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Abstract

We prove the persistence of boundary smoothness of vortex patches for a non-
linear transport equation in R™ with velocity field given by convolution of the density
with an odd kernel, homogeneous of degree —(n — 1) and of class C?(R"™ \ {0}, R").
This allows the velocity field to have non-trivial divergence. The quasi-geostrophic
equation in R3 and the Cauchy transport equation in the plane are examples.
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1 Introduction

The vorticity form of the Euler equation in the plane is

Ow(z,t) +v(z,t) - Vw(z,t) =0,
(1) v(z,t) = (VIN xw(-, 1)) (@),

w(z,0) = wo(x),

where € R2, t €¢ R, N = % log |z| is the fundamental solution of the laplacian in the
plane, VN is a rotation of VN of 90 degrees in the counterclockwise direction and wy
is the initial vorticity. A deep result of Yudovich [Y] asserts that the vorticity equation
is well posed in L2, the measurable bounded functions with compact support. A vortex
patch is the special weak solution of (1) when the initial condition is the characteristic
function of a bounded domain Dy. Since the vorticity equation is a transport equation,
vorticity is conserved along trajectories and thus w(z,t) = xp,(x) for some domain D.
A challenging problem, raised in the eighties, was to show that boundary smoothness
persists for all times. Specifically, if Dy has boundary of class C'™7, 0 < v < 1, then one
would like D, to have boundary of the same class for all times. This was viewed as a 2
dimensional problem which featured some of the main difficulties of the regularity problem



for the Euler equation in R3. It was conjectured, on the basis of numerical simulations,
that the boundary of D, could become of infinite length in finite time [M]. Chemin proved
that boundary regularity persists for all times [Ch] using paradifferential calculus, and
Bertozzi and Constantin found shortly after a minimal beautiful proof in [BC] based on
methods of classical analysis with a geometric flavor.

The vortex patch problem was considered for the aggregation equation with newtonian
kernel in higher dimensions in [BGLV]. The equation is

Op(z,t) + div(p(z, t)v(z,t)) =0,
(2) v(a,t) = =(VN = p(-, 1)) (),
p(z,0) = po(),

r € R" and t € R. In [BLL] a well-posedness theory in L2° was developed, following
the path of [Y] and [MB, Theorem 8.1]. When the initial condition is the characteristic
function of a bounded domain one calls the unique weak solution a vortex patch, as for
the vorticity equation. Ome proves in [BGLV] that if the boundary of Dy is of class
C™7, 0 < v < 1, then the solution of (2) with initial condition py = xp, is of the form
p(z,t) = 5=Xp,(z), © € R", 0 <t < 1 where D, is a C*™ domain for all ¢ < 1. The
restriction to times less than 1 obeys a blow up phenomenon studied in [BLL|. Hence
the preceding result is the analog of Chemin’s theorem for the aggregation equation. See
[BK] for a more general result concerning striated regularity.

After a change in the time scale the aggregation equation for vortex patches becomes
the non-linear transport equation

atp( ) ) + U(xvt) ) Vp(x,t) =0,
(3) v(z,t) = =(VN = p(-, 1)) (2),
( Z, ) DO(ZL‘),

xr € R" t € R, where N is the fundamental solution of the laplacian in R™ and Dy is a
bounded domain. In this formulation one proves in [BGLV] that if Dy is of class C'™,
then there is a solution of (3) of the form xp,(z) with D; a domain of class C'™. To
the best of our knowledge there is no well-posedness theory in L for (3), so that there
could be other weak solutions in LZ° with initial condition xp,. Nevertheless, one has
uniqueness in the class of characteristic functions of domains with C**7 boundary.

The proof follows the scheme of [BC] and overcomes difficulties related to the fact that
the velocity field has a non-zero divergence and to the higher dimensional context. The
reader can consult [BGLV] for connections with the existing literature and for references
to models leading to various aggregation equations.

This paper originated from an attempt to deeply understand the role of the kernel
that gives the velocity field. For the aggregation equation the kernel is —V N and for the
vorticity equation in the plane the kernel is a rotation of 90 degrees of V. N. These are odd
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kernels smooth off the origin and homogeneous of degree —(n — 1). We wondered what
would happen for the Cauchy kernel
1

5= L(VN), with  L(z,y) = (v, —y), z=(r,y) € R>=C.

Tz
Although apparently there is no model leading to the non-linear transport equation given
by the Cauchy kernel, from the mathematical perspective the question makes sense. We
then embarked in the study of the non-linear transport equation

Op(z,t) +v(z,t) - Vp(z,t) =0,
(1) o(z,t) = (i *p<~,t>) (=),

where z = (x,y) is the complex variable and Dy a bounded domain with C'™ boundary,
0 <y < 1. A first remark is that apparently there does not exist a well-posedness theory
in LY for the equation above, but this does not prevent the study of smooth vortex
patches, as a particular subclass of L2 enjoying a bit of smoothness.

To grasp what could be expected we looked at an initial datum which is the charac-
teristic function of the domain enclosed by an ellipse

2 2
Doz{(x,y)€R2:%+?;—2<1}.

We proved that there exists a weak solution of (4) of the form p(z,t) = xp,(z) with D,
the domain enclosed by an ellipse with semiaxis a(¢) and b(t) collapsing to a segment on
the horizontal axis as t — oo.

A key remark is that (4) is not rotation invariant. Fix an angle 0 < 6 < 7 and consider
as initial domain the set enclosed by a tilted ellipse

if 2 2 Y
Dy=e {(w,y)ER :¥+b_2<1}'
As before we find a weak solution of (4) of the form p(z,t) = xp,(z) with D, the domain
enclosed by an ellipse with semiaxis a(t) and b(t) forming an angle §(¢) with the horizontal
axis. The evolution is different according to whether 0 < 6 < 7 or § < 6 < 7. Under the
assumption that ag > by, in the case 0 < # < T the semi-axis a(t) increases as t — 0o to a
positive number a.., b(t) decreases to 0 and 6(t) decreases to a positive angle 6.,. Hence
D, collapses into an interval on a line forming a positive angle with the horizontal axis.
If 7 <0 < %, then for small times a(t) decreases and b(t) increases, so that the ellipse at
time ¢ tends initially to become a circle. This happens until a critical time is reached after
which a(t) increases and b(t) decreases. The angle 6(t) decreases for all positive times
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and at some point it becomes 7; after that one falls into the regime of the first case and
the domain D, collapses as t — 0o, into a segment on a line which forms a positive angle
with the horizontal axis. The case ag < by is similar and can be reduced to the previous
situation by conjugation (symmetry with respect to the horizontal axis).

Detailed proofs of the results just described can be found in section 7. What they
show is that the behaviour of vortex patches for the Cauchy transport equation can be
much more complicated than for the vorticity or aggregation equations. This is also easily
understood if one looks at the divergence of the vector field in (4). If 9 and @ denote
respectively the derivatives with respect to the z and z variables, then we get

20v(z2,t) = p(2,1)
and

200(z,t) = = p.v. / ﬁpw,w dA(w) = B(p(1))(2),

where B is the Beurling transform, one of the basic Calderén-Zygmund operators in the
plane. Here dA is 2 dimensional Lebesgue measure. The divergence of v is given by

dive = R(200) = —p.v. - / R (%) p(w, ) dA(w)

7 Z—w)
_ _p.v.% (“”‘2'2;‘4”2 *p(-,t)) (2).

The last convolution is a Calderén-Zygmund operator (a second order Riesz transform)
and so it does not map bounded functions into bounded functions. The most one can
say a priori on the divergence of the velocity field is that it is a BMO function in the
plane, provided the density p(-,t) is a bounded function. It is a well-known fact, already
used in [BC] and [Ch], that if D is a domain with boundary of class C'*7, then an even
Calderon-Zygmund operator applied to xp is a bounded function. Thus we indeed expect
divwv to be bounded. Nevertheless, the expression of the divergence of the field in terms
of a Calderén-Zygmund operator applied to the density is potentially difficult to handle.

We have succeeded in proving that there exists a weak solution of (4) of the form xp,
with D; a domain with boundary of class C1* for all times ¢t € R. This weak solution is
unique in the class of characteristic functions of C'*” domains.

The Cauchy kernel belongs to a wider class for which the preceding well-posedness
theorem holds. We refer to the class of kernels in R™ whih are odd, homogeneous of
degree —(n — 1) and of class C%(R"™ \ {0}, R"). Interesting examples of such kernels are
those of the form L(VN), where L is a linear mapping from R™ into itself and N is the
fundamental solution of the laplacian in R". They are harmonic off the origin. In particular
in R3 one can take L(z1, zo, 13) = (=29, 71,0) . The corresponding field is divergence free
and the associated equation is the well-known quasi-geostrophic equation. See [GHM] for
recent results on rotating vortex patches for the quasi-geostrophic equation.
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Our main result is the following.

Theorem. Let k : R™ \ {0} — R™ be an odd function, homogeneous of degree —(n — 1)

and of class C* (R™\ {0}, R™). Let Dy be a bounded domain with boundary of class C**7,
0 <~ < 1. Then the non-linear transport equation

Op(x,t) +v(z,t) - Vp(x,t) =0,
(5> U(fL‘,t) = (k*p("t))(x>a
p(2,0) = X, ()

r € R™ t €R, has a weak solution of the form
p(xz,t) =xp,(x), ze€R" teR,

with D, a bounded domain with boundary of class C**7.
This solution is unique in the class of characteristic functions of domains with bound-
ary of class C*7.

For the notion of weak solution see [MB, Chapter 8§].

A remark on the special case in which the kernel k is divergence free is in order.
In this case, in particular for the quasi-geostrophic equation, one has well-posedness in
L. Existence can be proved following closely the argument in [MB, Chapter 8] for the
vorticity equation. Uniqueness follows from [NPS].

The paper is organised as follows. In the next section we present an outline of the
proof, in which only a few facts are proven. The other sections are devoted to presenting
complete proofs of our results. Section 3 is devoted to an auxiliary result. In section 4 an
appropriate defining function for the patch at time ¢ is constructed. Section 5 deals with
the material derivative of the gradient of the defining function and its expression in terms
of differences of commutators. In section 6 we estimate the differences of commutators in
the Holder norm on the boundary via Whitney’s extension theorem. Domains enclosed by
ellipses as initial patches for the Cauchy transport equation are studied in section 7 and
the unexpected phenomena that turn up along the vortex patch evolution are described
in detail. Section 8 is an appendix on the existence of principal values of singular integrals
in a very special context.

Constants will be denoted by C, mostly without an explicit reference to innocuous
parameters, and may be different at different occurrences. If D is a domain with smooth
boundary ¢ = ogp denotes the surface measure on D and when there is no confusion
possible we omit the subscript. The exterior unit normal vector to D at the point x is
denoted by 7i(x) = (n1(x),...,n,(x)), without explicit reference to the boundary.



2 Outline of the proof.

The proof follows the general scheme devised in [BC]. There are serious obstructions
caused by the fact that the field is not divergence free and we will explain below how to
confront them. The reader will find useful to consult [BC] and [BGLV].

2.1 The contour dynamics equation.

Assume that one has a weak solution of (5) of the form p(z,t) = xp,(x), D; being a
bounded domain of class C'™ for ¢ in some interval [0,T]. The field v(-,t) is Lipschitz.
This is due to the fact that our kernel has homogeneity —(n — 1) and so Vv is given
by a matrix whose entries are even convolution Calderén-Zygmund operators applied to
the characteristic function of D; plus, possibly, a constant multiple of such characteristic
function (coming from a delta function at the origin). Since D; has boundary of class
C7 all entries of the matrix Vo are functions in L>(R™) [BC]. Thus the equation of
particle trajectories (the flow mapping)

dX(a,t) o X(a
o D (X (1)),
X(a,0) =«

has a unique solution and X(-,t) is a bilipschitz mapping of R" into itself, 0 < ¢ < T.
Indeed one has the usual estimate

t
@ VXDl < exp [ 19009 ds
Since k is homogeneous of degree —(n — 1) and smooth off the origin we have

(8) k = 01(x1k) + Oa(xok) + - + On(xnk), x=(x1,...,2,) € R"\ {0}.

This follows straightforwardly from Euler’s theorem on homogeneous functions.
Assume that p(z,t) = xp,(x) is a weak solution of the general equation (5). The
velocity field is

v(-,t) = xp, x k= xp, x (O1(x1k) + - - + Op(20k))
= O1Xp, * (1k) + -+ + OnXD, * (2,K).

= —nydogp, * (r1k) — - -+ — npdogp, * (x,k).
Thus

n

v t) == / (2, — y)k(z — )y () doom (),
(9) o

. /8 Ko =)o = i) doan, (). @ € R
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The next step is to set x = X (o, t) and to make the change of variables y = X (3, ) in the
preceding surface integral. To do this conveniently let T7(f), ..., T,,—1(/) an orthonormal
basis of the tangent space to 0Dy at the point 8 € 0Dy and let DX (-, t) be the differential
of X(-,t) as a differentiable mapping from 0D, into R". The vectors DX (5,t)(1;(8)) are
tangent to 0D, at the point X (8,t) for 1 < j <n — 1. Hence the vector

n—1

(10) N\ DX(B.)(T;(B))

is orthogonal to D, at the point X (3,t) and a different choice of the orthonormal basis
T;(8),1 < j < n —1, has the effect of introducing a £ sign in front of (10). We may
choose the T;(5) so that 7(5), T1(5),. .., Th—1(5) gives the standard orientation of R™.
Substituting the expression (9) for the velocity field in (6) and making the change of
variables y = X (f,t) we get

d
EX(a,t) = v(X(a,1),t)

—=> [ kX (et = X(5.0) <X<a, )~ X(5,0, \ DX t)(Tj<ﬁ))> A3y (9)

j=1
Let X : 9Dy — R" be a mapping of class C**7, such that for some constant p > 0
1
(11) [ X () — X(B)] Z;ICM-BL a, B € 9D,
In other words X € C'*7(0Dy, R™), X is bilipschitz onto the image and p is a Lipschitz

constant for the inverse mapping.
Define a mapping F(X) : 90Dy — R" by

F(X)(0)
1 __ / X (0) = X(3) <x<a> - X(8), /\ DX</3><73-<5>>> dooy (B).
The contour dynamics equation (CDE) is
w — F(X(-1))(a), acdDy,
X(-,0) =1,

where I denotes the identity mapping on 9D.
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We conclude that if there exists a weak solution of the type we are looking for, then
the flow restricted to 0Dy is a solution of the CDE.

To proceed in the reverse direction, we need some preparation. Let €2 be the open set
in the Banach space C'*7(0Dy, R") consisting of those X € C'™(0Dy, R") satisfying (11)
for some p > 0. The set Q is open in C'™(9Dy, R™) and the CDE can be thought of as an
ODE in the open set 2. We want to show that a solution X (+,¢) to the CDE in an interval
(=T, T) provides a weak solution of the non-linear transport equation (5). Clearly X(-,¢)
maps 0D, onto a n — 1 dimensional hypersurface S;. The goal now is to identify an open
set Dy with boundary S;. If we add the hypothesis that 0Dy is connected, and hence a
connected n — 1 dimensional hypersurface of class C'*7, then the analog of the Jordan
curve theorem holds [GP, p.89]. Then the complement of 9Dy in R™ has only one bounded
connected component which is Dy. In the same vein, the complement of S; has only one
bounded connected component, which we denote by D;, so that the boundary of D, is
S;. The definition of D; is less direct if we drop the assumption that 9D, is connected.
We proceed as follows. Let Sg, 1 < j < m, be the connected components of S;. Denote
by U] the bounded connected component of the complement of S] in R™. Among the Uj} J
there is one, say U}, that contains all the others. This is so at time ¢ = 0 because Dy is

connected and this property is preserved by the flow X (-,¢). We set D, = U} \ (U;”Z2Ui),
so that the boundary of Dy is S;.

Indeed, as the reader may have noticed, it is not necessary to assume that Dy is
connected in our Theorem. It can be any bounded open set with C'*7 boundary. Then
the argument we have just described is applied to each connected component.

Define a velocity field by

(13) v(z,t) = (k*xp,) (x), zeR" te(=T,T).

Since D; has boundary of class C'™7, the field v(-,t) is Lipschitz for each t € (—T,T)
and the equation of the flow (6) has a unique solution which is a bilipschitz mapping of
R"™ onto itself whose restriction to 9Dy is the solution of the CDE we were given. Thus
X (Dy,t) = D, and xp, is a weak solution of the non-linear transport equation (5).

2.2 The local theorem.

As a first step we solve the CDE locally in time. For this we look at the CDE as an ODE in
the open set 2 of the Banach space C'*7(9 Dy, R™). To show local existence and uniqueness
we apply the Picard theorem. First one has to check that F'(X) € C'™(9Dgy, R") for each
X € Q. After taking a derivative in ain (12) one gets a p. v. integral on 9Dy, which defines
a Calderén-Zygmund operator (not of convolution type) with respect to the underlying
measure doyp,, acting on a function satisfying a Holder condition of order . The result
is again a Holder function of the same order, since one shows that Calderén-Zygmund
operators of the type one gets preserve Holder spaces. In a second step one needs to



prove that F'(X) is locally a Lipschitz function of the variable X or, equivalently, that
the differential DF(X) of F' at the point X € Q is locally bounded in X. Again one has
to estimate operators of Calderén-Zygmund type with respect Holder spaces of order ~.
These estimates, subtle at some points, are proved in full detail in [BGLV] for the kernel
k = —VN. The variations needed to cover the present situation are minor and are left
to the reader. It is important that, as in [BGLV], the time interval on which the local
solution exists depends continuously only on the dimension n, the kernel &, the diameter
of Dy, the n — 1 dimensional surface measure of 0D, and the constant ¢(Dy) determining
the C'*7 character of D, whose definition we discuss below.

Let D be a bounded domain with boundary of class C1*7. Then there exists a defining
function of class C'*7, that is, a function ¢ € C**7(R"), such that D = {x € R" : p(z) <
0} and V(x) # 0 if p(z) = 0. We set

e IVollyop
14 q(D) = inf{———"—
(14) (D) { S

where |Vp(z)| = \/m7

Vo
IVellyop = sup{

. ¢ a defining function of D of class C*™7},

(z) — Vo(y)|

|z —y|"

:x,yeaD,x#y}

and
IVline = inf{|V(z)] : p(x) = 0}.

There is here an important variation with respect to [BC] and [BGLV]: the Hoélder
seminorm of order v of V is taken in those papers in the whole of R". For reasons that
will become clear later on we need to restrict our attention to the boundary of D and this
requires finer estimates.

2.3 Global existence: a priori estimates.

Assume that the maximal time of existence for the solution X (-,¢) of the CDE is T By
this we mean that X(-,t) is defined for ¢t € (—=7,T) but cannot be extended to a larger
interval. We want to prove that T = oo. For that it suffices to prove that for some
constant C' = C'(T') one has

If the preceding inequality holds, then we take ¢y < 7' close enough to 7" so that after the
application of the existence and uniqueness theorem for the CDE to the domain D,, at
time ¢y we get an interval of existence for the solution which goes beyond T' (the same
argument applies to the lower extreme —T).



To obtain (15) we look for a priori estimates in terms of ||Vvl||s. For diam(D;) and
0(0Dy) this is straightforward in view of (7). The core of the paper is the a priori
estimate of ¢(D;), which we get by constructing an appropriate defining function ®(-,t)
for D, satistying

t
(16) VO, )line > [Vipolis exp (—Cn/ ||Vv(-,s)||oods), t>0,
0
and
t
A1) 1900 Olhan, < [Veallom e (Co [ G+ 19009))ds) >0
0

As it was pointed out in [BGLV] if one transports a defining function ¢y of Dy by
i = wo o X1(-, 1), then Vi, may have jumps at the boundary of D; for t # 0 and so ;
is not necessarily differentiable. In [BGLV] one shows that

Vo (X~ (2, 1))

. o . —1 —
(18)  im V() = lim det VX !y, t) =i EsI (), @ € oD,
and

X (x,t
(19)  lim Vet = lim  detvx-l(y s @00 ap,

R\ D 2y—a R\ Dy Sy—a det D(x)

where X !(-,¢) is the inverse mapping of X (-,¢) and D(z) is the differential at z of the
restriction of X~1(-,t) to ODy, as a differentiable mapping from dD; onto dDy. Define

0, x € 0Dy,
(20) ola,1) = {det VX (X (x,1),t) p(x,t), @& 0D

We show in section 4 that ®(z,t) is a defining function of D; of class C1*7.
The definition of ® yields a formula for its material derivative % = 0y +v -V, namely,

(21) T = div() ®.

Taking gradient in the preceding identity one gets

D(V)
Dt

(22) = V(div(v)) @ + div(v) Ve — (Vo) (V),

where (Vov)! stands for the transpose of the matrix Vv. The right hand side of (22) can
be split into two terms which behave differently. The first is V( div(v)) ® and the second
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div(v)V® — (Vu)!(V®). We prove that the second term is a finite sum of differences of
commutators, which can be shown, with some effort, to have the right estimates. The
first term does not combine with others to yield a commutator and because of that we call
it the solitary term. A priori it is the most singular term on the right hand side of (22),
since it contains second order derivatives of v. We show that the solitary term extends
continuously to dD; by 0 and so it can be ignored at the price of working only on the
boundary of D; for all t.

To prove that the solitary term extends continuously to the boundary by 0 we need a
recent result of Vasin [V] whose statement is as follows. Let T' be a convolution homoge-
neous even Calderén-Zygmund operator of the type

@) TOE=pv [ Le-nfwd=tn [ e

where L is an even kernel, homogeneous of degree —n, satisfying the smoothness condition
L € C'(R™\ {0}) and the cancellation property [, L(z)do(z) = 0. The function f is
in LP(R"), 1 < p < oo and the principal value integral (23) is defined a.e. on R". Vasin’s
result states that if D is a bounded domain with boundary of class C'*7 then

(24) IVT(xp)(x)| dist(z,0D)' " < C, xe€ DU(R"\D),

where the constant C' depends only on n,~ and the constants giving the smoothness of
0D. We provide a proof of (24) in section 3 for completeness.

One applies (24) to the second derivatives of the velocity field v = kx yp, with ¢ fixed.
One has in the distributions sense

(25) @k = Pp.V. ajk + C} (507 with C; = / k(f)fj dO’(lf),
€l=1

and so
(0j0)(x) = (p.v. Oik * xp,) () + &G xp,(x), =€ DU (R™\ D)

and, taking a second derivative,

(26) (8,0;v)(x) = y(p.v.0jk * xp,)(x), z€D,U(R"\D;), 1<1,j<n.
By (24) applied to the operatot 1" associated with the kernel L = 0,k

(27)  [(810;v)(x)| dist(z,0D;)' " < C(t), z€ D;U(R"\Dy), 1<1,j5<n,

where C(t) depends on n,v and the constants related to the smoothness of 0D;. This
implies that the solitary term has limit 0 at the boundary of dD,, coming from the
complement, because |®(z,t)| is comparable to dist(z,dD;) as x approaches 0D; (P(-,1)
is continuously differentiable, vanishes on the boundary but the gradient does not).
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If is worth remarking that if each component of the kernel £ is harmonic off the origin,
then (24) can be obtained straightforwardly from the fact that T'(xp) satisfies a Holder
condition of order v in D, which is the Main Lemma of [MOV]).

From (22) at boundary points, and thus without the solitary term, one gets straight-
forwardly (16). Thus the a priori estimate of ¢(D;) is reduced to (17).

We turn now our attention to the second term in (22). We prove that the i-th compo-
nent of the vector div(v)V® — (Vo) (V®P) evaluated at the point # € R™ is a sum of n —1
terms, each of which is a difference of two commutators. In fact, the i-th component is

(28)
> pov. /D Oikj(x —y) (0:®(x) — 0;@(y)) dy —p.v. | Oikj(z —y) (9;®(zx) — 9;®(y)) dy.

j#i De

It is crucial here that we obtain differences of commutators, which provides eventually an
extra cancellation.

In [BC] it was shown that the Holder semi-norm of order v of each commutator in
(28) can be estimated by C,, [|[Vv(-,t)|le||V®(+,t)|yrn. This is not enough in our situa-
tion, because of the presence of the factor ||V®(-,t)||, g, which should be replaced by a
boundary quantity like |[V®(-,)|5,0p,-

To obtain the correct estimate we transform the j-the term in (28) into a difference
of two boundary commutators:

p. V. /az) ki(x —y) (0;®(x) — 0;®(y)) n;(y) do(y)
(29) t
Cpev. / =) (050(@) = 9,9(0) mi(y) dr (1)

It is worth emphasising here that it is not true that the commutator

p-v. [ Oikj(x —y) (0:2(x) — 0 (y)) dy

Dy

equals
p.v. / ke =) (20(a) = 40(0) (o) do ()

What is true is that the difference of two commutators in the j-th term of (28) equals
the difference of two commutators in (29). There is some magic here in arranging all
terms so that certain hidden cancellation takes place. To get the right estimates on
the boundary commutators one cannot adapt the lemma [BC, Lemma 7.3, p.26] to the
underlying measure do on 0D,, because this would give a constant of the type

B
rn—-

x€dDy >0

9
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which can be estimated by the Lipschitz constant of X (-, ), namely, exp fg |Vo(-, s)|e ds.
This exponential constant is by far too large.

One needs to replace the standard bound C,, [|[Vv(-,)|le||VO(-, )|z~ for a “solid”
commutator of the type (28) by C,, ||[Vv(-, ) || [|V(-,)||5.0p, - Here we have used the term
solid commutator to indicate that the integration is on D; with respect to n-dimensional
Lebesgue measure as opposed to a boundary commutator in which the integration is on
the boundary of 0D, with respect to surface measure o. To get the estimate in terms of
|V®(-,t)||1.0p, we resort to the difference of commutators structure, which allows us to
appeal to Whitney’s extension theorem, the reason being that one can switch between
a difference of boundary commutators and a difference of solid commutators via the
divergence theorem. The final outcome is (17).

Of course for those cases in which the kernel is divergence free, the quasi-geostrophic
equation in particular, one does not need the boundary commutators and getting the
commutator formula (28) suffices to complete the proof as in [BC]. Indeed in these cases
the transported defining function is already a genuine defining function, since the gradient
has no jump according (18) and (19), or appealing to a regularization argument, as in
[R].

To complete the proof from the a priori estimates is a standard reasoning. One needs
a logarithmic inequality for ||Vou(-,t)||~, which is a consequence of the boundedness of
T(xp) for an even smooth convolution Calderén-Zygmund operator 7" and a domain D
with boundary of class C'*7, and of the particular form of the constant. One obtains

Cy IVOl;.00
30 Vol )]s < — 1+lo+(D1/”# ,
(30 Vet < 2 (110" (10002

where C,, is a dimensional constant and |D| stands for the n-dimensional Lebesgue mea-

sure of the measurable set D. The novelty in inequality (30) is that ||[V®||,sp, is now

replacing the larger constant ||V ®||, g» which appears in [BC] or [BGLV, Corollary 6.3] in

dealing with the corresponding inequality. This follows from a scrutiny of the constants

that appear along the proof and an application of the implicit differentiation formula.
Inserting (16) and (17) in (30) one gets, for a dimensional constant C,

t
|wwwmwsc+c/HVMwmmw,
0

which yields, by Gronwall,
IVo(z,t)]]ee < Ce®, —T<t<T,

and this completes the proof of (15).

The reader may have observed that it is not strictly necessary for the proof to use
the quantity ¢(D;), defined in (14). Nevertheless, it is the canonical quantity to take into
consideration and helps to make some statements clearer. We will use it again in section
4.
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3 An auxiliary result

The result we are referring to is the following and can be found in [V].

Lemma. Let D C R" be a bounded domain with boundary of class C**7, 0 < v < 1, and
L an even kernel in C*(R™\ 0), homogeneous of degree —n. Then

IV (L *xp) (z)|dist(x,0D)* < C, xR\ D,
where C' 1s a constant depending only on D.
Proof. Placing the gradient on the characteristic function of D we obtain
V(Lxxp)=Lx(—fidosp).

Fix © € D and set d = d(z) = dist(z, dD). By the divergence theorem

(Lx7idogp)(x) = (L* M dogpza)(x) — / VL(z—y)dy,
D\B(a,d)

Now

(L* 1M dopp(z,a)(x) = / » L(z — y)i(y) do(y) = / L(2)1i(z) do(z)

|z|=d

and the last integral clearly vanishes, owing to the oddness of L(z)7i(z). Thus
V(L o) (1) = ~(Lxitdoan)la) = [ VEa-y)dy,
D\B(x,d)

and

dist(z,0D) [V (L x xp) (z)| = d| VL(z —y)dy|
D\B(z,d)

C
< d/ —_dy<cC
D\B(z,a) ¥ — 2|"

Therefore in proving the lemma one can assume that d < %ro, where 7o = 19(D) has the
property that, given a point p in the boundary of D, B(p,2ro) N D is the set of points
in B(p,2r) lying below the graph of a C'*7 function defined on the tangent hyperplane
through p.

We assume, without loss of generality, that 0 is the closest point of 9D to x and
that the tangent hyperplane to 9D at 0 is {x € R" : x,, = 0}. We also assume that

14



DN B(0,2ry) = {x € R" : x,, < (')}, where 2’/ = (x1,...,2,1), ¢ € CTT(B(0,2ry)),
B'(0,2rq) = {#’ € R""! : |2/| < 2r¢}. In particular,

6(2")| < VOl mr0.2m 2|7, 2" € B'(0, 2r0).

We clearly have

/ VL(z—y)dy = / VL(z—y)dy + / VL(z—y)dy.
D\B(z,d) (D\B(=,d))NB(0,ro) DNBe(0,r0)

The second term above is easy to estimate:

d C
/ VL(x—y)dy’S/ Tyﬂdyg—.
DNBe(0,r0) Be(0,70) |y To

For the first term one uses the fact that if H is a halfspace then Lxy g vanishes on H. This
follows from the fact that the preceding statement is true for balls instead of halfspaces
[MOV] and a straightforward limiting argument. Then one has

VL(x—y)dy = / VL(x—y)dy — VL(x—y)dy
(D\B(z,d))NB(0,rg) H_

= / VL(x—vy)dy
(D\H-)NB(0,ro)

/(D\B(Ivd))ﬂB(O,ro)

— / VL(z—y)dy
(H-\(DUB(z,d)))NB(0,rg)

- / VL(z—vy)dy
H,ﬂBC(O,To)

and the last term estimated as we did above with D in place of H_. The remaining two
terms are tangential and they are treated similarly. For the first we set

/ VL(z—y)dy = / VL(z—y)dy
(D\H_)NB(0,r0) (D\H_)NB(0,2d)

+ / VL(x—y)dy.
(D\H_-)N(B(0,r0)\B(0,2d))

15



Since for z € D\ H_ one has |y — z| > d, we get

C
\ / w(as—y)dy' <% 0\ BN B0.24)
(D\H_)NB(0,2d) d

2d
< o / P to{0e S i pf e D\ H }dp
0

c [ 1
< Pt dp=Cd
dn+1 /0

Finally

1
VL(z —y) dy‘ <C / dy
(

‘/(D\H_)Q(B(O,ro)\B(O,Qd)) D\H_)N(BOro)\B(O0,24)) [y

2d 1 . .
n—1-+ _ —

]

It is an interesting fact that the preceding lemma implies the main lemma in [MOV],
which states that under the hypothesis of Vasin’s lemma the function L x xp satisfies a
Holder condition of order v on D and on R™ \ D. Incidentally, it is worth mentioning
that this result has been proved independently by various authors at different times and
with various degrees of generality. We are grateful to M. Lanza de Cristoforis for bringing
to our attention the oldest reference we are aware of, namely, the 1965 paper of Carlo
Miranda [Mi].

We give an account of the proof of this fact only for the statement concerning D. In
the exterior of D one applies similar arguments.

Take two points z and y in D. Let d = dist(z,0D) be the distance from x to the
boundary. As before, we assume, without loss of generality, that 0 is the closest point
of D to x and that the tangent hyperplane to 9D at 0 is {x € R™ : x, = 0}. We can
also assume that D N B(0,2ry) = {x € R" : z, < ¢(2’)}, where 2/ = (z1,...,2,-1),
¢ € C™(B'(0,2rg)), B'(0,2rg) = {2/ € R" ! : |2/| < 2rq}. Then

(31) 6(2)| < IVollyp020la[™, 2" € B'(0,2r0).

As in [MOV] we can reduce matters to the case in which d < 3ro, because otherwise
we resort to the smoothness of L xp on the domain {z € D : dist(z,0D) > iro}.

Let K be the closed cone with aperture 45° and axis the negative x,, axis. That is
K ={z € R" : —/2x, > |z|}. We say that 2 and y are in non-tangential position if
x,y € K. Otherwise they are in tangential position.
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Assume first that z,y € D are in non-tangential position and distinguish two cases.
The first is y € B(0,2d) \ B(0,d). Apply the mean value theorem on an arc contained in
KN (B(0,2d) \ B(0,d)) of length comparable to |y — z|. One gets

(32)  |f(y) — f(2)] < C sup{dist(¢,0D)"™" : £ € KN (B(0,2d) \ B(0,d))}|y — a].
We claim that there exists an absolute constant ¢y with 0 < ¢y < 1 satisfying
(33) dist(§, 0D) > co €], €€ KN B(0, 7o),

provided 7o is small enough. Let p € 9D be such that [ — p| = dist(£,dD). Since
p = (p/,p,) is on the graph of ¢ we have, by (31), |p,| < C [p'|'* < C'r§|p/|. Thus

1€l < 1&n = pul + pal <€ —p|l+ Cr§ 1P|
<|&—pl+Cri(Ip" =&+ 1€])
<|E—pl(1+Crf) +Cr|al,

where in the last inequality we used that [£] < v/2|&,|, € € K. Taking r so small that
C'r§ < 1/2 we obtain

&l <2(1+Crf)|€ — p| =2(1 + Cr) dist(&,0D).

Indeed, the constant C' is the previous string of inequalities is /2 IV &l4,8/(0,2r0), Which
also depends on ry. But this is not an obstruction because it decreases with r.
Therefore, by (32),

f(y) = f(@)] < C(col&l) My —zl < Cq™ d y — 2| |y — 2|
<CG A BD) y — 2" =Cly— .

Let us turn our attention to the case y € K N B¢(0,2d). Note that there exists an
absolute constant Cy > 1 such that

ly — x| < Colyn —xa|, y € KN BO,2d).

Apply the fundamental theorem of Calculus on the interval with end points x and y and
estimate the gradient of f by a constant times the distance to the boundary raised to the
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power v — 1. By (33) we obtain
1
Fy) - fl)| < C / dist(z + t(y — 2),0D) |y — 2| dt
0

1
<cg! / [T+ t(yn — 20) |7y — 2| dt
0

|yn_55n|
-
y =] (d+7) " dr
=CC(Cy ((d+ |y — xn])? — d’*)
< Clyn —2a|" < Cly — 2,
as desired.

We are left with the case in which x and y are in tangential position, that is, y €
Dn (R” \ K ) In [MOV] there is a reduction argument to the non-tangential case, which
we now reproduce for completeness. Take a point p € 9D with |y — p| = dist(y, 8D) and
let N be the exterior unit normal vector to dD at p. We will take r so small that N is
very close to the exterior unit normal vector 77 to 9D at 0. Then the ray y— N, t > 0, will

intersect K at some point yy and the pairs x, yy and y, yo will be in tangential position.
Let us seek a condition on ¢ so that y —t/N € K, that is, so that

(34) ly — tN| < V2|(y — tN,7)].

Here (-,-) denotes the scalar product in R". Since |(y — tN,@)| > t(N,@) — |y| and
ly —tN| < |y| +t, a sufficient condition for (34) is

(1+V2)ly| < t(V2(N, i) — 1),
Take o small enough so that v2(N,7) — 1 > (v/2 —1)/2. A simpler sufficient condition

for (34) is
1o
2v2+1

Define ¢y by |y| = coto and then set yg = y — toN. By construction, yo € K N D and the
couples x,yp and y, yo are in non-tangential position. Hence we only have to check that

ly| < eot, with co =

(35) ly — vo| < Colx—y|.

We have cg |y — yo| = coto = |y|. On the other hand, the condition y ¢ K is exactly
ly| < V2|y/| and clearly |z —y| > |¢/|. Therefore (35) holds with an absolute constant Cj.
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4 The defining function for D,

In this section we prove that the function ® defined by (20) is a defining function of D,
of class C'™. Our assumption now is that the CDE has a solution X(-,¢) for ¢ in an
interval (—T;T) and that D, is the domain with 0D; = X (0D, t) which has been defined
in subsection 2.1. The field defined by (13) has a flow map (6) whose rectriction to 0Dy
is precisely the solution of the CDE.

Taking gradient in (20) we get, for x ¢ 0Dy,

(36)  V&(z,t) =det VX (X '(2,1),1)) Vio(z,t) + V (det VX(X ' (z,1),1))) (. t).

In [BGLV, Section 8] it was shown that VX (-, ) satisfies a Holder condition of order
v on the open set R™ \ 0D, (but may have jumps at 0D;). What remains to be proved
is that V®(-,t) extends continuously to dD;. This is straightforward for the first term in
the right hand side of (36), just by the jump formulas (18) and (19). We have

. —1 _ |V300(X_1({L",t))| —
Rn\alll{gy%detVX(X (y,1),1)) Ve(y, t) = et D(z) ni(z),

where D(x) is the differential at = € 9D; of X ~!(-,t) viewed as a differentiable mapping
from 0D, into 0D,.

The second term in the right hand side of (36) tends to 0 as x approaches a point
in 0D;. Proving this requires some work. For the sake of simplicity of notation let us
consider positive times ¢ less than 7. Since X (+,t) is a continuously differentiable function
of t with values in the Banach space C'™(9Dg, R"), the constants ¢(D;) determining the
O smoothness of the boundary of Dy are uniformly bounded for 0 < s < t. Hence

(37) IVu(-, 8)|lee < C(t), 0<s<t
and
(38) Vo, 8)[ly,p, + (VU 8)], gmp; S C(F), 0<s<t,

where C(t) denotes here and in the sequel a positive constant depending on ¢ but not on
s € [0,t]. Inequality (37) follows from the fact, already mentioned, that standard even
convolution Calderén-Zygmund operators are bounded on characteristic functions of C1+7
domains with bounds controlled by the constants giving the smoothness of the domain
(see, for instance, (30)). Inequality (38) has appeared in the literature several times with
various degrees of generality, as we mentioned in the previous section, where a complete
proof was presented. In [MOV] the reader will find another accessible proof independent
of Vasin’s lemma. The constants are not logarithmic, but this is not relevant here. The
statement is that if 7' is an even smooth (of class C') convolution homogeneous Calderén-
Zygmund operator and D a domain with boundary of class C'™, 0 < v < 1, then T'(xp)
satisfies a Holder condition of order v in D and in R™\ D.
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As we said in section 2 one applies (24) to the second order derivatives of the field v
to conclude that

(39) 10,000(, 8)| < O(t) dist(x, 0D, ¢ dD,, 0<s<t 1<jk<n,
See (26) and (27).
Combining (7), the analogous inequality with VX (-,¢) replaced by VX !(-,t) and
(37) we get
(40) Ct) ' <[IVX( )l <Ct), 0<s<t.

Therefore X (-, s) is a bilipschitz homeomorphism of R™ and consequently, for all & € R",

(41) C(t) ' dist(a, dDy) < dist(X (e, 5),0D,) < C(t) dist(a, 0Dg), 0< s <t.
Now let us turn to the second term in the right hand side of (36)
(42) [1(z) =V (det VX(X(z,1),1))) p(z,t) = po(a) Vi (e, 1),

where we have set x = X («,t) and J(«,t) = det VX (v, t). The jacobian satisfies

%J(a,t) — divo(X(a,t), ) J(a, 1)

and so
J(a,t) = exp /Ot divo(X (a, 5), s) ds.
Hence V,J(a, t) is
(43)
(exp /0 divo(X(a,5), 5) ds) ( /0 tdiv((Vv)t(X(a,s),s)) VX(a,s) ds) VX, 1),

where the divergence of a matrix is the vector with components the divergence of rows.
Combining (37), (39), (40), (41), (42) and (43) we get

11(2)] < C(t) [gola)] / dist(X (., 5),0D,)7 " ds

< C(t) |po(a)| dist(e, 8D0)'V’1
< C(t) dist(a, 0Dy)".

If dist(x, 0D;) — 0 then dist(«, 0Dy) — 0 and thus I1(x) — 0.
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5 The commutators.

The material derivative % = 0, + v - V of the defining function of the previous section is

%CI)(:U) = %(J(a, t) gpo(a)) = divo(X(a,t),t) J(a,t) po(a)

=divu(x,t) (1),

which proves (21). Taking derivatives in the equation above and rearranging terms one
obtains

(44) %V@ = V(divo)® + (divo) Ve — (Vo) (VE).

The first term tends to 0 at the boundary of Dy, by (39). This section is devoted to prove
that the second term in the right hand side, namely (divo)V® — (Vo) (V®), is a sum of
n — 1 terms, each of which is a difference of boundary commutators. It clearly suffices to
prove that each coordinate is a sum of n — 1 differences of boundary commutators. We
present the details for the first coordinate, which is

(45) 62'02 61(1) — 811)2 82613 + -4 anl)n 81¢ — 817)” 8nq)

Let us work with the first term Oyvy 01 ® — 0109 05P. The others are treated similarly.
The preceding expression is evaluated at (x,t) with € dD,. To enlighten the notation
we set D = Dy, so that ¢ is fixed, and x = xp,. Recall that v(-,t) = k * x and so
vi(-,t) =kj*x, 1 <j <n. By (25) we have in the distributions sense

(‘9jvj(~,t) zﬁjkj*xzp.v.ajkj*x—i—cjx, 1 S] <n.
where ¢; = [ _, k;(€)&; do(€). Thus
82'1}2(', t) 81®(-, t) = (821{72 * X) () 81613(', t) = p-V. (azkg * X) 81<I> + ngalq)

and
82]@ * (X81<I>) = p.V. 82k2 * (X6’1<I>) + 02)(81(1),

which yields
(46) Oava(+, 1) O1®(+,t) = p.v. (Oaky * X) 1P — p. V. Ooky x (XO1P) + Ooka x (XO1®P) .
Similarly

(47) 817}2('7 t) 32@(', t) = p.V. (81/-1:2 * X) @2@ — p.V. 81k2 * (Xagq)) + @1]@2 * (X(?gCI)) .
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Since x0;® = 9;(x®), 1 < j < n, we have
Oako x (xO1P) = O1kg * (xOoP)
and subtracting (47) from (46) yields

(48)
821)2(‘, t) 81(p<', t) — 81?)2(', t) 82(1)(', t) = Pp.V. (82k2 * X) 6’1<I> — p.V. 82]62 * (Xal(b)

— (p V. (81krg * X) 82<I> — p.Vv. 81k‘g * (X82<I>) ),

which is the difference of two solid commutators. Here we are using the term “solid” to
indicate that the integration is taken with respect to n-dimensional Lebesgue measure.
Our next task is to bring the solid commutators to the boundary.

Formula (48) is an identity between distributions and is not a priori obvious that
the principal value integrals exist at boundary points. The same can be said about the
principal values on the boundary which appear in the calculation below. That they do
exist in our context is a routine argument, which we postpone to the appendix.

Let x € 9D. Given € > 0 set D, = D \ B(x,¢). By the divergence theorem

(p-v.0sks x (x0:9))(z) = lim ; Ooko(x — )01 P(y) dy

e—0

= tim [ (e — )00 (y)na(y) doly) + / ol — )0 ®(y) dy

e—0 dD. D

— . /8 kale = 9)ONBlnaly) dor(y) + /D ol — 9)01®(y) dy

+ lim ko(z — y)or®(y)na(y) doc(y),

0 JoB(z,e)nD

where o, is the surface measure on dB(z,€). We do not need to compute explicitly the
term lim, g faB(w)nD ko(z — y)01P(y)na(y) doc(y), nor to worry about the second order
derivative of ® which has appeared, because they will eventually cancel out (a routine
regularisation argument takes care of the actual presence of the second derivatives of ®).
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We turn now to the computation of (p.v.d12N * x)(z). We have

(p.v.0oky * x)(z) = lir% Ooko(z —y) dy

=0 Jp.

+ lim ka(x — y)na(y) doc(y).
€0 OB(z,e)ND

Therefore

(p.v.Doko * (x01®))(z) — (p.v. Doko * x) ()01 P ()

(19) =PV /8D ka(x — y)na(y) do(y) 01 @(x) — p.v. /BD ka(x = y)Or®(y)na(y) do(y)

+/Dk2(33 —y)0n®(y) dy,

since

lim ka(z — y) (019 (y) — 0:19(2))doc(y) = 0,

€0 JoB(z,o)nD
because ko is homogeneous of order —(n — 1) and 0,9 is continuous at z. The conclusion
is that the solid commutator in the left hand side of (49) is a boundary commutator plus
and additional term involving second order derivatives of ®. This term will disappear
soon and in the final formulas no second derivatives of ® are present, so that the C**?
condition on @ is enough.

Proceeding in a similar way we find

(p.v.01ka * (x02®)) (z) — (p. v. Dika * X) (2)02®()

(50) = p. V. /aD kao(x — y)ni(y) do(y) OeP(x) — p. V./ ka(z — y)02@(y)n1(y) do(y)

oD
+/ ko(x — y) 012 (y) dy,
D

Subtracting (50) from (49) we see that the difference of the two solid commutators in
(48) is exactly, on the boundary of D, a difference of boundary commutators. Hence
((dive)l — (Vv)')(V®) is a sum of n — 1 terms, each being a difference of two vector
valued boundary commutators.
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6 Holder estimate of differences of boundary com-
mutators.

We keep the notation of the previous section D = D, V& = V®(-,t), with ¢ fixed.
Our goal is to estimate the Holder semi-norm of order v on 9D of the difference of two
boundary commutators. For instance,

DB(x) :=

p.v. /a bafa = 1)) y) da(y) ~ p-v. /a o — y)ns(y) do () Dy(x)

D

~(pov [ kol = 90n®nato) do(s) = .v. [ ol = maly) dor) 00()).

The general case follows immediately by the same arguments. The strategy consists in
exploiting the fact that DB(z) is also, for z € 0D, a difference DS(z) of two solid
commutators, as we checked in the previous section. That is, DB(z) for x € 9D is
identical to

DS(z) = DS(®)(z) =

D

= (p. V. 82]{72 * (X(?l(I)) — (p. V. 82k2 * X) 81(1)) — ((91k2 * (X@QCI)) — (61/{?2 * X) 82(13) .

By [BC, Corollary, p.24 and Lemma p.26], estimating each commutator separately, we
have || DS, rn < Cy ||VU(-, 1)l || VP||4,rn, Which is not good enough, because we need
|V®||,,6p in place of [|[VP|, rn.
We now consider the jet
(0,0,9,...,0,P)

on 0D. By Whitney’s extension theorem [S, Chapter VI, p.177] there exists ¥ of class
C7(R™) such that ¥ = 0 and V¥ = V& on dD, satisfying

[Ve(x) - (y — )]

ly — x|

(51) HVWMRMSGIOV®MwD+&m{ iy%w7%$€3D0-

This precise estimate is not stated explicitly in Stein’s book but it follows from the proof.
We claim that

Vo(x) (y —x
(52) sup{ LIy 20y € 0D) < 200 T

We postpone the proof of the claim and we complete the estimate of | DB|,.ap-
The extension ¥ of the jet (0,09P,...,0,P) on D , given by Whitney’s extension
theorem, satisfies, in view of (51) and (52) ,

HV\IJH%R” < Cn,v ||V(I)||%8D'
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Since V¥ = V® on 9D the differences of solid commutators DS(®) and DS(V¥) are equal
on 0D. Thus

IDBlly.op = [DS(¥)lyop < [[DS(¥)]5 pn
< Co|IVo(s O)llee [V e < Co IV D)oo IV ]ly,00-

This can be used to prove the a priori estimate (17) as in [BC].

We turn now to the proof of the claim (52). Fix a point x € 9D. Assume without loss
of generality that z = 0 and V&(0) = (0,...,0,9,9(0)), 9,$(0) > 0. Define § = 6(z) by
[V 00

[Ve(0)]
This choice of § implies that the normal vector V®(y) remains for y € B(0,0) N 9D in
the ball B(V®(0), |V®(0)|/2). Indeed

077 =2

[Ve(0)]
s

Then given y € B(0,9) N 0D the tangent hyperplane to 9D at y forms an angle less than
30 degrees with the horizontal plane and thus 9D is the graph of a function y, = ¢(y,)
which satisfies a Lipschitz condition with constant less than 1. Here we have used the
standard notation y = (v, yn), ¥ = (Y1, .-+, Yn_1). The function ¢ is defined in the open
set U which is the projection of B(0,8)NdD into R"~! defined by y — v'. By the implicit
function theorem ¢ is of class C'™ in its domain.

Note that for each y € 9D N B(0,9), the segment {ty' : 0 < ¢ < 1} is contained in
U, as an elementary argument shows. The mean value theorem on that segment for the
function t — p(ty') yields

V() -yl _ [VRO)llp(y)] _ [VR(0)
bt e S e sp{IVe()] 2 €U < Iy}

[Ve(y) = VE(0)| < [[Vely000" =

By implicit differentiation

ip(2) = M, 1<j<n-—1,
1<

and so, recalling that 0;®(0) = 0, Jj <mn—1,and that z = (2, p(2)),

P v 2
|V(P(Z/)| < HV ny,@D‘z| <

SR = ey 1V her 27T 1S

because

|0n®(2)| = 0,®(0)] — |0,P(2) — 9,%(0)]

[Ve(0)]
2

> [VO(0)] - [[Ve]l.0p 6" =
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and
2] = (|2'] + ¢(2)*)/* < V2|7].

Thus
[VO(0) -y

W < 22|V, 0p,  y € OD N B(0,5).

If y € 8D\ B(0,6)

[Ve(0)-y[ _ [VEO)] _ [VO(0)]
ly = oy T8

=2|[[V®lly.0p,

which completes the proof of (52).

7 Domains enclosed by ellipses as Cauchy patches.

In this section we consider the transport equation in the plane given by the Cauchy kernel

atﬂ('Z?t) + U(Zat) ’ Vp(Z,t) =0,

(53) ) = (L 0) (),

Tz

p(2,0) = xp,(2),

z=x+1iy € C=R? and t € R. Note that we have changed the normalization of the
velocity field in (4) by a factor of 2.
We take the initial patch to be the domain enclosed by an ellipse

2 2
Eoz{(x,y)eRQ:x—z+y—2<1}.
ag by

We will show that the solution provided by the Theorem is of the form xg, (2) with

2 2

<a:{@weR%aa,+£y<1}

((10 -+ bo) 62t

54 t) = teR
(54 alt) = a O te
and

(a0+b0)
55 b(t) =bp——=, teR.
( ) <) Ob0+a0€2t, <
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Ast — 00, a(t) = ag+ by and b(t) — 0, so that the ellipse at time ¢ degenerates into the
segment [—(ag + by), ap + bo| as t — 400 and into the segment i[—(ag + by), ag + bo] on
the vertical axis as t — —o0.

Since the equation (53) is not rotation invariant, one has to consider also the case of
an initial patch given by the domain enclosed by a tilted ellipse

i6 2 . oy
E(a,b,0) =€ {(m,y) eR _+ﬁ < 1}
In this case the straight line containing the semi-axis of length a makes an angle 6 with
the horizontal axis and we take 0 < 0 < 7/2.
Assume that the initial patch is Ey = E(ag, by, 0p). Then we will show that the solution
given by the theorem is y g, with E; = FE(a(t),b(t),0(t)), where a(t),b(t) and 0(t) are the
unique solutions of the system

2

al(t) = p—— a(t) b(t) cos(260(t))
(56) H(t) = —— i - alt) () cos(26(0)
o) = —— 2 VY o0,

a0+b0a() b()

with initial conditions a(0) = ag, b(0) = by, 6(0) = by.

We start the proof by assuming that the patch D, of the weak solution provided by
the theorem is indeed E;. Let z(t) be the trajectory of the particle that at time 0 is at
2(0) € OFy. Then
(57) — = v(z(0).1), z(0) € OEy,
and v is the velocity field of (53). It is a well-known fact that v can be explicitly computed
[HMV]. One has

a(t) — b(t)
a(t) +o(t)

Indeed in [HMV] only the case 6(t) = 0 is dealt with, but the general case follows easily
from the behaviour under rotations of a convolution with the Cauchy kernel.

To lighten the notation think that ¢ is fixed and write a = a(t),b = b(t),0 = 0(t),q =
q(t),z = 2(t) = x(t)+iy(t) = v +iy. The condition z(t) € IE, is equivalent to e ?® 2(t) €
0E(a(t),b(t),0), which is

(x cos(f) +y sin(@))2 N (—z sin(0) + y cos(6))?
a? b2

Tz

(58) v(z,t) = (i *XEt) (2) =7z —q(t) e 20, e E, q(t) =

=1,
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and can also be written more concisely as

<z,ei9>2 <z,iei9)2
a2 + B2

Here we have denoted by (u, v) the scalar product of the vectors u and v. Now proceed as

follows. Take derivative in (59) with respect to ¢ and then replace z/(t) by the expression

of the field given by (58). We get an equation containing a, b, and z, which determines
z(t), the solution of the CDE. This equation is

(59) ~1.

10 /
0 — <Zaai > (<Z,€i9i9/ _ qe?)’ie) + <§’ el@)) _ %<Z,€i9>2
o <z,z’ei9> 00 - 3i0 — . 0 v . i6)\2
+ 72 (<z,—eZ 9—zqe’)+<z,ze ))—ﬁ(z,ze ).

Evaluate at z = z(t) = a(t)e??® (which is a vertex of the ellipse at time ¢). One gets
the equation

(61) d =22

bb cos(20).

Evaluating at the other vertex of the ellipse at time ¢, that is, at z = z(t) = b(t)ie?®,
yields

ab

a+b

Adding (61) and (62) we see that a + b is constant, then equal to ag + by. Thus we have
got the first two equations in (56).

Before getting the third equation let us solve the case in which the initial ellipse has
axes parallel to the coordinate axes (fy = 0). In this case set 6(t) = 0, t € R. Replacing
in (62) a by ag + by — b and solving we get (55) and then (54).

Now take the domain E; = E(a(t), b(t),0), the vector field

(62) b= —2

cos(20).

o(z 1) = (é *XEt) (:)=Z—qlt)2, zcB,

and the flow p
d—j =z —q(t) 2, 2(0) € OEy,
The preceding system is

du(t)  2b(t)

dt a0+b0
dy(t 2a(t

i) __ 2a(t)
dt CL0+bO
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Then the flow map is linear on Ej and given by a diagonal matrix. Hence the flow preserves
the coordinate axes and maps OF) into an ellipse with axes parallel to the coordinate axes
enclosing a domain E; . But (61) and (62) say exactly that the vertices of dE; belong
to 8E~t. Thus E~t = F; and so xpg, is the unique weak solution of the Cauchy transport
equation in the class of characteristic functions of C'*7 domains.

Let us now go back to the general case and obtain a third equation involving ¢’. Impose
that the intersection of the ellipse OF; with the positive real axis belongs to the image of
OFy under the flow. In other words replace z(t) in (60) by ((CO;# + Silg#)*lﬂ, 0). After a
lengthy computation one gets

, 2 ab

(63) 0 P —" sin(26),

provided a # b.

We know claim that the system (56) has a unique solution defined for all times ¢t € R
provided ag # by. The case ay = by corresponds to an initial disc and so to the case 6y = 0,
which has been discussed before. Consider the open set

Q:{(a,b,G)€R3:a>0,b>0,a%band0<6<g}.

Clearly a unique solution of the system exists locally in time for any initial condition
(ap, bo, By) € 2, because the function giving the system is C*° in Q. We claim that this
solution exists for all times. Assume that the maximal interval of existence is (=T, T) for
some 0 < T' < oo. By the first two equations of the system (56) |a’| and |V/| are bounded
above by 2(ag+ by) and hence the limits lim, _,7 a(t) = a(T") and lim;_,7 b(t) = b(T) exist.

We also have

!/ /

<2 and <2

a

and so
0 < age?’ < a(T) < ape®” and 0 < boe T < b(T) < bpe*".

Note that #'(¢) cannot vanish. Otherwise, by (63), #(¢) = 0 for some ¢, and in this case
we have already checked that the system can be solved for all times. Hence 6" has constant
sign. When ag > by the function € decreases and if ay < by the function 6 increases. In
any case we have that there exists

O(T) = lim 6(¢).

t—T

We can not have 0(7") = 0 or (T') = 7 because we have solved the equation in these cases
for all times. For the same reason we cannot have a(T') = b(T'). Therefore (a(T),b(T),0(T)) €
2 and we can solve the system past 7', which is a contradiction.

We proceed now to prove that the domain E; = E(a(t),b(t),0(t)) enclosed by the
ellipse provided by the solution of (56) yields the weak solution xg, of the transport
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equation (53) with initial condition Dy = Ey. We consider the field (58) and the trajectory
(57) of a particle initially at the boundary point z(0) € dFEj. Since the velocity field is
linear in FE; the flow is a linear function of z(0) € Ey. Thus the initial ellipse 0Fy is
mapped into an ellipse OE; enclosing E;, the image of Ey under the flow map. To show
that xg, is a weak solution of the Cauchy transport equation we only need to ascertain
that B, = E,. But the three equations of (56) simply mean that the vertices of E; and the
intersection of F; with the horizontal axis are in the image of dE, under the flow map.
It is now a simple matter to realise that there is only one ellipse centred at the origin
containing those three points.

A surprising result arises when examining the asymptotic behaviour as ¢t — oo of
the weak solution of the Cauchy transport equation (53) when the initial condition is
E(ag, by, 6p) with ag # by and 6y > 0. We know that the solution of the system (56) never
leaves the open set €. In particular a(t) — b(t) has a definite sign determined by the initial
condition. Assume for definitess that ag — by > 0, so that a(t) —b(t) > 0, t € R and hence
(t) is a decreasing function. Then the limit 0, = lim; o, 0(t) exists. The system (56)
readily yields that the function (a — b) sin(26) has vanishing derivative, so that

(64) (a(t) — b(t))sin(20(t)) = (ap — bo) sin(26y), t € R.
Thus (ag + bo) sin(26(t)) > (a(t) — b(t)) sin(20(t)) = (ag — bo) sin(26y) and taking limits

ap — by

in(20.,) >
Sln( ) T oag + bo

sin(26y) > 0,

which means that the limit angle 6, is positive. In other words, the axes of the ellipses
at time ¢ do not approach the coordinate axes.

Assume that 0 < 6 < 7. Since 0(t) decreases, 0 < 260(t) < 7, t > 0, which implies
that a(t) increases and b(t) decreases. By (62)

2

ag + b9

b(t) = bo exp /Ot — a(s) cos(20(s)) ds < by exp (_

cos(20p) t) ,

ag + bg

and so by, = 0, provided 6y < 7. If 6y = 7 we break the integral above into two pieces,
the first between 0 and 1 and the second between 1 and ¢t. We get, for some constant C'
independent of t,

b(t) < C exp (— 2a0b cos(26(1)) (t — 1)> , t>1,

ap + 0g
which again yields b, = 0. By (64)

ap — by

(65) sin(20,,) = sin(26,),

ag + bo

30



ap=3, bp=1 6bh= oo =4, bee =0, 605 =0,2239

s
3

which determines the limit angle in terms of the initial data.
Let us turn now to the case § < 6y < 7. In the figure above one can see the initial
ellipse and the final segment. In view of the first two equations of the system (56) at least
for a short time a(t) decreases and b(t) increases. If one has 7§ < 6, then cos(26(t)) < 0
for t > 0 and a(t) decreases and b(t) increases for all times. Integrating the third equation

in (56) we obtain

tan(@(t)):tan(Go)eXp( - / F_als b(8>)ds)

ao+bo Jy a(s)—b(s

AR
< tan(fp) exp (— A5 )

2 2
ag — bg

Letting ¢ — oo we get tan(f,,) = 0, which is impossible. Hence 6., < 7+ Then for some #g
we have 0(t) < 7, which brings us into the previous case, in particular to the expression
(65) for the limiting angle 0.

Arguing similarly with ¢ — —oo we get (65) with sin(260.,) replaced by sin(260_,),
where 6_ = lim;, o, 0(t). Thus 0_ = § — 0.

The case ag < by is reduced to ag > by by tacking conjugates (symmetry with respect
to the horizontal axis). Indeed, equation (53) is invariant by taking conjugates, as a
simple computation shows. If one has ay < by and an angle 6, the symmetric ellipse has

semi-axes Ay = by, By = ag and angle ) = § — 0.

8 Appendix: existence of principal values

The first fact we prove in this section is the following.
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Lemma. Let D be a bounded domain with boundary of class C'*7, 0 < v < 1. Let
L : R*\ {0} — R be an even kernel, continuous on R™\ {0}, homogeneous of degree
—n, which satisfies cancellation property f| L(&)do(€) = 0. Then for each x € 0D the

principal value

£=1

(p.v.L*xp) () =lim L(zx —y)dy
0 JyeD:ly—al>c)
exists.

Proof. Without loss of generality assume that = = 0, that the tangent hyperplane to 0D
at 0is {y € R" : y, = 0} and that ry > 0 is so small that there exists a function

¢ € C(B'(0,2rg), B'(0,2rg) ={y e R": |y'| <210}, ¥ = W1, s Yn1)

such that DN B(0,ry) ={y € B(0,70) : yn < &(¥)}.
For 0 < r set

S,={yeR":|y=r}, SI={yesS :y,>0} and S, ={yeS, :y, <0}

Since L is even

o[ L) doty) = / L) dot) + / Ly doy) =2 | 1oty

Sy

Set H. ={y e R":y, <0}. For 0 < ¢ < e < ry we then have

—/ Mw@+/ L(y) dy
{yeD:|y|>€} {yeD:|y|>6}

=/ uw@—/ L(y) dy.
{yeRm:d<|y|<eIN(D\H-) {yeRm:6<|y|<e}N(H_\D)

The tangential domains (D \ H_)NB(0,¢) and (H_ \ D)NB(0, €) are very small. Indeed,
1
‘/ L(y) dy‘ < / —p"lo{fe S i pfe D\ H }dp
{yeR™:5<|y|<e}N(D\H-) 5 P

€ C
<C / p I dp < =€,
) Y

One obtains in the same way

e’

M@MS%

‘ /{yER":5<y|<e}ﬁ(H_\D)

and so the proof is complete. O]
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The second result is the following.

Lemma. Let D be a bounded domain with boundary of class C**7, 0 < ~v < 1. Let
K :R"\ {0} — R be an odd kernel of class C*(R"\ {0}), homogeneous of degree —(n—1).
Let ¢ a function defined on 0D satisfying a Holder condition of some positive order on
0D. Then for each x € 0D and each 1 < j < n the principal value

(p.v. K % ¢n;do) (x) = lir% K(z —y)o(y)n;(y) do(y)
0 J{yeaD:|y—z|>e}

exists.

Proof. Tt is easy to get rid of ¢. Indeed

/’ K (x — y)p(y)n; (y) do(y)

{y€dD:e<|y—z|}

:/’ K(z — y)(oy) — o(@))n;(y) do(y)
{y€dD:e<|y—z|}

+ () /{ R K(z —y)n;(y) do(y)

and the first integral in the right hand side tends as ¢ — 0 to the absolutely convergent
integral
o K(z —y)(e(y) — o()n;(y) do(y).
Hence we can assume that ¢ is identically 1.
We can also assume, as in the proof of the previous lemma, that x = 0, the tangent
hyperplane to 0D at 0 is {y € R" : y, = 0} and the domain D inside B(0,¢€) is exactly
{y € B(0,€) : yn < ¢(¢')}. By the divergence theorem

/' K@@w@ﬂdwz—/‘ @mw@+/‘ K(y)n,(y) do(y)
{y€dD:e<|y[} {yeD:e<|yl} {y€D:|y|=¢}
= —I+11,

where in the last identity one is defining [ and 1.

To apply the previous lemma to I we need to check that 0; K (y), which is continuous
off the origin, even and homogeneous of degree —n, has vanishing integral on the unit
sphere. By the divergence Theorem

/1 y 28jK(y) dy = s K(y)n;(y) do(y) — K(y) n;(y) do(y),

ly|=1
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which is 0, since the two integrals over the spheres are the same by homogeneity. Hence,
changing to polar coordinates,

0= / 0K () dy —log2 [ K(8)do(6),
1<|y|<2 |0]=1

which takes care of I.
For the term I1, set, as before, H_ = {y € R" : y,, < 0}. We then have

/ K(y)ny(y) do(y) = / K (y) n;(y) do(y)
{yeD:|y|=€}

{yeD\H_:|y|=¢}

K(y)n;(y) do
+/{y€H;y|_E} (y)n;(y) do(y)

- / K(y) ny(y) do(y)
{yeH_\D:|y|=¢}

The first and third terms tend to 0 with €, because the domains of integration are tan-
gential. Indeed,

o (9B(0,6) N (D \ H_)) + 0 (9B(0,€) N (H_ \ D)) < C' "1+

and so the absolute value of the first and third terms can be estimated by C' €.
It only remains to note that the second term is independent of ¢, by homogeneity.
O

Acknowledgements. The authors would like to warmly thank Francisco de la Hoz for a
numerical simulation of the ellipses evolution; they acknowledge support by 2017-SGR-395
(Generalitat de Catalunya), MTM2016-75390 (Mineco) and PID2020-112881GB-100.

References

[BK]  H. Bae and J. P. Kelliher, Propagation of regularity of level sets for a class of
active transport equations, J. Math. Anal. Appl., 497(1):00-00, 2021.

[BC| A. L. Bertozzi and P. Constantin, Global regularity for vortex patches, Comm.
Math. Phys., 152(1):19-28, 1993.

[BGLV] A.L. Bertozzi, J.B. Garnett, T. Laurent and J. Verdera, The Regularity of the
Boundary of a Multidimensional Aggregation Patch, SIAM J. Math. Anal., 48(6),
3789-3819, 2016.

34



[BLL]

[Ch]

[GHM]

[GP]

[HMV]

A. L. Bertozzi, T. B. Laurent and F. Leger. Aggregation and spreading via
the Newtonian potential: the dynamics of patch solutions. Math. Models and
Methods in the Applied Sciences, 22(Supp. 01), 2012.

J. Y. Chemin, Persistance de structures géométriques dans les fluides incompress-
ibles bidimensionnels, Ann. Sci. Ecole Norm. Sup. (4), 26(4):517-542, 1993.

C. Garcia, T. Hmidi and J. Mateu, Time periodic solutions for 3D quasi-
geostrophic model, arXiv:2004.01644 (2020).

V. Guillemin and A. Pollack, Differential topology, Reprint of the 1974 original
AMS Chelsea Publishing, Providence, Rhode Island, 2010.

T. Hmidi, J. Mateu and J. Verdera, On rotating doubly connected vortices, .J.
Differential Equations, 258:1395-1429, 2015.

A. J. Majda, Vorticity and the mathematical theory of incompressible fluid flow,
Comm. on Pure and Appl. Math., 39:187-220, 1986.

A. J. Majda and A. L. Bertozzi. Vorticity and incompressible flow, volume 27
of Cambridge Texts in Applied Mathematics. Cambridge University Press, Cam-
bridge, 2002.

J. Mateu, J. Orobitg and J. Verdera, Extra cancellation of even Calderon-
Zygmund operators and quasiconformal mappings, Journal de Mathématiques
Pures et Appliqués, 91(4):402-431, 2009.

C. Miranda, Sulle propieta di regolarita di certe trasformazioni integrali, Atti
Accademia Lincei, Serie 8, Volume 7, Sezione 1 (9), 303-336, 1965.

J. Nieto, F. Poupaud and J. Soler, High-field limit for the Vlasov-Poisson-Fokker-
Planck system, Arch. Ration. Mech. Anal., 158(1), 29-59, 2001.

R. Radu, Existence and regularity for vortex patch solutions of the 2D incom-
pressible Euler equations, to appear in Indiana Math. Journal.

E. M. Stein, Singular integrals and differentiability properties of functions,
Princeton University Press, Princeton, 1970.

A. V. Vasin, Calderén-Zygmund operators on Zygmund spaces on domains,
arXiv:1801.01023

V. I. Yudovich, Non-stationary flow of an ideal incompressible liquid, USSR
Computational Mathematics and Mathematical Physics, 3(6):1407-1456, 1963.

35



J.C. Cantero,

Departament de Matematiques, Universitat Autonoma de Barcelona.

J. Mateu, J. Orobitg and J. Verdera,

Departament de Matematiques, Universitat Autonoma de Barcelona,

Centre de Recerca Matematica, Barcelona, Catalonia.

E-mail: cantero@mat.uab.cat, mateu@mat.uab.cat, orobitg@mat.uab.cat
jvm@mat.uab.cat

36



	Introduction
	Outline of the proof.
	The contour dynamics equation.
	The local theorem.
	Global existence: a priori estimates.

	An auxiliary result
	The defining function for Dt 
	The commutators.
	Hölder estimate of differences of boundary commutators.
	Domains enclosed by ellipses as Cauchy patches.
	Appendix: existence of principal values 

