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EXISTENCE OF STEADY MULTIPLE VORTEX PATCHES TO
THE VORTEX-WAVE SYSTEM

DAOMIN CAO AND GUODONG WANG

We prove the existence of steady multiple vortex patch solutions to the
vortex-wave system in a planar bounded domain. The construction is
performed by solving a certain variational problem for the vorticity and
studying the asymptotic behavior as the vorticity strength goes to infinity.

1. Introduction

The evolution of an incompressible inviscid fluid is described by the Euler equations
v+ (v-V)v =—VP,
V-v=0,

where v is the velocity field and P is the pressure. In the planar case v = (v, v2)
and we introduce the scalar vorticity of the fluid as follows:

(1-1)

(1—2) w = 81112 — 821)1.

By taking the curl on both sides of the first equation of (1-1), we obtain the following
vorticity form of the Euler equations:

(1-3) dw+v-Vo=0.

In the whole plane, the velocity can be recovered from the vorticity via the Biot—
Savart law, that is,

(1-4) o) = K vt = —— [ 257D 0 1 ay,
21 Jre x —yI?
where J(a, b) := (b, —a) denotes clockwise rotation through /2 of the planar
vector (a,b) € R% and K (x) = —(1/(271))(Jx/|x|2) is called the Biot-Savart
kernel. Equations (1-3) and (1-4) mean that the vorticity w is transported by a
divergence-free velocity field induced by itself.
In some cases the vorticity is sharply concentrated in N small disjoint regions,

where N is a positive integer, then its time evolution can be approximately described
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by the point vortex model (see [Lin 1941] for example), an ODE system that can
be written as

N
dx;
(1-5) S S GK@i—xp), i=1... N,

dt L~
Jj=1j#

where x; is the position of the i-th point vortex and «; is the corresponding vorticity
strength. According to the point vortex model, for each point vortex located at x;,
the velocity it induces is «; K (- — x;), and it moves in the velocity field induced by
all the other N — 1 point vortices. The point vortex model and its relation with the
Euler equations have been analyzed extensively; see [Cao et al. 2015; Marchioro
and Pagani 1986; Smets and Van Schaftingen 2010; Turkington 1987] for example.

Now it is natural to consider the mixed problem, that is, the vorticity consists
of a continuously distributed part and a finite number of concentrated vortices.
Marchioro and Pulvirenti [1991] first studied this problem and they called it the
vortex-wave system. In the whole plane the vortex-wave system can be written as

ow+v-Vo=0,
dx; .

(1-6) -%:K*M%Q+Z£M#WKW—@Lz=L””M
v=K*w+Z];:lKjK(~—x‘,-).

Throughout this paper we call w the background vorticity. System (1-6) means
that the background vorticity is transported by the velocity field induced by itself
(the term K * w) and the N point vortices (the term Zl;zl kK (-—x;)), and each
point vortex moves by the velocity induced by the background vorticity (the term
K xw(x;, t)) and all the other N — 1 point vortices (the term Z?’#i’jzl kiK(-—xj)).
By constructing Lagrangian paths Marchioro and Pulvirenti [1991] proved a theorem
of existence for initial background vorticity belonging to L'(R?) N L% (R?). More
results on the existence and uniqueness can be found in [Bjorland 2011; Lacave
and Miot 2009; Lopes Filho et al. 2011; Miot 2012].

In this paper, we will be focusing on the steady vortex-wave system in a bounded
domain, the precise form of which will be given in the next section. In this case the
Kirchhoff—Routh function (defined by (2-2) in the next section) plays an essential
role. On the one hand, it is easy to see that any critical point of the Kirchhoff-Routh
function is a stationary point of the vortex model, and it has been shown in [Cao
et al. 2015] that if this critical point is nondegenerate, then there exists a family of
steady vortex patch solutions (that is, the vorticity is a piecewise constant function)
of the Euler equations shrinking to this critical point. Similar results can also be
found in [Cao et al. 2014; Smets and Van Schaftingen 2010; Turkington 1983a; Wan
1988]. On the other hand, it is proved in [Cao et al. 2019a] that if there is a family
of steady vortex patch solutions of the Euler equations shrinking to a point, then
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this point must be in the interior of the domain and must be a critical point of the
Kirchhoff-Routh function. In this way, the Kirchhoff—-Routh function establishes
connection between the Euler equations and the vortex model.

Our purpose in the present paper is to extend the result in [Cao et al. 2015] to the
vortex-wave system. To be more precise, we prove that for any given strict local
minimum point of the Kirchhoff-Routh function, there exists a family of steady
vortex patch solutions to the vortex-wave system that shrinks to this point. Here
by vortex patch solution of the vortex-wave system we mean that the background
vorticity is a piecewise constant function.

The method we use in this paper to construct steady solutions is called the vorticity
method, which was first established by Arnold [1978] and further developed by
many authors [Burton 1989a; 1989b; Burton and McLeod 1991; Elcrat and Miller
1991; 1995; Turkington 1983a; 1983b]. Roughly speaking, the vorticity method
is to maximize the kinetic energy of the fluid under some suitable constraints for
the vorticity. For the Euler equations, the kinetic energy of the fluid with bounded
vorticity is always finite, but for the vortex-wave system the kinetic energy is infinite
due to the presence of point vortices. To overcome this difficulty, we drop the
infinite self-energy term for each point vortex. We refer the interested reader to
[Cao and Wang 2019] where the energy of the vortex-wave system with a single
point vortex was calculated rigorously.

It is worth mentioning that the construction in [Cao et al. 2015] was based on
a finite-dimensional reduction argument. The advantage of the method in [Cao
et al. 2015] is that solutions concentrating at a given saddle point of the Kirchhoff—
Routh function can be constructed. However, nondegeneracy of this saddle point
is required in this situation. Using the vorticity method, we are able to construct
solutions concentrating at a given strict local minimum point of the Kirchhoff—-Routh
function, even if the point is degenerate. Another advantage of the vorticity method
is that we can analyze the energy of the solution, which is helpful to prove nonlinear
stability; see [Burton 2005; Cao and Wang 2017] for example.

This paper is organized as follows. In Section 2, we give the formulation of the
vortex-wave system in a bounded domain and state the main result. In Section 3, we
solve a maximization problem for the vorticity and study the asymptotic behavior
of the maximizers. In Section 4 we prove the main result.

2. Main result

Notation. Let D C R? be a bounded and simply connected domain with smooth
boundary. Green’s function for —A in D with zero Dirichlet data on d D can be
written as

1 1
(2_1) G(%)’)—Elnm_h(%)’), xvyeDv
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where £ is called the regular part of Green’s function. Define
Hx):= %h(x, x),

which is usually called the Robin function. Let k be a positive integer, x; € R\ {0},
i =1,...,k. Define the Kirchhoff-Routh function as

k
2-2)  Kilrn,.ox)=— > kG x) + Y kTh(x, X)),
i#j,1<i,j<k i=1
where x; € D and x; # x; if i # j. Note that if k = 1, then K; = 2/<12H.
Throughout we will use the following notation. For any function g, supp(g)
denotes the support of g. For any real number a, sgn(a) denotes the sign of a, that is,

1 ifa>0,
(2-3) sgn(a) =4 0 ifa=0,
—1 ifa<0O.

For any Lebesgue measurable set A C R%, | A| denotes the two-dimensional Lebesgue
measure of A; 14 denotes the characteristic function of A, thatis, I4(x)=1ifx € A
and 74 (x) = 0 elsewhere; A denotes the closure of A in the Euclidean topology;
and diam(A) denotes the diameter of A, that is,

(2-4) diam(A) = sup |x —y|.
x,yEA

Vortex-wave system in a bounded domain. We consider an incompressible steady
flow confined in D with impermeability boundary condition. The evolution of the
velocity field v = (vy, v2) and the pressure P is described by the Euler equations

v+ (w-V)v=—-VP in D x (0, 4+00),
(2-5) V-v=0 in D x (0, +00),
v-v=0 on dD x (0, +00),

where v is the outward unit normal of 9 D.
Taking the curl on both sides of the first equation of (2-5), we get the vorticity
equation

(2-6) dw+v-Vo=0.

Since v is divergence-free, there is a function 1, called the stream function, such that
(2-7) v=JVy = (0, —01¥).

By the definition of w (recall (1-2)), it is easy to see that

(2-8) —AY =w.
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The impermeability boundary condition given in the third equation of (2-5)
implies that ¥ is a constant on each connected component of d D. Since D is simply
connected, after suitably adding a constant to i we can assume

(2-9) Y(x,1)=0, xedD.

By (2-8) and (2-9), we have

(2-10) Y, ) =(—A)lox, 1) = / Gx,y)o(y,t)dy, xe€D.
D
For brevity we introduce the notation

A(f,8):=Vf-JVg=01fdg—0dfdg,
then the vorticity equation (2-6) can be written as

do+dw,¥) =0,
v =(-A)"o.

If the vorticity is a Dirac delta measure (also called a point vortex) located at
x € D, i.e., w = 6(x), then formally the velocity field it induces is

(2-11) {

1 Jx=)

JV(=A)18(x)=JVG(x, )= P —rY

—JVh(x, ).

Note that this velocity field is singular at x. Due to symmetry, we formally drop

the term
1 Jx—>)
2w |x —-|2°

that is, we assume that the velocity at x is —JVh(x, -)\x = —JVH(x), then the
evolution of this point vortex is described by the following ODE:

dx
(2-12) i —JVH(x).

Similarly, the evolution of / point vortices can be described by the ODE system

!
dx,‘ .
@13)  r=—aIVHG)+ Z K VG x), =1
j=1j#
where «; is the vorticity strength of the i-th point vortex. System (2-13) is also

called the Kirchhoff-Routh equation. It is easy to see that the Kirchhoff—-Routh
function K; is exactly the Hamiltonian of the system.
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Now we consider the mixed problem. That is the vorticity consists of a continu-
ously distributed part w and [ point vortices x; with strength «;, i =1, ...,/[. Then
the evolution of w and x; will obey the equations

do+d(w, ¥+ kG, ) =0,
dx; .

(2-14) d—"; =IV(+Y iy kGG ) — G H) (), =11,
¥ =(=A)"o,

which together are called the vortex-wave system in D.

In this paper, we confine ourselves to the stationary case, that is, we consider the
following system of equations:

Ao, v+ k;G(x;,)) =0,
(2-15) VW + Y kGl ) =k H) () =0, i=1,....1,
v =(—A)"w.

Since we are going to deal with vortex patch solutions which are discontinuous,
it is necessary to give the weak formulation of (2-15).

Definition 2.1. Letw € L*°(D),x; € D,i=1,...,1, then (w, x1, ..., x;) is called
a weak solution to (2-15) if it satisfies

[po@d () + ZZJ-ZIKjG(xj,x),¢(X))dx =0, V¢eCX(D),

(2-16) l .
V() + 3501 kGl x) =k HW)|,_ =0, i=1,...1,

where ¥ = (—A) ' w.

Remark 2.2. Note that since w € L>(D), by L? estimate ¢ € W>?(D) for any
1 < p < 400, then by Sobolev embedding ¥ € C1*(D) for any 0 < o < 1.

Remark 2.3. Definition 2.1 can be derived formally from (2-15) by integration by
parts; see [Cao and Wang 2019] for the detailed calculations.

Main result. Our main result in this paper is the following theorem:

Theorem 2.4. Letk, p, [ be positive integers such that p+Il=k,and x;, i =1, ..., k,
be k real numbers such that k; # 0. Suppose that (X1, ..., Xy) is a strict local
minimum point of Ky defined by (2-2), where x; € D and x; # x j for i # j. Then
there exists Ao > 0 such that for A > Ag, (2-16) has a solution (v*, x x,’})
satisfying

A
ESTRERE

14
Q@-17) ot =) o}, fw,.*(x)dx=x,-, o} =sgn(c)rly, i=1,...,p,
D

i=1
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where A} has the form

k
(2-18) Al= {x €D | sgn(x,-)(l/ﬂ(X) + > KjG(x}.,x)> > cf} N Bs (%)

Jj=p+1

for some c?‘ > 0 and 6 > 0 (8 does not depend on ). Moreover,

(2-19) diam(A}) <CA72, lim

A—+00

1
— / xw!(x)dx — X;
D

Ki

=0, i=1,...,p,
(2-20) lim |x}—%;|=0, j=p+1....k
A——+00
where C is a positive number independent of \.
Remark 2.5. By (2-19), we see that A? shrinks to x; as A — +o00, that is,

lim sup|x —x;|=0, i=1,...,p.
Aa+oox€Al:A

Consequently A_f C Bs(x;) for sufficiently large A.

3. Variational problem

Let (X1, ..., X) be a strict local minimum point of K, where x; € D and X; # X ;
for i # j. Without loss of generality, we assume that (¥, ..., Xx) is the unique
minimum point of Xy on Bs,(X1) X - -+ X Bs,(Xx), where 69 > 0 is a small positive
number such that Bs,(x;) C D and Bs,(x;) N Bs,(x;) =@ foralli, j=1,...,k
and i # j.

Remark 3.1. To our knowledge, there is no general result that guarantees the
existence of a strict local minimum point of K for k£ > 2. Some special cases are
as follows: if k = 1 and D is convex, by [Caffarelli and Friedman 1985] K; is a
strictly convex function in D, thus has a unique minimum point; if k > 2, x; > 0
for each i and D is convex, by [Grossi and Takahashi 2010] there does not exist
any critical point of Ky if kK =2, some examples of strict local minimum points
of K, are given computationally in [Elcrat and Miller 1995]. More related results
can also be found in [Bartsch and Pistoia 2015; Bartsch et al. 2010].

Let A be a positive real number. Define
P
Ni= {a)eLOO(D) ‘w:Za)i, supp(w;) C Bs(X)), /D w; (x) dx =k;,0<sgn(ic;)w; sk},
i=1

where § < %80 is a small positive number to be determined later. Hereafter we
assume that A is sufficiently large such that N 2 is not empty.
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For (@, Xpy1, ..., Xk) € Ny X Bs(Xpy1) X - - - X Bs(Xy), define
E(Cl), xp-‘rla ey xk)
k ! k
= E(w)+ Z KjW(Xj)-f—E Z K,‘ICjG(X,‘,Xj)— Z K?H(Xj),
Jj=p+l i#] Jj=p+l
pH+1<i,j<k
where

Ew =3 [ [ 6o drdy.

P = (—A) o) = /D G (x, Yo (y) dy.

Let us explain the definition of £ briefly. The first term E(w) represents the
self-interacting energy of the background vorticity w, the second term represents the
mutual interaction energy between the background vorticity and the / point vortices,
the third term represents the total interaction energy between any two different
point vortices, and the fourth term represents the interaction energy between the [
point vortices and the boundary of D. As we have mentioned in Section 1, we have
dropped the infinite self-interacting energy for each point vortex.

Now we consider the maximization of £ on N ; X Bs(Xpy1) X -+ - % Bs(xx).

Lemma 3.2. For fixed A, there exists

(a)’\,xzﬂ,...,x,i‘)eNﬁxmx---xm
such that
(B-1) E@ X}y, xp)= sup E(@, X1, XR)
(@, Xpt15e0sXk) ENS X B (X py1) X+ X B (X))
Proof. First, for any (w, Xp41,...,X) € N; X m X -0 X m, since

G e LY(D x D), dist(Bs,(x;), Bs,(x;)) >0 forany i # j,p+1<1i,j <k, and
dist(B;s,(x;), 9D) > 0, p+1 <i <k, we have

(3_2) S(a)axp-‘rl"'-’xk)

k
=%/;)/;)G(x,y)w(x)a)(y)dxdy+ 3 )

Jj=p+1

k
1
+§ Z ki G(xi,xj)— Z KJZ-H()C]‘)
i#] j=p+1
p+1<i,j<k

)\'2 k k
<5 [ [ 16w larare 3 wivlmort Y 1.
DJD

Jj=p+1 Jj=p+1
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Thus

M = sup E(w, Xpgt1,y .-y X)) < +00.
(@,Xp4 1,00, X)EN | X Bs (X py1) X+ X Bs (X))

n

Now we choose (0", x S X)) € Nﬁ X Bs(X p41) X - -+ X Bs(Xy) such that

p+1°-
: n n n
nl}rilmf(w ,xp+1,...,xk):M.

Since N ; is weakly star closed in L°°(D) (for a detailed proof of this fact, see
Theorem 2.1 in [Cao et al. 2019b]) and B;(x ;) is closed in the Euclidean topology

for j=p+1,..., k, there exists (w", x1A7+1’ ey x,ﬁ) EN;ng()ZpH)w <X Bs(xy)
such that (up to a subsequence)
o" — w*, weakly star in L™ (D),
x;?—>x;‘, j=p+1,... k.
Then obviously
E@", Xy X)) = lim £ xp, .. x) =M,
which completes the proof. U
Remark 3.3. It is easy to see that
k k
(3-3) E@+ Y yah) <E@)+ Y xytah
j=p+1 j=p+1
for any w € N*, and
k ] k
(3-4) Z Kjwk(xj)-i-z Z kikjG(xi, xj) — Z K;H()Cj)
j=p+1 i#] j=p+1
pH1<i,j<k
k { k
< Z /cjl//)‘(xjk-) + 3 Z /ci/ch(xiA,x;‘) — Z K?H(xjk-)
j=pr+l i#] j=p+1
pt1<i,j<k
for any (xp41,...,X) € Bs(Xpy1) X - -+ X Bs(Xy), where Y = (—A)"'o* and

Y =(-0)""o
p

Since w* € N;, we can write w* = =1 a)l.k, where fD a)lA (x)dx =x;, supp(a)ik) C
Bs(%;) and 0 < sgn(k;)w! < A. The profile of each " is as follows.
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Lemma34. Fori=1,..., p, a)lA has the form

w; = sgn(k)M 4,

where
k

A} = !x €D| sgn(xi)(w(x) + Y kG, x)> > c?‘} N Bs(X;)

Jj=p+l1
for some cl?‘ € R depending on )\ and 6.

Proof. To make it clear, we divide the proof into two cases.

Case 1: «; > 0. For s > 0 we define a family of test functions w% =+ s(zo—2z21),
where

20,21 € L¥(D), 20,21 = 0, [pz0(x)dx = [ z1(x) dx,
supp(zo), supp(z1) C Bs(X;),

20 ="01n Bs(x;) \ {w} <A —pu},

21 =01in Bs(x) \ {0} > u},

(3-5)

where u € (0, A). It is not hard to check that for fixed zg, z; and w, if s is sufficiently
small (depending on zg, z1, 1), then w% € N;. By (3-3) we have

k

d
%<E(a)§) +y K,.w(xj.))

j=p+1

S 07
s=071

where ¥} = (—A)"lw!. That is,

k k
/(W(x>+z KjG<x},x))zo(x)dxs/(WxHZ KjG<x§,x)>zl(x>dx.
D D

Jj=p+1 j=p+1
Since zp, z1, i are chosen arbitrarily as above we have
k k

sup <1ﬂk+ Z KjG(xj-‘,-)) < inf <1ﬁk+ Z KjG(x;‘,.)).

N _ - ) =,
{w* <A}NBs (%) =t {w}>0}NBs(X;) j=ptl

But ¢t + Zl;zp—i-l KJ‘G(X}‘, -) is a continuous function on Bs(X;) (notice that xjx. ¢
Bs(x;) for p+1 < j <k), so we obtain

k k

sup (wk+ Z @G(x},-)): inf (10)‘—1— Z KjG(Xj-”,-)).

- A 7.
{w?‘<k}ﬂBa(xi) j=p+1 {wi >0}NBs(x;) j=p+1



EXISTENCE OF STEADY VORTEX PATCHES TO THE VORTEX-WAVE SYSTEM 267

Define
k
(3-6) c?‘ = sup (1//}‘ + Z KjG(x;‘, .)>
{@} <A}NBs(%;) j=p+1

k

—  inf (wuzij(x},.)).

> X
(0} > 0B (F:) Pt

It is easy to see that

k
(3-7) a)lA =) a..on {x eD | 1//A(x) + Z /ch(xJA., x) > clk} N Bs(x;),
j=p+1
k
(3-8) w'=0 ae.on ix eD| Y@+ Y xGx).x) < c?‘} N Bs(%;).
Jj=p+1

On the level set {x eD | Y (x) + le':pﬂ /ch(x?, xX)= c:\} N Bs(x;), we have

k
(3-9) VWt + Y kGG, =0, ae,
J=p+1

which gives

k
(3-10) o} =—AW + Y G}, ) =0, ae.
J=p+1

Equations (3-7), (3-8) and (3-10) together give

h_
(-11) wi = “{wuzﬁi:pﬂK_/G<x},->>c?}n85<xi>’

which completes the proof of Case 1.

Case 2: x; < 0. The argument is similar. For s > 0, define a)é =t +5(z1 — 20),
where

20,21 € L¥(D), 20,21 2 0, [p z0(x) dx = [}, z1(x) dx,
supp(z0), supp(z1) C Bs(Xi),

20 =01in Bs(x;) \ {w} > — A},

z1 =0in Bs(x) \ {0} < —pu},

(3-12)

where u € (0, A). Then

k

d
- (E(a)ﬁ) + > K wg(xj.))

Jj=p+1

<0.

s=07%
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Repeating the argument in Case 1, we obtain

k k
sup (w/\+ Z /ch(x?,-)>= . inf (1“4— Z /ch(x;,')>,
(0} <0INBs (7)) j=p 1 o> AN x) j=p+1
then we can define
k
(3-13) chi=—  sup <w*+ > KJ-G@?"))
{0} <OINB5(X;) j=p+1

k
=_ inf <WA+ kiG], '))'
{a);‘>—)»}mBé()Ei) ]:217—:%1 ' '
Similarly we have

A —
wi = AI{¢*+Z’;ZP+1 KjG(x}, ) <—cHNBs (X1)*

Lemma 3.5. For the c;\ given in Lemma 3.4, we have the estimate

A |5 |

b s —C,
Cl> o n

where C > 0 is independent of A and é.

Proof. We only prove the case «; > 0. The other case is similar. By the definition
of cl’.\ (recall (3-6)), we have

k
(3-14) = inf (W+ > KJGOC?"))

{w}>0}NBs(X;)

j=p+l1
k
> inf (WA—F Z /ch(x?,-)) (by maximum principle)
Bs(x;) .
Jj=p+1
k
> inf A G (x™. .
=t (v X o)
j=p+1
> inf y*—C

T 9B

for some C > 0 not depending on A and §. But for any x € 0 Bs(X;),

1
(3-15) W<x>=—2—/1n|x—y|w?<y>dy—/ h(x y)k () dy
T Jp D

p
+fG<x,y> 3 W) dy
. b j=1j#i
>——"1n[28|-C
2
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for some C > 0 not depending on A and §. Here we use the fact that
dist(Bs,(x;), Bs,(x;)) >0

forany i # j, 1 <i, j < p, and dist(Bs,(x;), D) > 0,1 <i < p.
Combining (3-14) with (3-15) we get the desired result. Ul

Lemma 3.6. For § sufficiently small, not depending on A, the following assertion
holds true:
k

(3-16) sgn(lci)(lpA + Z /ch(xJA., .)) — cf‘ <0 ondBs,(x;)

j=p+1
foreach 1 <i < p.
Proof. Let 1 <i < p be fixed. By Lemma 3.5 it suffices to show that

k
YR+ Y kG x)

j=p+1

sup <C

x€dBsy (%)

for some C > 0 not depending on A and §. In fact, since for any j # i, j =
p+1,... k, dist(Bs,(x;), Bs,(x;)) > 0, we have

k
sup Z KjG(x;\, x)|<C.
xed By (il ;27

It remains to show that SUP 9 By, (51) |y*(x)| < C. For any x € 0 B;,(x;), we estimate
¥ (x) as follows:

[y ()] <

1
/—2—1n|x—y|wik(y)d)7‘+‘/ h(x,y)wik(y)dy'
D T D

p
+‘/ G,y Y w§<y>dy‘
P j#isi=1

||
<——In(6g—6)+C
2

|| So )
< o ln<3) +C (recall that § < §>
Thus the proof is completed. ([

From now on we fix § such that (3-16) holds true.
Now we analyze the asymptotic behavior of the maximizer (w”, x; IRTRERS x,f)
as A — +o0o. We will show that as A — 400, the support of a)lA shrinks to x; for
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i=1,...,pand x; — xj for j =p+1,..., k. To achieve this goal, we estimate
the energy of the background vorticity first.

For simplicity, hereafter we will use C to denote various positive numbers
independent of A, and o(1) to denote various quantities that go to zero as A — +o0.

Lemma 3.7. E(0") > —% lp | /cl Ing; — C, where &; is the positive number such
that Awe? = ||

Proof. Choose the test function w = Zf’zl w;, where w; = sgn(x;)A1 B, (%)) It is
obvious that w € N;, so by (3-3),

k k
E@+ Y ) <E@)+ ) k@),

Jj=p+1 Jj=p+1

where ¥ = (—A) " lw. Tt is easy to check that

k k
kY (x| < C, K| = C,
j=p+1 j=p+1
SO
(3-17) E(@") > E(w) —
On the other hand,

(3-18) E@) =+ / / G x, Vo) dx dy

p
Y+ 3 | [ 6w vo o maxas

1<i<j<p

E(w;) —

'Mu i

1

Each E(w;) can be calculated directly as follows

(19 E@)=7 / / G(x, )i (¥)wi () dx dy
DJD

-
_ 1 ——In|x —y|lwi(x)w;(y)dx dy
2 ), JB ) 2T o
1
_5_/ / h(x, y)w;(x)w;(y)dx dy
e (X e, (Xi)
K2 L,

Z_ﬁln(zgi)—ZKi H(Xl)+0(l)

i=1
Now (3-17), (3-18) and (3-19) together give the desired result. U
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Now define

p

k
(3-20) TA::ngnZ(K,-) / w?(x)(sgn(x,-)(g/ﬂ(xyr 3 KjG(xj.,x))—c?) dx,
i=1 b j=p+1

which represents the total kinetic energy of the fluid on the vorticity set Ule A?‘.
Lemma3.8. T* < C.

Proof. For simplicity we denote

k
(i’\ = sgn(/c,-)(l/fA + Z KjG(X?» ')) - Cz{\-

Jj=p+l1

It suffices to prove that for each 1 <i < p,
sgn(/ci)/ w?{f dx <C.
D

On the one hand, by Holder’s inequality and Sobolev embedding WU (Bs (%)) —
L?(Bs(X;)), we have

(3-21) sgn(k;) / wteldx = f ¢l dx
D A}

1
i 3
<ualt ([ witar) @ =0 ap

1

1 2
< MA,Mz(/ |<¢f)+|2dx)
Bs(x;)

scMA?ﬁ(f (4,*)+dx+/ |V<¢%>+|dx)
Bs(x;) Bs(x;)

sCMA,H%( c,*dx+f |vzﬁ|dx)
A} A}
1
2
scx|A,-*|i|A,~*|%(/ |vc,*|2dx> +C|A?|5sgn(f<,->f wlgl dx
A} D

1
2
SC(/ |V{,~’\|2dx> +0(l)sgn(1<,-)f wretdx,
A} D

which implies

(3-22) sgn(x;) / wlel dng( f |Vgi*|2dx)2.
D A}
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On the other hand, since ¢ <0 on 3 B, (;) (recall (3-16)), integration by parts gives

(3-23) sgn(k;) / wlelt dx = sgn(x;) (T dx
D Bsy (i)
= [ wehPaxz [ veea
Bs, (Xi) A}
Combining (3-22) with (3-23) we complete the proof. O
Lemma3.9. Y7 c}lkj| > —5= Y7 k?1Ing; — C.

Proof. By the definition of T*, the following identity holds true:

p P
E(a))+%z Z /a) (x)KJG(x],x)dx %Z lici|.
i=1

i=1 p+1

Since dist(Bj,(x;), Bs,(xj)) >0foranyi=1,...,pand j=p+1,...,k,itis
easy to see that

‘22 Z /a) (X)KJG(XJ,X)dx <C,

i=1 j=p+1
then the desired result follows from Lemmas 3.7 and 3.8. ([l
Now we are ready to estimate the size of supp(a)l.k).

Lemma 3.10. There exists Ry > 0 independent of A such that fori =1, ..., p,

diam(supp(a)l’.\)) < Rpé&;.

Proof. Foreachi=1,..., p,any x; € supp(a)il), we have
k
sgn(m(w*(xi) + > ijocﬁ,xi)) > c].
j=p+1

It is easy to see that
k

Z KjG(x;,xi)

Jj=p+1

§C7

so we have
Sgn(Kl)w (-xl) = C - C,

which gives

1
(3-24) [ =5z b= ylet oy = ¢ - C.
D
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Combining (3-24) with Lemma 3.9 we obtain

)4 )4
1 1
; Ik /D —5-Inlx; — Y} ()| dy > — ;Kflnei -C,

or equivalently

p . .
Z|2K—|/ In—" |k (y)|dy = —C.
i T JD lxi — vl

1

For any R > 1 to be determined, we have

(3-25) Z i In

27 Jp\Bge, (v 1Xi — yI

)4
||
+Z g In
i=1

Bre,(x) 1% = VI

|} () dy

lw}(y)|dy > —C.

The second integral in (3-25) is bounded (in fact, it can be calculated explicitly).
That is,

| |
o |} (»dy| < C
27 B ey X =Y
from which we deduce
Pk
(3-26) Ld / In ()] dy > —C.
; 27 Jp\Bge, (xi) |xz y|
Therefore
p
|1 | C
(3-27) — ot () dy < —
,; 27 JD\Bge, (i) " InR’

and consequently for each 1 <i < p there holds

(3-28) il W)l dy < —.
2 D\Bgg; (x;) In R

Since fD |a)f (y)|dy = |k;|, we can choose R large enough such that

Wl
(3-29) / W ldy>"2 =1,
BRSl(xl)

Now we claim that

diam(supp(w?)) <2Rs;.
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In fact, suppose that diam(supp(a)i*)) > 2Re; Then we can choose x;, y; € supp(a)l.k)
such that |x; — y;| > 2Re;, then by (3-29) (recall that in (3-29) x; € supp(a)?) is
arbitrary)

/|w?<y>|dyz/ |w?<y>|dy+/ W )l dy > [k,
D Bre, (1) Bre, (1)

which is a contradiction.
Finally by choosing Ry = 2R we complete the proof. ([l

By now we have constructed a)lA e N i= 1,..., p, and xjk. € Bs(x;),j =
p+1,..., k. Moreover, we have shown that the diameter of supp(a)ik) vanishes as
A — +00. To analyze their limiting positions, we define the center of a)lA as

1 .
zg\::— xa)ikdx, i=1,...,p.
Ki JD

It is easy to see that z? € Bs(x;).
Lemma 3.11. z?—)f,' forlfifpandx;‘eij forp+1<j<kasi— +oo.

Proof. Up to a subsequence we assume that ziA — z; € Bs(x;),1 <i < p, and
x?—>zj € Bs(x;), p+1=<j <k. Itsuffices to show that (z1, ..., zx) = (X1, ..., X).
Define w = Zle w;, where w; = sgn(/c,-))»IBSi ). It is easy to see that w € N7,
so we have
E@, Xpy1s o X)) SEW@H x5y X,

that is,

k k
(3-30) E(@)+ Y Kjw(fj)% > kikjGE.x)— Y KIH (X))

Jj=p+l1 i#] j=p+l1
p+ls<i,j<k
k 1 k
A Aph A 277 (v
<E(o")+ Z Ky (xj)+§ Z KikjG (X7, x5)— Z ki H(x7),
j=p+1 i#] j=p+1
pH1s<i,j<k

where ¥* = (—A)"'w* and ¥ = (—A) " lw. It is easy to check that

, P
(3-31) E(w):%;/Dfl)—%lnlx—ylwi(x)wi(y)dxdy—Z;KEH(’@)
+% Z kik;jG(X;i, Xj) +o(1),

i#]
I<i,j<p

and

k p kK
CERD S IS D SRR e

Jj=p+1 i=1 j=p+1
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Similarly

p p
(3-33) mmzézf/——mu—mwmﬁwMW—Zﬁmm

i=1

> kikjGzinzj) +o(D),

i#]
I<i,j<p
and
k P k
(3-34) Z Kjw)‘(x;‘) =Z Z kikjG(zi,z;) +o(1).
j=p+1 i=1 j=p+1

Hence from all the above we obtain

P P
339 530 [ [ —gointr—sloiwo ) ds v =Y PG
i=1

% Z KszG(xtaxj)+Z Z KiKj G(xi, x j)

i#]j i=1 j=p+1
l=i,j=<p
1 k
+§ Z K,‘KjG(f,‘,fj)— Z ICJZ-H()EJ')
i#j j=p+1

p+1<i,j<k

p p
l _L _ A A _ 2 )
522 /D /D 5 Inlx = ylo! (Mo} () dxdy = Y k7 H ()

i=1

p k
Z Kl'KjG(Zi,Zj)+Z Z KikjG(zi, 2j)

i#j i=1 j=p+1
I<i,j<p
1 k
t5 Y kkGGz)— Y KHE) +o(l).
i#] j=p+1
pt1<i,j<k

On the other hand, by Riesz’s rearrangement inequality we have foreach 1 <i <p

(3-36) / / o I vl ()0} () e dy
D

1
5/ f —=—In|x — y|lo;(x)w;(y) dx dy.
pJp 27
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Therefore by (3-35) and (3-36) we get

k
1 . _
(3-37) 5 > kik;G(Xi %) — > kTH(E))
i#] j=1
1=<i,j<k

k
1
=5 Z KinG(Zth)_ZKJZ‘H(Zj),
j=1

i#]
1<i,j<k
or equivalently
(3-38) K1, - os zi) S Ke(xn, .00 Xp).
Since (x1, ..., Xx) is the unique minimum point for /Cx on Bs(x1) X - - - X Bs(X¢),
we obtain
(Zlﬂ"'7zk)=(f1’ ""ik)7
which completes the proof. (]

Remark 3.12. It is easy to see that xj.‘ € Bs(xj) for j = p+1,...,k, and

dist(supp(a)il), 0Bs(x;)) >0fori=1,..., p, provided that A is sufficiently large.

4. Proof of Theorem 2.4

Having made all the preparations in the preceding sections, we are now ready to
give the proof of Theorem 2.4.

Proof of Theorem 2.4. We only need to prove that (w”, x; IRTRERY x,?) satisfies (2-16)
if A is sufficiently large, since the other assertions have been verified in Section 3.
First, by Lemma 3.11, x? € Bs(x;) for j = p+1, ..., k, thus by (3-4) we have

k
v(wx(x)+ Z K,G(xj.,x)—xl-H(x)) =0, j=p+1, ...,k

j=ptLi#i =

Now for any given ¢ € C°(D), define a family of transformations ®,(x), t € R,
from D to D by the following ordinary differential equation:

d
Dp(x) = x.

do,(x)

—I=2 = Ve (P,(x)), teR,
@ { t ¢ (®1(x)
Since J V¢ is a smooth vector field with compact support in D, (4-1) is solvable for
all r € R. It is also easy to see that J V¢ is divergence-free, so by the Liouville theo-
rem (see [Marchioro and Pulvirenti 1994, Appendix 1.1]) ®,(x) is area-preserving,
or equivalently, for any measurable set A C D

(4-2) |®,(A)| =|A|  forallt eR.
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Now we define a family of test functions

- w;(x) =w _(x)).
4-3 A M@

Since P, is area-preserving and dist(supp(a)ik), dBs(x;)) >0foreach 1 <i < p,
we have a),)‘ eN [A, as long as |¢| is sufficiently small. Then by (3-3) we have

d k
- <E(a)?‘) + > Kj:/f,l(x}))

J=p+1

=0,
t=0

where ¥ = (—A)~'w?}. Ttis easy to check that (see [Turkington 1983a] for example)

E(w}) = E(") +t / ()P (x), p(x)) dx +o(1),

D

and

VD =0 )+t [ 008G 0. 900 d o0,
D

where o(¢)/t — 0 as t — 0. Therefore we get

k

fa)’\(x)B(wA(x)—i- > KjG(x},x),qs(x))dx:o,
D

Jj=p+1

which completes the proof of Theorem 2.4. ([
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