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UNIQUENESS FOR THE VORTEX-WAVE SYSTEM
WHEN THE VORTICITY IS CONSTANT NEAR THE
POINT VORTEX

CHRISTOPHE LACAVE & EVELYNE MIOT

ABSTRACT. We prove uniqueness for the vortex-wave system with
a single point vortex introduced by Marchioro and Pulvirenti [E] in
the case where the vorticity is initially constant near the point vor-
tex. Our method relies on the Eulerian approach for this problem
and in particular on the formulation in terms of the velocity.

1. INTRODUCTION

In this paper, we study a system occurring in two dimensional fluid
dynamics. The motion of an ideal incompressible fluid in R? with
divergence-free velocity field v = (v1, v2) : RT x R? — R? and vorticity
w = curlv = dyv; — O1vy : RY x R? — R is given by the Euler equations

(1.1)

where div v = 0jv; + Oyv9. For this system, Yudovich’s Theorem states
global existence and uniqueness in L> (R*, L' N L°>°(R?)) for an initial
vorticity wy € L'NL>*(R?). Equation ([[1]) is a transport equation with
field v, therefore one may solve it with the method of characteristics.
When v is smooth, it gives rise to a flow defined by

{%m ) (12)

w = curlv, dive = 0,

{@w—i—v-szO,

do(z) =z € R
In view of ([.1]), we then have
d
Ew(t, qﬁt(:c)) =0, (1.3)

which means that w is constant along the characteristics. In the general
case of a vorticity w € L™ (R*, L' N L>(R?)), these computations may
be rigorously justified, so that the Eulerian formulation (1)) and the
Lagrangian one ([.9), (L.3) turn out to be equivalent.

Since equation ([[.I) governs the evolution of the vorticity w, it is
natural to express the velocity v in terms of w. This can be done by
taking the orthogonal gradient in both terms in the relation w = curlv

Date: August 18, 2008.



2 C. LACAVE & E. MIOT

and using that v is divergence free. This yields V*w = —Aw, so that
under the additional constraint that v vanishes at infinity, we have

v=Kx*xw. (1.4)

Here * denotes the convolution product and K : R?\ {0} — R? stands
for the Biot-Savart Kernel defined by

1zt
27 ||’

K(x) = x #0, (1.5)
where (z1,72)t = (=2, 2;). When the vorticity tends to be concen-
trated at points, one may modify equation ([[.T) according to formulas
(L.4) and ([.3) into a system of ordinary differential equations, called
point vortex system, which governs the motion of these points. A rig-
orous justification for this system has been carried out in [f. It is
proved there that if the initial vorticity wy is close to the weighted sum
of Dirac masses »_ d;0,, in a certain sense, then w(t) remains close to
> d;6., ) for all time, where the vortices z;(t) evolve according to the
point vortex system.

In the early 90s, Marchioro and Pulvirenti [[], § investigated the
mixed problem in which the vorticity is composed of an L*° part and
a sum of Dirac masses. They obtained the so-called vortex-wave sys-
tem, which couples the usual point vortex system and the classical
Lagrangian formulation for the two-dimensional fluid dynamics. In the
case of a single point vortex (which will be the case studied here), these
authors obtained the global existence of solutions of the vortex-wave
system in Lagrangian formulation.

Definition 1.1 (Lagrangian solutions). Let wy € L' N L>®°(R?) and
20 € R% We say that the triple (w,z,¢) is a global Lagrangian so-

lution to the vortex-wave system with initial condition (wo, zo) if w €
L® (R, L' N L®(R?)), v = K *w € C(R* x R?) and

z:RT — R?, ¢ : Rt x R*\ {z} — R?

are such that z € C*(R*,R?), ¢(-,z) € CY(RT,R?) for all x # 2z and
satisfy

(

(1) = (Kxw)(-1),

£(t) = v(t, 2(1)),

2(0) = 2o

oy (x) = ( éi(2)) + K (4(x) — 2(t)), (LF)
do(z) =2, x # 2,

(w(@e(x), 1) = wo(x),

where ¢y = ¢(t,-). In addition, for all t, ¢y is a diffeomorphism from
R2\ {z0} into R?\ {2(t)} that preserves Lebesque’s measure.
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This system involves two kinds of trajectories. The point vortex
z(t) moves under the velocity field v produced by the regular part w
of the vorticity. This regular part and the vortex point give rise to a
smooth flow ¢ along which w is constant. The main difference with the
classical Euler dynamics is the presence of the field K (z — 2(t)), which
is singular at the point vortex but smooth elsewhere. Marchioro and
Pulvirenti [[] proved global existence for (LF). The proof mainly relies
on estimates involving the distance between ¢;(x) and z(t) and uses
almost-Lipschitz regularity for v = K % w and the explicit form of K.
It is shown in particular that a characteristic starting far apart from
the point vortex cannot collide with z(¢) in finite time. Consequently,
the singular term K (¢;(x) — 2(¢)) in (L) remains well-defined for all
time.

The notion of Lagrangian solutions is rather strong. One can define a
weaker notion of solutions: solutions in the sense of distributions of the
PDE (without involving the flow ¢). We call these Eulerian solutions
and we define them here below.

Definition 1.2 (Eulerian solutions). Let wy € L' N L>®(R?) and 2z €
R2. We say that (w, z) is a global Eulerian solution of the vortez-wave
equation with initial condition (wy, zo) if

w € L™ (RY, L' N L®(R?)), z € C(RT,R?)

and if we have in the sense of distributions

Ow +div (v + H)w) = 0,

w(0) = wo, (EF)

2(t) =v(t 2(1)), 2(0) = 2o,
where v and H are given by

u(t, ) = K *, w(t), H(t,") = K(- — 2(t)).

In other words, we have for any test function ¢ € D(R* x R?)?

—/RQwo(x)@(O,x)d:c:/w /R2w(8tg0+(v+H)~Vg0)dsdfc,

and for all t € R*?

2(t) = 2o —i—/o v(s, z(s)) ds.

This kind of Eulerian solutions appeared for example in []. In that
paper, a solution of the Euler equation with a fixed point-vortex is ob-
tained as the limit of the Euler equations in the exterior of an obstacle

1By virtue of Lemma @, the field defined by v = K *w belongs to L (R* x R?).
On the other hand, H belongs to L (R xR?), so that this definition makes sense.

2We will see in Lemma P.3 and Proposition B.§ that v(t) is defined for all time
and is continuous in the space variable.
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that shrinks to a point. The regularity of the limit solution obtained
in [[] is not better than the one given in Definition [[.2.

In this paper, we are concerned with the problems of uniqueness of
Eulerian and Lagrangian solutions and with the related question of
equivalence of Definitions [[.] and [[.3.

We will first prove the following Theorem, clarifying that a La-
grangian solution is an Eulerian solution.

Theorem 1.3. Let wy € L' N L®(R?) and zy € R?. Let (w,z, )
be a global Lagrangian solution of the vortex-wave system with initial
condition (wo, z0). Then (w, z) is a global Eulerian solution.

We turn next to our main purpose and investigate uniqueness for
Lagrangian or Eulerian solutions.

Uniqueness for Lagrangian solutions can be easily achieved when the
support of wy does not meet zy; in that case, the support of w(t) never
meets z(¢) and the field x — K(¢¢(x) — 2(t)) is Lipschitz on supp wy.

Another situation that has been studied is the case where the vortic-
ity is initially constant near the point vortex. Marchioro and Pulvirenti
[l suggested with some indications that uniqueness for Lagrangian so-
lutions should hold in that situation. Starovoitov [I{] proved unique-
ness for Lagrangian solutions under the supplementary assumption that
wo is Lipschitz. In this paper, we treat the general case where the
initial vorticity is constant near the point vortex z; and belongs to
L' N L*°(R?). More precisely, we prove the following

Theorem 1.4. Let wy € L' N L>®(R?) and 2y € R? such that there
exists Ry > 0 and o € R such that

wo =a on B(zy, Ry).

Suppose in addition that wy has compact support. Then there exists
a unique Fulerian solution of the vorter-wave system with this initial
data.

In order to prove Theorem [[.4, we first show that if (w,z) is an
Eulerian solution, then w is a renormalized solution in the sense of
DiPerna-Lions [@] of its transport equation. This in turn implies that
if the vorticity is initially constant near the point vortex, then this
remains true for all time. We then take advantage of the weak for-
mulation (EF]) to derive a partial differential equation satisfied by the
velocity v = K * w. In order to compare two solutions, one not only
has to compare the two regular parts, but also possibly the diverging
trajectories of the two vortices. Given two Eulerian solutions (wy, 21)
and (ws, 22), we therefore introduce the quantity

r(t) = 1Z@)17 + [|0()]| 22

where Z = 21 — 20, © = w1 —wqp and ¥ = v; — vy = K *@. Since @
vanishes in a neighborhood of the point vortex, the velocity © has to be
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harmonic in this neighborhood. This provides in particular a control of
its L norm (as well as the L> norm for the gradient) by its L? norm,
which ultimately yields a Gronwall-type estimate for r(¢) and allows to
prove that it vanishes.

Clearly, since Lagrangian solutions are always Eulerian solutions and
given the global existence of Lagrangian solutions proved by Marchioro
and Pulvirenti [[], it follows from Theorems [[.J and [[.4 that an Euler-
ian solution is also a Lagrangian solution. Therefore Definitions [[]]
and are equivalent if the initial vorticity belongs to L' N L>(R?),
is compactly supported and constant near z.

2. LAGRANGIAN IMPLIES EULERIAN

We first briefly recall some remarkable properties of the convolution
by the Biot-Savart Kernel K. The proofs are standard and may be
found in [{, §]. We begin with the Calderén-Zygmund inequality.

Lemma 2.1. Let f € L' N L®(R?) and g = K * f so that curlg = f
and divg = 0. Then for all 2 < p < 400, we have
IVl rr@zy < Cpll fllLe@2),

where C' is some universal constant.

The following Lemma will be very useful in our further analysis.
Lemma 2.2. Let f € L' N L®(R?) and g = K * f. Then g satisfies
gl < C(1f e + 1 fllz1)- (2.1)

Moreover,

l9(2) = 9W)| < CUIfllee, 1f ) ¢(lz = yl), Yo,y eR?, (2.2)
where @ 1s the continuous, concave and non-decreasing function defined
by

21 —=In(2)) of 0<z<1
‘P(z)_{1 if  2>1

From now on, we will denote by AL the set of almost-Lipschitz
functions from R? into R?, that is those for which

9() —9(y)| < Collz —yl),  z,yeR?
with some constant C', and by L>(AL) the set of functions v = v(¢, z) :
R x R? — R? satisfying
o(t,2) —v(t,y)l < Co(lz —yl), 2yeR’ teR
for some constant C' independent of £. Note that the uniform bound
(1) holds true provided f belongs to L N L% for some p < 2 and

q > 2. However, the almost-Lipschitz estimate requires the assumption
feL™.
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In our situation, we will always deal with f = w(t) and v = g =
K %, w(t), where w € L™ (RT, L' N L>(R?)). For this reason, the esti-
mates above will actually hold uniformly with respect to time.

Finally, we define yo : R? — R to be a smooth, radial cut-off map
such that

1
Xo =0 on B<O’§>’ Xo=1on B(0,1)¢, 0<yxo<1. (2.3)

For a small and positive 9, we set
z

x(z) =0 ()

so that as ¢ goes to 0, we have
xs — lae, Vx5 L1 (m2)y — 0. (2.4)
In the sequel, we denote by u the velocity field
u=v+ H.

It is composed of an almost-Lipschitz part v and of a part H which is
singular at the point vortex z(t) and smooth outside. Clearly, multiply-
ing any test function by s (z — z(t)) provides a test function having
compact support away from the singularity. This observation will allow
us in the subsequent proofs to avoid the singularity and to first perform
computations with smooth vector fields. In a second step, we will pass
to the limit 6 — 0. This will be readily achieved since we have, thanks
to the explicit form of H and the fact that ys is radial

H(t,x)-Vxs (z — 2(t)) = 0. (2.5)

Proof of Theorem [[.3. Given (w, 2, ¢) a solution of (LE), it actu-
ally suffices to show that

Ow +div((v+ H)w) =0 (2.6)

in the sense of distributions on Rt x R2.
We first give a formal proof of (R.6). Let us take a C' function (¢, z)
and define

1) = [ ettt v

We set y = ¢y(x). Since ¢, preserves Lebesgue’s measure for all time
and since w is constant along the trajectories, we get

1) = [ cnla)olt, nta) de

Differentiating with respect to time and using the ODE solved by ¢ (z),
this leads to

f(t) = /R wo(z) (O +u - V) (¢, ¢(2)) da.



UNIQUENESS FOR THE VORTEX-WAVE SYSTEM 7

Using the change of variables y = ¢;(x) once more yields

£ = [ w(t.0) @+ u- Vo) ) dy

which is (2.4) in the sense of distributions. In order to justify the
previous computation, we need to be able to differentiate inside the
integral, and we proceed as follows.

Let 1 = ¢ (t,z) be any test function. For 0 < § < 1, we set

bs(t, ) = xs (2 = 2(1)) ¥(t, ),

where y; is the map defined in (R.3). Since we have 15(t) = 0 on the
ball B (z(t), g), we may apply the previous computation to s, which
yields for all ¢

/]R2 w(t, z)s(t, x) dor — /]R2 wo(x)s(0, x) d
2.7
:/Ot/R2w(at1/15+u-Vz/15)dazds. =0

We first observe that thanks to the pointwise convergence of 15(¢, ) to
P(t,-) as § — 0, we have

/w(t,x)z/}(;(t,x)d:c —/ wo(x)s(0, x) do
R R (2.8)

— w(t,x)d)(t,x)dx—/ wo(z)y (0, ) dx

R2 R2

by Lebesgue’s dominated convergence Theorem. Then, we compute

Obs +u - Vo5 = x5(x — 2) () +u - V)
+Y(—24+v+ H) Vyxs(x — 2).

Using (R.5) and that v is uniformly bounded, we obtain

| [ wlowstu: T = xs(@ +u- Vo)) da]
k2 (2.9)
< Cl[Yllpee o] Lo [Jw || £oe /RQ Vx| () dz.

We now let § tend to zero. We observe that

/O t /R 2 wips (Oph+u - Vo) dx ds

—>/Ot/R2w(8t1p+u~Vz/1)dde,

so that the conclusion finally follows from (£.4), (B.7), (B.§) and (£.9).
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3. UNIQUENESS OF EULERIAN SOLUTIONS

This section is devoted to the proof of Theorem [[.4. A first step
in this direction consists in proving that if the vorticity is initially
constant near the point vortex, this remains true for all time. This is
proved in [[] for any Lagrangian solution by estimating the distance
between the flow and the point vortex. In the present situation where
Eulerian solutions are considered, this is achieved by proving that the
vorticity of an Eulerian solution is a renormalized solution in the sense
of DiPerna and Lions [P] of its transport equation.

We recall from Lemmas P.J] and B.J that if (w,2) is an Eulerian
solution of ([EH), then the velocity field defined by v = K * w satisfies
v e L®(RT x R*) N L>® (RY, W51 (R?) N L¥(AL).

3.1. Renormalized solutions. In what follows, we consider equation
(EH) as a linear transport equation with given velocity field u = v+ H
and trajectory z. Our purpose here is to show that if w solves this
linear equation, then so does F(w) for a suitable smooth function (.
When there is no point vortex, this directly follows from the theory
developed in [J] (see also [[] for more details). The results stated in
[B] hold for velocity fields having enough Sobolev regularity; a typical
relevant space is Li . (R*,V[/llo’cl(RQ)). These results can actually be
extended to our present situation, thanks to the regularity of H away
from the point vortex and to its special form.

We define

Y ={(t,2(t), t e R"}

and denote by G its complement in R x R2.
The starting point in [B] and [[]] is to look at mollifiers

We = Pe *g W, We,p = We *y¢ ‘9777

where p. and 6, are standard regularizing kernels on R? and R™ re-
spectively. We also set, for f € L .(RT x R?), f, = f %, p, *; 0,. The

loc
following Lemma is a direct consequence of the Sobolev regularity of v

and the regularity of H in G.

Lemma 3.1 (Commutators). Let (w,z) be an Eulerian solution of

(ER). Then we have
Opey + Uy - Ve = Te (3.1)
in the sense of distributions, where the error r., is defined by
Temy = Uy - Vwe, — (u-Vw)e,

and satisfies

e—0 \ n—0

lim (lim r&n) =0 in L (G).
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Proof. Let K be a compact subset of G. Then there exists a > 0 such
that

|z — z(7)| > a, V(r,x) € K.
We set x(t,x) = xo ($;;2(t)>, where Y is defined in (P.3)). Clearly, we

have for n and ¢ sufficiently small with respect to a and for (z,7) € K
Ten(T,2) = (ux)y - Vwey — ((ux) - Vw)ey.
Firstly, the velocity v, and hence vy belongs to Lf2 (RY, Wt (R?)).
Secondly, thanks to the equality
|z —y
|z —2(7)lly — 2(7)|"
we infer that Hy € LS, (RY, wh 1(R2)). Invoking Lemma IL.1 in [P or

loc loc
Lemma 1 in [[, we obtain

lim (lim rm) =0 in L. (K).

e—0 \ n—0

|H(7,2) — H(T,y)| =

The Lemma is proved. O
The second step is to use the explicit form of H.
Lemma 3.2. Let (w,z) be a solution of (EFH). Let 3 : R — R be a
smooth function such that
(] <CA+t"),  VteR,
for some p > 0. Then for all test function ¢ € D(RT x R?), we have

jt $B(w) da — / B(@) @+ u- V) da in LL(RY).

Proof. We consider the mollifier w, , defined above. Since w, , is smooth,
equality (B-1) actually holds almost everywhere in RT x R?. Multiplying

(B-T) by §'(we,y) yields

OyB(we ) + y - VB(Wey) = B'(we)rey a. e in R% (32)
We proceed now as in the proof of Theorem [.3. Let ¢ € D(RT x R?)
be any test function. Let § > 0 denote a small parameter and let ys
be the radial, smooth map on R? defined in (£23).

We next set
Ut ) = xs (& = 2() P(t, ),
and
Yan(t x) = x5 (x = 2"(1)) (1, @),

where 2"(t) is a smooth approximation of z(¢). The functions ¢s and
Y5, are supported in G. Note that since z is Lipschitz with Lipschitz
constant given by ||v|| e m+«xr2), Wwe may choose 2" (t) so that

1 n
sup [2(t) — 2" ()] < =[Jv[[ree, sup [2"(1)] < [[v]|ze~. (3.3)
teR+ n teR+
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Multiplying (B-Z) by s, and integrating in space gives for all ¢

d

dt @Z)gn( )ﬁ(wen dl‘—/ ﬁ wenrenwéndx

+ / ﬁ(ws,n> (&twé,n + Un . VQ/J(;,”) dx dr.
R2

Given § > 0, we find n sufficiently large so that ||v|| e~ is small with
respect to 0. We infer from the definition of x; and (B.3) that s,
is compactly supported in G. We may thus invoke Lemma B.J], the
assumption on # and uniform L*° bounds for w,., to deduce that for
fixed 0 and n

liH(l] (hﬂ(l) B (wen)TenWsn dx) =0 in LL.(R"). (3.4)
Besides,

lim (7171_% |wey — WHL}OC(R+,L1(R2))) =0,

so that using the uniform bounds on 05, + u, - Vb5, with respect to
n, €, we are led to

lim (lim B(we,y) (Orths 1 + uyy - Vibs ) d dT)

e—0 \ n—0 R2

(3.5)
= / ﬁ(w)(@tw&n +u - VQ/J(s,n) dx dt in L1100<R+).
R2

Finally, since

d

d
n%ielilo a /. 5(% n)Vsn dr = ﬁ( W) sy dx

in the sense of distributions on R, we infer from (4) and (B3)

d

o ﬁ( W) Y5 dr = . B(w)(Ouhsn + v - Vips,) do in D'(RT).

(3.6)
On the other hand, we compute
Osn +u- Vibsn = xs(x — 2") (O + u - V)
+ (v — 2"+ H) - Vys(x — 2").

We first let n go to +o00. Since y; is radially symmetric, we have

H-Vxs(x—2")— H -Vyxs(xr—2)=0 in L

loc

(R* x R?).

Thanks to the pointwise convergence of 15, as n goes to +oo to s
and to the uniform L*° bounds for the velocity and the vorticity, we
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deduce

| / B @Ots + - Viis)da = | Bw)xs(v = 2) O +u- Vi) da

<C | |Vxsldz.
]RQ

Letting d go to zero and using (B.4) and (B.G) yields

d

it oo B(w)(t, z) de = /}R2 B(w)(Byh + u - Vo) da

in the sense of distributions on R*. Since the right-hand side in the

previous equality belongs to L{ _(RT), the equality holds in L{ (R™)
and the Lemma is proved. O

Remark 3.3. (1) Lemma B.3 actually still holds when 1 is smooth,
bounded and has bounded first derivatives in time and space. In this
case, we have to consider smooth functions 4 which in addition satisfy
B(0) = 0, so that G(w) is integrable. This may be proved by approxi-
mating ¢ by smooth and compactly supported functions v, for which
Lemma B.9 applies, and by letting then n go to +o0.

(2) We let 1 < p < +oo. Approximating (t) = [t|[’ by smooth func-
tions and choosing ¢ = 1 in Lemma B.9, we deduce that for an Eulerian
solution w to (EH), the maps ¢ — ||w(t)|L»(r2) are continuous and con-
stant. In particular, we have

lwo (21 @2) + W)l oo @2) = llwollor@2) + [lwoll Lo @2y,

and we denote by |lwpl| this last quantity.

3.2. Conservation of the vorticity near the point vortex. Spec-
ifying our choice for # in Lemma B.3, we are led to the following

Proposition 3.4. Let (w, z) be an Eulerian solution of (EF) such that
wo =« on B(z, Ro)

for some positive Ry. Then there exists a continuous and positive func-
tion t — R(t) depending only on t, Ry and ||wo|| such that R(0) = Ry
and

Vt € R, w(t) =« on B(z(t),R(t)) .

Proof. We set 3(t) = (t —a)? and use Lemma B.2 with this choice. Let
® € D(RT x R?). We claim that for all T

/RQ B(T, 2)(w — a)A(T, 2) dx — / (0, ) (w — a)2(0, ) da

R2

T
:/ / (w— )*(0;® + u - V) dx dt.
0o Jr2

This is actually an improvement of Lemma [B.9, in which the equality
holds in L. (RT). Indeed, we have dw = —div (uw) (in the sense of

loc
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distributions) with w € L® and u € L®(R*, L] (R?)) for all ¢ < 2,
which implies that dw is bounded in LL (R*, W 9(R?)). Hence, w be-
longs to C(R*, W,_1(R?)) ¢ C(R, L12OC »)- Since on the other hand
t — ||w(¢)|| 12 is continuous by Remark B-3, we have w € C'(R*, L*(R?)),
and the previous integral equality holds for all T'.

Now, we choose a test function ® centered at z(¢). More precisely,
we let ¢y be a non-increasing function on R, which is equal to 1 for
s < 1/2 and vanishes for s > 1 and we set (¢, x) = @o(|z—2(t)|/R(t)),
with R(t) a smooth, positive and decreasing function to be determined
later on, such that R(0) = Ry. We should regularize z as in the proof of
Lemma B.2 to ensure enough regularity for ®, but we omit the details
here for the sake of clarity. For this choice of ®, we have (wo(z) —
a)?®(0,z) = 0.

We compute then

N
Vo =
v~ 2 R()
nd (1 (c—2) ¢
R'(t Z-(z—x) ¢
0P = — — 2| 0_
=Rl AN T T T R

Since u-VO® = (v+ H) - V® =v - VO, we obtain
/qu)(T’ r)(w — a)*(T, z) d
:/OT/HQW—Q)?%(@(@ _y ez E\x—z\)dazdt

o (3.7)

Without loss of generality, we may assume that Ry < 1, so that R < 1.
As <p0(|m 21} is negative for R/2 < |z — z| < R and vanishes elsewhere
and R’ < 0, we can estimate the right-hand side term of (B.7) by:

/ /R2 2900 \l“ Z|)<<U(;L’)—z)(‘z:z‘)_%m_z‘) di di

<[ L 'ﬁ’xﬂ)wa—v@n+§§CMﬁ.

Using that v € L*(AL) and recalling that ¢ is non-decreasing (see
Lemma P.2), we deduce from B1)

/RQ<1>(T, r)(w — a)*(T,z) dz
<[ [
< /T/ \%

) ()Y o

)

(CR(I —InR) + %) dx dt,
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where C only depends on [jwp||. Taking R(t) = exp(1—(1—1In Ry)e‘?),
we arrive at

/ (T, 7)(w — a)*(T,z)dr <0,

RQ

which ends the proof. O
Proposition B.4 provides the following

Corollary 3.5. Let (wq,21) and (wa, 29) be two Eulerian solutions to
(ER) starting from (wo, 20). Assume in addition that

Wy =« on B(zo, Ro).
Let T* > 0 be fized. Then there exists a time T < T* depending only
on T*, ||wol|| and Ry such that

R(t)

wi(t) = ws(t) = « on B(z(t), ), vt € [0, T,

M ‘

where z(t) is the middle point of [21(t), z2(t)]. Moreover, we have

2(0),2a(0) € B(=(2), D),

Proof. Let us define R := minep r+] R(t) > 0, where R(t) is given in
Proposition B.4. Since |z1(0)— (0)\ 0 and H'UIHLOO lva||z < Cllwoll,
we have

R
[21(8) = 22(t)] < 20|wolit < - ¥t €0, Tc],
where T = min(R(8C||wo||) ™, T*). Hence, we get
R(t
5 - a0 < T v

and this yields

B(=(t). ") ¢ B (a1 (0). R) N B (2a0). ().

The conclusion follows from Proposition B.4. O

Remark 3.6. We assume that wy has compact support. Considering
B(t) = t? in Lemma B.3 and adapting the proof of Proposition B4, we
obtain that w(t) remains compactly supported and its support grows
at most linearly. Indeed, if we choose ®(t,x) =1 —po(|z—2(t)|/R(t)),
with R(t) a smooth, positive and increasing function such that R(0) =
Ry, where supp wg C B(z0, R1), then (B.7) becomes

/]R 2(1)(T, 2)w(T, ) dx

:/OT/RQQP_ T ((v(x)—;&)-(é:;)—E|x—z|>d:pdt
S/OT/WJW(];R (C—E)d:cdt
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where C' depends only on ||wp||. The right-hand side is identically zero
for R(t) = Ry + 4Ct, and we conclude that supp (w(t)) € B(0, R(t)).

3.3. Weak formulation for the velocity. We now turn to the equa-
tion satisfied by the velocity v for an Eulerian solution (w, z) of (EH).
This equation is established in [] in the situation where the point vor-
tex is fixed at the origin. It can be easily extended to our case, and we
obtain the following

Proposition 3.7. Let (w,z) be a global solution to (ER) with initial
condition (wg, 29). Then we have in the sense of distributions on RT x

RQ 3
dv+v-Vu+divio®@ H+ H®@v) —v(z(t) 6,4 = —Vp
divo =0
() = v(t, (1))
v(x,0) = K *xwy and z(0) = 2,

where 8 is the Dirac mass centered at z(t) and H(t,z) = K(z—2(1)).

In the sequel, we will denote by W14(R?) the set of functions be-
longing to W4(IR?) and which are divergence-free in the sense of dis-
tributions, and by W, "%/ *(R?) its dual space.

Given two solutions (wi,21) and (wo, z2) of (EF), we define v =
K * (w; —ws) = v1 —vy. As a consequence of Proposition B.7, we obtain
the following properties for o.

Proposition 3.8. Let wy € L' N L>®(R?) be compactly supported, zy €
R? and (wy, 21), (w2, 22) be two Eulerian solutions of (EH) with initial
condition (wy, 29). Let © = vy — vy. Then we have

14
be L2, (RT,WMRY), o€ L2, (R*, W, 1’3(1&2)> .
In addition, we have v € C (R*, L*(R?)) and for all T € R,
T
||'Z}(T)||%2(R2) — 2/ <at'a, 6>W—1,4/3 W1’4 ds, \V/T 6 RJ’_
0 [eg ’ (o8

Proof. We define @ = w; — wy, so that v = K % @ and we have for all ¢

/RQ wi(t,@) do = /wo(x) dr = /R ot ) d.

To see this, we may for instance choose 3(t) =t and ¢ = 1 in Lemma
B-3. Therefore, [ &(¢) = 0. On the other hand, w; and w, are compactly
supported in view of Remark B.@, so we first infer that o(t) € L?(R?) for

3In view of the equation satisfied by v, we have v € C (R*, Wg_l’% (RQ)) (see
the proof of Proposition B.g), and therefore v(0) is well-defined.
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all t (see [ for more details). Using that ||w;||r1(r2)nr=®2) € L®°(RT),
we even obtain
b € Lo (RT, L*(R?)). (3.8)
We now turn to the first assertion in Proposition B.§. We apply
Proposition B.] to (v;, z;) for i = 1 and ¢ = 2. First, we infer from
Lemmas and .9 that v; = K * w; belongs to L®(R* x R?) and its
gradient Vv; to L>®(R*, L*(R?)). On the other hand, since the vorticity
w; is compactly supported, we have for large |z|

Ivnf%I< /Iwztyldy,

hence v; belongs to L (R*, LP (R2 for all p > 2. It follows in partic-
ular that

vi € Lig (R, WH(R?))
and also that v; ® v; belongs to LS (L*3). Since v; is divergence-free,
we have v; - Vo; = div (v; ® v;), and so v; - Vu; € L (RY, W‘lvisl(Rz)).

Moreover, v;(t) ® H;(t) belongs to Llo/c, whereas at infinity, H; and v;
are bounded by C/|z| which belongs to L%3. This yields

div (v; ® Hy), div(H; @v;) € L2 (RT, W15 (R?)).

Besides, we deduce from the embedding of W*(R?) in CJ(R?) that ¢,
belongs to L2 (W ~13). Therefore, v;6,, € L2 (R, W13 (R2)).
According to Proposition B.7, we finally obtain

(Ovi, @) = (Opvi — Vpi, @) < CH(I)HL2(W
for all divergence-free smooth vector field ®. This implies that

Ovi € LE (R, W, H3(R?)), i=1,2,

loc

and the same holds for 9,0. Now, since ¥ belongs to L (R, W),
we deduce from (B.§) and Lemma 1.2 in Chapter III of [LI] that ¢ is
almost everywhere equal to a function continuous from R* into L? and
we have in the sense of distributions on R*:

d, . -
3z = 2(005,9)

—1,4/3

1,4.
Ws Wo

We finally conclude by using the fact that ©(0) = 0. O

3.4. Proof of Theorem [L.4. In this paragraph, we provide the proof
of Theorem [[.4 by making use of the equation for the velocity. To
that aim, we let (wy,2;), 7 = 1,2 be two Eulerian solutions of (EH),
and we follow the same notations as in the previous paragraph. From
Proposition B.§, we may introduce

r(t) = lonlt, ) = valt, ) lEa@e) + () — 2 ()
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Let us fix a positive time 7™. We will show that r is identically zero
on [0, 7*] by mean of a Gronwall type argument. Since T* is arbitrary,
this will provide uniqueness on the whole of R*. Let

R = min R(t), Ry = max R(t)

t€[0,7] t€[0,7]

where R(t) is the function defined in Proposition B.4 and let T be
the time introduced in Corollary B.J. The quantities R and T only
depend on T™, [jwo|| and Ry. Since r(0) = 0, there exists Ty such that

r(t) <1,  Vt<Ty,

and we take Ty < Ty maximal for this property to hold true.

First of all, we take advantage of the fact that w; is constant around
the point vortex to state harmonic regularity estimates on o(t) in a
neighborhood of 21 (t), z2(t). We recall that z(t) is the middle point of

[21(8), 22(1)]-

Lemma 3.9. For allt < T¢, 9(.,t) is harmonic on B(z(t), R(t)/2),
with R(t) > 0 and Tc given in Corollary [3.4. In particular, we have
the following estimates:

(1) 10, )l zoe (). m0y/2)) < CllOE, |22,
(2) [IVOE, )z Bew,ray/a) < Cllo@E, )| 2,

where C' only depends on R(t).

Proof. Indeed, Corollary B states that on B(z(t), R(t)/2), curlvy; =
1, then curlv = divo = 0 which means that v is harmonic on this
ball: Ao = 0. Estimates (1) and (2) follow then from the mean-value
Theorem (see [{]). O

The Gronwall estimate for r(t) reads as follows.

Proposition 3.10. For all T € [0,Tp), for all p > 2, we have

iy <C [ ot +pr' ] an

where C' depends only on T* and ||wol|, and with the function ¢ defined
in Lemma [2.3.

Proof. We proceed in several steps. Throughout the proof, C' will stand
for a constant depending only on R and Ry, therefore on |jwy| and 7.

Step 1. We have for the velocities

(Tl < [ )+ V@) + ey - (9)

Vp>2, YT <Te..
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Indeed, subtracting the two equations given by Proposition .7 for
(vs, 2i), we find

Qo+ 7-Vu, +vy-Vo+div(i @ Hi + 1, @ H+ H, @0+ HQvy)

— (01(21)7 - 6(21) — va(22)" - 8(22)) = =V
(3.10)

We then consider smooth and divergence-free functions ®,, € C° (Rt x R?)
converging to ¥ in L _ (RT, W14(IR?)) as test functions in (B.10), and
let n goes to +o0o. First, we have for all T' € Rt

T T
/(; (@ﬁ, (I)”>W;1’4/3,W;’4 ds — /(; (@ﬁ, 6>W(;1’4/3,W;’4 dS,

and we deduce the limit in the other terms from the several bounds for
v; stated in the proof of Proposition B.§. This yields

1
§||6(T,.)||ig =1+ J+K, (3.11)

where
T
I:—/ /@-(6-V01+02-V6)dxdt,
0o Jr2

T
J=/ / (0@ H +ve® H+ H @0+ H Q) : Vodadt,
0 R2

K= /(; (1)1(211)l . QN)(Zl) — ’1}2(22)L . ’17(22)) dt.

The next step is to estimate all the terms in the right-hand side. We
now consider times 7' < Tj in (B.11)). In order to simplify the notation,
we set B = B(z(t), R(t)/4).
For the first term [ in (B.11]), we begin by noticing that
1

1
/ (vy - VO) - 0dx = —/ vy - VIO de = —= |5|2div vy do = 0.
R2 2 R2 2 R2

Moreover, Holder’s inequality gives

/ (0-Vuy)-vdx
R2

with % + % = 1. On the one hand, Lemma P states that ||V || <
Cp||lwi||ze for p > 2. On the other hand, we write by interpolation
19]| 20 < |0]|%.]|9]) ;¢ with % =5+ 10%“ We have that a = 1 — 1—2), SO we
are led to

< [[oll 2|0/l el [Vor]| o,

T
1<cp [ el (3.12)
0
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We now estimate J. We have

1
/(6®Hl):Vf;dx:/ Z@iﬂl,jaj@ida::—Z/ > Hi,00; du
R2 R2 i 2 y R2 7
1 .
= —ézi:/RQvfdeldxzo,

since H; is divergence-free, and
T T
’/ (Hlm):vmxdt) < )/ /(H1®6):Vf)dxdt
0 JRr? o JB

T
+ ’/0 /C(H1®17) : Vf;dmdt’.

We perform an integration by part for the second term in the right-hand

side of (B.1J). Arguing that divo = 0, we obtain
)/ (H 7) : Vvd:pdt‘ ‘/ /(Hlm):vadmt)
R2 o JB

+‘_/O (/c(f;-VHl)-f;der/aB(Hl-ﬁ)(@-u)ds)dt‘

T
< / VLo ) 9] e | V8 e i
0

(3.13)

T
+ / IV Hy || oo (5o || 9|72 dt
0

T
4 / V2 0 1912 1) |9
0

According to Lemma B.9, this gives

T T
’/ /(mm):vmxdt] < c/ 1512, dt.
0 R2 0

In the same way, we obtain by integration by part

’ATAQ(v2®ﬁ):Vﬁdxdt’ < ’/OT/B(v2®ﬁ):V6dxdt’

+’—/OT(/C(}~I-VUQ)-17dx+/aB(v2-z7)(fI-u)ds> ]
Therefore,

‘/ / (02 @ H) : Vvd:cdt‘ /HHHU(B sl o | V5| o () it
/0 e 1 2 [V ]

T
T / VA <o) 191l oy 0] o OB .
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Using again Calderén-Zygmund inequality for vy and Lemma B.9, we
get

T T
/ /(v2®H):Vﬁd:cdt‘ < C/ (105106 + 1oy ) 81 .
0 R2 0

A very similar computation yields

T
/ (A @ vy) V5 dxdt’
RQ

T
< [ (1l + 19 Bl + |1 l=om ) il
0

We need here some estimates for H. We recall that H is defined by
H = H; — H,, so that

|21 — 2 2|21 — 2|

(3/RP

On the other hand, it follows from potential theory estimates (see e.g.
) that

/\H Jdz = C /\K:c—zl K(z = 2)|dz < Cp(|21 — 2]).

Concerning the L? norm, we observe that for € B¢,

H =
Ml = sup 5 = S

- C
|\VH(z)| < |21 — 22| sup |D*K]| < = |3| 1 — 2/,

[x—z1,x—22]

which implies that ||V H| z2(ze) < C|21 — 25|. Therefore, we arrive at

T
7] <20 / (I5lz + 121 = 2] + (121 — 221) ) 1522 .
0

Since ¢ is increasing, this implies

] < c/OT [r(6) + VrDe(Vr@)] at. (3.14)
Finally, we decompose the third term K in (BT as follows:
vi(z1)" - 0(21) = va(22)t - 0(22) = (vi(21) —wi(22)h) - 0(21)
+ (vi(22)" = va(2) ) - (=)
+ vg(29) T - (0(21) — D(22)) -
Applying Lemma P.9 to vy, we obtain
[01(21)7 - 0(21) = va(22)" - 0(22)] <Cl0(21) (|21 — 22]) + [0(22)|[0(21)]

A |02l 2o | VO] oo (121,21 [ 21 — 221,

so that Lemma B.9 finally yields

Kl<c [ [+ viDetim] o 61
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Estimates (B.19), (B.14) and (B.13) complete the proof of (B.9).

Step 2. We have for the points vortex

24(T) — »(T) < C / [r(t) + VP /r@)] dt. VT < T

Indeed, since z; and 2, are Lipschitz, their derivatives exist for almost
every time t, and we have at these points

d

£|Zl — 2’2|2 = 2(21 — 22,’01(2’1) — 1)2(22»
= 2<Zl — 22,’01(21) — U1<22)> + 2<Zl — 22,’17(22».
This yields in view of Lemmas B.9 and R.9

d -
E‘Zl - Z2|2 < Clz — zoo(|21 — 22]) + [21 — 2|0 L2,

and we conclude by integrating the previous inequality.

Finally, we observe that for z < 1, we have
20(2) S (%), 2 < (2).

Proposition then directly follows from Steps 1 and 2 and the def-
inition of Tj. O

Theorem [.4 is now an easy consequence of the following
Lemma 3.11. We have for allp > 1

p(t) <pt'Tr,  VE20,

where ¢ is defined in Lemma [2.3

Let us assume Lemma for a moment and finish the proof of
Theorem [[.4. We deduce from Proposition that for all T' < Ty,

r(T) < C/Tpr(t)lé dt.

This implies
r(T) < (CT)?, Vp > 2.

Denoting 7} = 1/C and letting p tend to infinity, we conclude that
r(T) =0 for all T' < min(7y, T1). Iterating the proof above, we deduce
that r vanishes on [0, Ty], therefore Ty = T¢. Finally, since T depends
only on |lwp|| and 7%, we can pass from the interval [0,7¢] to [0, 7"
by considering a finite number of translations in time of size T. This
concludes the proof of Theorem [.4]

Proof of Lemma B.11 The result is obvious for ¢ > 1. Let
fp(t) = tr(1 —Int). It suffices to show that f,(f) < p. Computing
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fit) = t571( (1 —1Int) — 1), we observe that f/(¢) < 0 if and only if
t<elP Then fp is maximal when ¢ = ¢! ™7 and we infer that

o) < fo(e?) = per ™t < p

for p > 1. This completes the proof.

4. FINAL REMARKS AND COMMENTS

The case of several point vortices. In this paper, we have only
considered the vortex-wave system with one single point vortex. In
the case of a finite number N of vortices z; with real intensities d;, 7 =
1,..., N, the vortex-wave system ([LH) modifies as follows:

v(t) = (K xw)(, )
Zi(t) = v(t, zi(t) +ZdK zi(t) — 2(t)),

J#z
2(0) = z; 0, (LFN)

di(x) = v(t, ¢ +ZdK (01(x) = 2(1)) ,

do(x) =z, x # 2j0,
w(p(z),t) = wo(x), t e R.

In this situation, every vortex trajectory z;(¢) is submitted to the fields
generated by the other vortices and to the regular field v, and the
regular part moves under the action of the field created by itself and
by the N vortices. The velocity fields appearing in (CFN) are well-
defined as long as the flow and the vortices remain separated. If the
intensities d; all have the same sign, it has been established in [{f] that
no collision among the vortices and the flow can occur in finite time,
and global existence for (LFN) has been proved for an arbitrary initial
vorticity wo € L' N L>°(R?) and N distinct vortices 2; .

In particular, given any time 7" > 0, there exists a positive a such
that up to time 7', we have |z;(¢) — 2;(t)| > a. So, the field created by
a vortex near the other vortices is Lipschitz and bounded. Localizing
then the test functions used throughout the proofs in Sections 2 and
3 near each vortex, we may extend Theorems [.3 and [[.4 to the case
of many vortices and obtain uniqueness for the correspondmg Eulerian
formulation to (LFN) when the vorticity is initially constant near each
point vortex. This gives more precisely

;

Theorem 4.1. Let wy € L' N L®(R?) and 21, ...,2n0 be N distinct
points in R? with positive intensities d;. Assume that there exists a
positive Ry, which is smaller than the minimal distance between the
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wnitial vortices, and «; € R such that for all i,
wo = a; on B(z0, Ro).

Suppose in addition that wy has compact support. Then there exists
a unique Fulerian solution of the vortex-wave system with this initial
data.

It follows in particular from Theorem [.]] that equivalence between
Eulerian and Lagrangian formulations also holds in the case of several
point vortices.

Uniqueness when the vortex point is fixed. In this subsection, we
address the problem of uniqueness to a slightly different equation from
(EF). The main difference is that the point vortex is fixed (for instance
at the origin) instead of moving under the action of the velocity. It
reads

{8tw+u-Vw:0, (A1)

u(t,x) =v(t,z) + yK(x), v=Kx*xuw,

where 7 € R. This system is obtained by Iftimie, Lopes Filho and
Nussenzveig Lopes in [[]] as an asymptotical equation for the classical
Euler equations on exterior domains. More precisely, they consider a
family of obstacles ). = () contracting to a point as € — 0, where ()
is a smooth, bounded, open, connected, simply connected subset of the
plane. Throughout [{], the authors assume that the initial vorticity wy
is independent of €, smooth, compactly supported outside the obstacles
Q). and that the circulation v of the initial velocity on the boundary
is independent of €. The authors prove that as € goes to 0, the flow
converges to a a global solution of equation (f.1]). Of course, this
system reduces to the classical Euler equations when v = 0, for which
uniqueness is known in the class L™ (RT, L' N L>(R?)) [[7.

Equations (f.1]) have also been considered in the Lagrangian formu-
lation by Marchioro [f] in the case where the support of wy does not
intersect the origin and in a smooth setting. In this paper, it is proved
that for a C? vorticity, a trajectory starting away from the origin never
reaches it. This provides in particular uniqueness in the Lagrangian
formulation in this case.

According to Section B.] of this work, it is actually possible to adapt
the key idea used in [ to equations ([LI]) without relying on the tra-
jectories. In particular, we first prove that if the initial vorticity wy
vanishes in a neighborhood of the origin, then this holds for all time.

Proposition 4.2. Let w be a global Eulerian solution of (E1)) such
that

supp wo C B(07 R(]_l) \ B(Ov RO)
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for some 0 < Ry < 1. Then there exist positive constants Cy and Cy
depending only on Ry and ||wol|| such that

w(t)=0 on B (0,Cre "), vt > 0.

Proof. As already mentioned, Section of this work applies equally
well to equations (f.1)) by replacing the moving point vortex by the
origin. In particular, we infer that w? is also a weak solution of the
linear transport equation corresponding to (f.1]). According to Remark
B.G, we have

supp w(t) C B (0, K(1+1)), vt >0, (4.2)

where K only depends on the initial conditions Ry and ||wp||. We aim
to apply Lemma B.2 with the choice 3(t) = t* and we set

B —In|z| — [In|z — ylw(t,y) dy
o(t.1) = o ( o )

where Y is a smooth, increasing function : R — R which is identically
zero for |z| < 1/2 and identically one for |z| > 1, and R(t) is an
increasing continuous function to be determined later on. We set

1
oltia) = o [ Wl = ylult.y) dy
R2

™

it follows from (f.9) that |g(¢,x)| < Co (1 + In(1 + ¢)) for some constant
Cy. It is proved by Marchioro in [ff] that if w is a smooth solution of

(ET),

dg(t,x)=— [ K'(y—=x)- (v(y)+ K(y)w(t y)dy.

R2

Marchioro’s paper also states that
10eg | < C4, (4.3)

where C only depends on |lwy|| and Ry. This can be extended to weak
Eulerian solutions of ([.1]) by replacing In by In. in the definition of
g, where In, |z| coincides with In |z| on B(0, ) and is identically equal
to Ine in B(0,¢). Letting e then go to zero, we deduce that for all
x, g(x,-) is Lipschitz and has a time derivative for almost every time;
moreover the bound (f3) holds at those times. We omit the details
here and may consider that ® is C*.
On the other hand, we have

V.ag(t,z) = - / K* (2 — gt y) dy = —v*(t,2),
R2
therefore

(U+K>~V(I):(U—|—K)~(UL—FKL)X—ROEO.
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Besides,

! n|x _lnjz| T
o= (55 (L) o) ()

In view of Lemma .9, this yields

/RQ(I’(T, z)w? (T, z) dx—/ (0, 2wl (x) do

—In|z|—2mg

R2
r X{)( 2rR ) R (In|z|
2 _
_/0 /R2w 7 (R(Qﬂ' —l—g) 8tg) dx dt.

Since x{ is non negative and has support in B(0,1)\ B(0, 3), we obtain

T / /
/ (T, v)w*(T, x) d:p—/ (0, z)wi(z) do S/ / w2 X0 (—E —6tg) dx dt.
Using (£.3) leads to

T / /
/ (T, 2)w*(T, x) dx —/ (0, z)wi(z) dr < / / W2 X0 (—i + Cl> dx dt.
R2 R2 0 R2 R 2

We now choose

R(t) - CQ + ZClt,
with C5 to be determined later on, so that
/ (T, x)w*(T, x) de < / (0, z)wi(z) d.
R? R?
Since |¢(0, x)| < Cy for all x and since wy vanishes on B(0, Ry), we have
for all x € supp wy

1 In R
L B I LU
27 27
We finally choose C5 so that
Co 1
Cy = 2

For this choice, we have

_ln|aﬁ| . T
8(0, 1)) ZX0< 00 )> R() =0

C

We deduce that for all T, ®(T,z)w?(T,z) = 0. We consider x such
that
—In|z| > 27R(T)+ Co (1 +1In(1+ 1)),
then |
“Injrl=g oy
2rR -
therefore w(7T,x) = 0. So finally

w(T)=0 on B(0,e Colltm(+T)-2nR(T))
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and the conclusion follows. O

Using Proposition [L.2, it is then straightforward to adapt the proof
of Theorem [[.4 with a fixed vortex point instead of a moving vortex
point and finally conclude that uniqueness holds for ([.1]).

Theorem 4.3. Let wy € L' N L¥(R?) be compactly supported such that
supp (wo) N {0} = 0.

Then there exists a unique Eulerian solution of equation (1)) with this
initial data.
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