 17 150)-
The embedding C Ig C Cg combined with interpolation inequalities in Holder spaces yields
L 1
L D < CIF Moo L7115 - (7-7)
Set so = min(s, %), then it is easy to get

IRl < 1Lf s + 20 f llzoe + C UL 7o CLF s + 177115 (7-8)
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Let h(¢, x) 2 g(t, ¥ (t,x)), where v is the flow introduced in (6-26). Then it is obvious that
ch(t,x)+h(t,x) =R(t,¥(t, Xx)).
This allows us to deduce the Duhamel integral representation
et = o~ )+ [ Ry )
Thus Ot
e lg@lls < lgow ™ @)lls +/0 R ¥ (w, v ()l d.

According to (6-38) and (4-6) we obtain

t
lgo(W ™ ()]s < Cllgollse”®, V()= /0 18xu1(2)|| Lo dT
and

IR, ¥ (@, v O s < (IRE@) s + 2[R (@) [|Lo0)e” OV @,

Note that the estimate of R in C* has been already stated in (7-8). However to get a suitable estimate in
L°° we use Propositions 6.1 and 7.1 combined with Sobolev embedding,

IRDllzee < CILF OllLee (L f' Ollp + 11/ @113) + € min([| £ @) ze0 |/ @5 I1£@)l1zo0)
< CULf' Ol +ILf Ol UL Olls + 11 @O1)
< CILF O (Lf Olls + 11 O1)- (7-9)

It follows that
IR, ¥ (¥~ () s

<(LS @lls + 20 £ @) Le)e” OV 1 ) £/ @)% (1LF @l + 1L f (2) | 16)eV OV,
Set K(t) = e VOt || f/(1)||s and

S(t) = Ce'e O £/ (O)llLes + L' O ULF Olls + 1L£@)1126)).
Then

t t
K(t)fCK(0)+/() K(r)dr—i—/o S(r)dr.

By virtue of Gronwall’s lemma we deduce that

t

K(t) < Ce' K(0) —I—/ e TS(r)dr.
0
This implies
Lf'@Ols < Ce” ) flls

t t
+Ce"® /0 1/ @Iz dT +e¥® /0 1A' @I UL @lls + 1/ @)% de. (7-10)
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Combining the interpolation inequality
2

s
£ e < CULALT A NS

with Proposition 6.2(2) we obtain

s _s _2
1f' @)L < Ce™ 2" foll ;7 1L/ OIS

Plugging this estimate into (6-40) we find

s 2 445

l0xr () Lo < Ce 25| foll 71 (LA /O + 1LF @I

It is quite obvious from (4-2) and the compactness of the support that

I follr = Cl fslls.

with C a constant depending on the size of the support of fy. Set

p(T)= sup [ f'@®)lls-
t€[0,T]

Then combining (7-10) with (7-11) and (7-12) yields

, ﬁ 2Y 4+A§
o(T) < CeCIIST QoTNZH +o(TN>) ()

with

s $S0 250
s

w(T) = 1 f3lls + 1A (DT + £ 135 (o) (p(T) + [p(T)]9).

2057

(7-11)

(7-12)

This implies the existence of small number & > 0 depending only on C, and thus on the size of the support

of fo, such that
Ifolls<e = forallT >0, p(T)=<8(f5lls)

with limy 0 6(x) = 0. This gives the global a priori estimates.

(7-13)

What is left is to establish the precise time decay of || f/(¢)||zo stated in Proposition 7.2. From (7-6)

it is easy to establish the following estimate using the method of characteristics:

t
leOl= < lgollim+ [ e OIR@L dv.
0
According to (7-9) we obtain
t
el f (Ol < I follLe +C fo e NS @l (S @l + 1L1I1H) d.
Using Gronwall’s lemma we obtain
t
LS OlLee <N fgllzee™®, Wy =cC /0 (/' @l +1/13) d.
Putting together (7-7) with (7-11) we obtain

Ky 4+s

—_s
11" Olp = Cem | foll 77 L O

(7-14)
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Hence we deduce from (7-13) that

forallt >0, W(t) < Co,
and therefore
forallz >0, [ f'(t)|ree < Coe™, | f'(0)llp < Coe™ 3" (7-15)

for a suitable constant Cy depending on the initial data. Inserting these estimates into (7-9) we obtain
forallt >0, |R(t)|Le < Coe™". (7-16)
Since f; is compactly supported in a fixed compact set
forallt >0, | f(@t)|res <Cre™". (7-17)

Finally, we point out that all the constants involved in the preceding estimates are time independent.
Indeed, they are related to the support of f; which is confined in the convex hull of the support of the
initial data, as has been stated in Proposition 6.2(3). O

8. Scattering and collapse to singular measure

The aim of the last section is to analyze and identify the long time behavior of the global solutions stated
in Theorem 2.2. It attempts to investigate the time evolution of the probability measure

£, Xx)
JP A p(t.
)= o

where d A denotes the usual Lebesgue measure. Note that without loss of generality we have assumed in

dA(x) = e'l1p, (x) dA(x),

the last line that ||pg||;,1 = 1. As we shall see, this measure converges weakly as ¢ goes to infinity to a
probability measure concentrated on the real line and absolutely continuous with respect to Lebesgue
measure on the real line. The description of the density and the support of this limiting measure will be
the subject of the next two sections.

8A. Structure of the singular measure. In this section we shall prove the part of Theorem 2.2 dealing
with the weak convergence of the measure d P; when ¢ goes to oo. First, it is obvious that the probability
measure dP; is absolutely continuous with respect to the Lebesgue measure. The convergence of the
family {dP, :t > 0} will be done in a weak sense as follows. Let ¢ € D(R?) be a test function; one can
write using Fubini’s theorem

A / fz(x)
1t=/ o(x.y)dP = e // o(x.y) dy.
R2 RJ—fr(x)

According to Taylor expansion in the second variable one gets

forall (x,y) €R%,  @(x,y) =@(x,0)+y¥(x,y) and [¥|L= <C.
This implies

J1(x)

=2 [ fioeodr el 1i2e [ [ yucena. 81)
R R J—f1(x)
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We shall check that the term / tl does not contribute in the limiting behavior. Actually it vanishes for 7
going to infinity. Indeed,

1Y < eyl / L (0] d.
R

Using (7-17) and the localization of the support of f; in the convex hull of the initial support, we deduce
that

|It1| <Ce™,
and thus
Jim 1! =o.
Combining (2-1), (6-34), (7-15), (7-17) and (7-13) we deduce that
A f(t, x) +urdx f(1,x) + f(t,x) =—f(t,x)R(t, x), (8-2)
with
IR@) Iz < If' Ol (1 + [ @©)]3) < Ce™ 505" (8-3)

From the method of characteristics developed in studying (7-6) we get the representation
e (Y (t.x)) = folx)elo REV AT, (8-4)

From the integrability property (8-3) we deduce that {e’ f(¢, ¥ (z))} converges uniformly as ¢ goes to 0o
to the positive function
x> fo()elo REVEDDEL Ry(x). (8-5)

More precisely, using straightforward computations we easily get

0
le fy oy (6) = Rallzee < || RallLo / IR@) |z d < Cem 755", (8-6)
t

The next goal is prove that the flow ¥ () converges uniformly as ¢ goes to infinity to some homeomorphism
Yoo : R — R which belongs to the bi-Lipschitz class. First, recall from the definition (6-26) that

t
v, x)=x +/0 ui(t, ¥(t,x))dr.

Recall from Section 2 that u1 (x) = v (x, f(x)) and the velocity is computed from the density p according
to the second equation of (1-2). Hence we get

lur (@)L < AT Vol oo
Now using the classical interpolation inequality
1 1
1A VpllLeo < Clipll7, ol oo
combined with the decay rate stated in Proposition 6.2(2) we deduce that

lu1()llLeo < Ce™2. (8-7)
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Consequently, it follows that i (¢) converges uniformly to the function
A oo
1)”oo(x)=x+/ ui(t,¥(r,x))dr.

0
More precisely, we have

o0 L

WO Vool = [ ln@lse dr = Cet, (8-
t

It remains to check that ¥« is bi-Lipschitz. First we know that

t
19xy ()l <¥O, V(i) = / 19321 (0| o d.
0
Using (7-12) and (7-13) we deduce that
forall > 0, [|0x¥ (7)|lLoe < C, ||0xu1(t)|[ree < CeZts e 2ts", (8-9)

Differentiating 1/~ and using the triangle inequality we get

o.¢]

- / 1201 (2) | o 3 (0) | L0 dT < Plo(x) < 1 4 [ 192201 (2)| oo 35 (0) | L d 7.
0 0

Therefore we obtain
for all x € R, 1—Cezts <yl (x)<1 +Certs.

Taking ¢ small enough, meaning that the initial data is very small, we get
forallx eR, 1<yl (x)<3. (8-10)
This shows that ¥ is a bi-Lipschitz function from R to R. Furthermore, it is obvious that
o0
Veol) =00+ [ (@vr o),
t

and hence

Voo™ (6.1)) = x + f w1 (e g (e~ (0 2))) .
Combining this identity with Yo 0 3! = Id and (8-7) yields
oo (0~ (1.)) — Yoo (Yl )| < /t iy (@)l d < Ce™5.

Applying (8-10) we deduce that

- — L
V710 = Vo' Lo = Ce™2,
This shows that ¥ ~!(¢) converges uniformly to Wo_ol with an exponential rate. Set

b= Ryoy] (8-11)
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and assume for a while that R, belongs to C% for any « € (0, 1); then we deduce from the preceding
estimates, especially (8-6) and (8-4), that
le* f(t) — ®llzee < lle* f(1) = Rao ™ (t)llLoe + | R2 o~ (1) — Rao ¥ [l zoe
< Cem w5 4 [ Rolo |9 (0) — Y [§oe

s ol
< Ce #=! 4 Ce™@2.

2s

Taking o = 775

we get
e’ f(t) — ®|| oo < Ce™ 2", (8-12)

Let us now check that R, belongs to C% for any « € (0, 1). For this goal we shall express differently
the function R,. Set R (¢, x) = — f(t, x) R(¢, x); then from the method of characteristics the solution to
(8-2) may be recovered as follows:

t

SV ED) = fo0) + [ R Ym0 d
0
Putting together (8-3) and (7-17) we deduce that
4435
[R1(x. ¥ (1)) |Loo < Ce™ 3+25". (8-13)
Therefore we find the identity
o0
Ra0) = o)+ [ eTRi(ep(r ) d (3-14)
0

We shall now study the regularity of R, through the use of this representation.
Differentiating (8-2) in x and comparing it to (7-6) we get the identity

dxR1(t,x) =R(t, x) + dxu1(t, x) dx (2, X).
Using (7-15), (7-16) and (8-9) we find
forallt >0, [0xR1(t)||pec <Ce™".
Combining this latter estimate with the Leibniz formula and (8-9) implies
forallz >0, ||0x(R1(z,¥(t,)))||lLe <Ce™". (8-15)

It suffices now to apply the following classical interpolation inequality: for any « € (0, 1) there exists
C > 0 such that
1Allee < ClIANLE 1A oo

which implies that according to (8-13) and (8-15)
forallz >0, [Ri(t.Y(t,-))]la <Cefe 1 ¥aa5, (8-16)

Returning to the identity (8-14), one obtains in view of (8-16)

o0
|Ralle < ||f0||a+/ IRy (Y (@ Dadr < C
0
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for any o € (0, 1). As an immediate consequence of (8-11), (8-10) and (4-6) we find that ® belongs to
C“ for any « € (0, 1). We guess the profile ® to keep the same regularity as fo, that is, in C 175, but this
could require much more refined analysis.

Now coming back to (8-1) we find in view of (8-12) and the Lebesgue theorem

lim I(¢) = 2/ D(x)p(x,0)dx.
t—>0o0 R
This is equivalent to writing in the weak sense
. N
tlglgo dP; =2 dpgioy = dPeo- (8-17)

Now we shall discuss some properties of ®. From (8-5) and (8-11) we have
supp ® = Yoo(Ko), Ko = supp fo. (8-18)
According to (8-10), the measure of supp P is strictly positive with
| supp ®| = 3 |Kol. (8-19)

It remains to check that d P, is a probability measure on the real axis, which reduces to verifying that

2/R<I>(x)dx= 1.

First note that using Proposition 6.2(2) one obtains for any # > 0

1=2/etf(t,x)dx.
R

To exchange the limit and integral it suffices to apply the Lebesgue theorem thanks to the condition (8-12)
and the fact that supp f; € Conv K (recall that for simplicity we have assumed that | po|[;1 = 1):

lim [ e f(¢t,x)dx =/ d(x)dx.
t—>00 R R

This provides the desired result. We point out that with the normalization ||pg| ;1 = 1 one gets instead

of (8-17)
b
dPsy = ——6 ,
T ol et

which gives the structure of the limiting measure stated in Theorem 2.2 thanks to (8-5) and (8-11).

8B. Concentration of the support. In this section we shall complete the study of the limiting measure
d P~ and identify its support, denoted by K. What is left to conclude the proof of Theorem 2.2 is just
to check that the support D; of the solution p; converges in the Hausdorff sense to K. Recall that Ky
is the support of fp and is assumed to be a finite collection of increasing segments [a;;b;], i = 1,...,n,
such that a; < b; < aj+1. According to (8-18) one has

supp ® = Yoo (Ko) £ Koo.
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Since W is strictly increasing due to (8-10) one deduces easily that
supp ® = U™, [a®®, b, a®® 2 Yeolar), b 2 Yoo(bi).
Using once again (8-10) one may easily obtain that
foralli, [a7°—b°|> %|a,~ —bi|.

Now to establish the convergence in the Hausdorff sense of D; towards K it suffices to prove the result
for each connected component, that is,

foralli =1,...,n, dg(T'!,[a®, b)) <Ce™,
with
ri & . topt
¢ ={0x, fi(x)) 1 x € [a;, b ]}
By straightforward analysis using (7-17) one obtains
dp (T, [a%°,b%°]) < Ce™ + C max(|al —af®|, |b! —b>°)).

From (8-8) one gets
max(|af —ai®|, |bf —b|) < Ce™!
and therefore
forallt >0, dy(Ds, Koo) <Ce™".

The proof of Theorem 2.1 is now complete.
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