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Abstract. We consider the canonical Gibbs measure associated to a N-vortex
system in a bounded domain A, at inverse temperature § and prove that, in the
limit N— o0, B/N—pB, aN—1, where f(—8m, + c0) (here a denotes the vorticity
intensity of each vortex), the one particle distribution function ¢V =™(x), xe A
converges to a superposition of solutions g, of the following Mean Field Equation:

e Pv .

Qﬂ(x)=.‘~e—ﬂ|p; "A'P=Qp in4
A

A1
Yloa=0. (A1)

Moreover, we study the variational principles associated to Eq. (A.1) and prove
thai, when f— —8n ", either g;— 9, (weakly in the sense of measures) where x,
denotes an equilibrium point of a single point vortex in 4, or g, converges to a
smooth solution of (A.1) for f= —8n. Examples of both possibilities are given,
although we are not able to solve the alternative for a given 4. Finally, we discuss a
possible connection of the present analysis with the 2-D turbulence.
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I. Introduction

A natural route to the investigation of the fully turbulent behavior of a real flow is
the study of invariant measures for the Euler equation. This in analogy with the
Classical Statistical Mechanics where the Gibbs measures, which are stationary
with respect to the Newton evolution, take into account the configurations which
are relevant for the thermodynamical behavior of the system.

In the easiest two-dimensional case it is possible to construct, according to the
Gibbs prescription, a class of Gaussian measures formally invariant. However,
such measures do not seem to be physically relevant in the study of stationary
turbulence: the model is too naive since it describes only free fields and the spectra
computed with this ensemble are very far from those observed experimentally and
computed numerically [1, 2, 6, 11, 20, 27, 36].

Another approach is that proposed by Onsager. The basic idea is simple and
natural. One introduces a finite dimensional Hamiltonian system, called the vortex
model, which describes in some sense, the Euler flows whenever the vorticity field is
a linear combination of d-functions concentrated in points of the physical space
[33]. Thus, one can consider the Statistical Mechanics of such point vortices and
the Gibbs measures associated to such a system can be considered as invariant
measures for the Euler flows. The parameters characterizing these measures are the
inverse temperature B, the number of vortices N, and their vorticity intensities
oy, ...,0n. If one believes in the possibility of having a universal theory of the
stationary turbulence, namely not depending on the details of the system (in this
case N and {«;},-, _ y)onecan try toinvestigate the limit as N — o0, o;—0 is such
a way that the total vorticity remains bounded.

As noticed by Onsager, we are not interested really in the thermodynamical
behavior of the system so that there is no reason to consider only positive § which
we will assume to vary over the largest possible subset of R.

Frohlich and Ruelle proved that, in the standard thermodynamic limit of a
neutral vortex gas, no negative temperature states exist [19]. However, other
limits are conceivable.

We investigate here the above (Mean Field) limit and we find that the weak

limits of the Gibbs measures, when N — oo, N~ pe(—8n, + o0),do concentrate on

very particular stationary solutions of the 2-D Euler equation. Although we prove
an absence of fluctuations in the above Mean Field limit, we believe that the
stationary solutions we obtain in this way might play a role in understanding the
2-D turbulence as we shall discuss later on. Anyway, these solutions are interesting
in themselves in particular since they satisfy a variational principle: they “minimize
the energy-entropy functional.”

The paper is organized as follows: we first formulate in Sect. 2 our problem. In
Sect. 3 and 4 we study the Mean Field limit and we characterize the set of cluster
points of the Gibbs measures for the point vortex system. Sections 5 and 6
introduce some (almost) explicit solutions in the case of a rotationally symmetric
domain or in the case of the whole space R2. In Sect. 7, we develop a mathematical
analysis of the Mean Field equation.

At this stage, it is worth making a remark on the turbulence problem. As
noticed in [36], if one computes the energy spectrum via the canonical Gibbs
measure for a point vortex system, one finds some unphysical part of order k~*
which corresponds to the self-energy of each point vortex. This part disappearsin a
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Mean Field type limit. On the other hand, when doing so, we loose fluctuations
and this seems to indicate that the Gibbs measure might not be adequate to
describe turbulent phenomena. However, numerical simulations [7, 8] show that
the vortices have a tendency to create local clusters which have approximately a
circular shape. We do not exclude that such clusters are indeed related to the mean
field solutions we obtain and study.

More precisely, we believe that, due to the rotational invariance, the vortices
likely arrange in clusters which look like the (negative temperature) solutions
described in Sect. 6. This is only a local description. The global measure, which we
are not able to construct, could be a superposition of such solutions. This cannot
be an invariant measure for the Euler flow, but we expect that, if suitably
constructed, it should be practically invariant on relatively large scale of times.

We now discuss the mathematical aspects of our analysis. Our starting point is
the canonical Gibbs measure associated to a system of N vortices with intensity
a=1/N at inverse temperature f in a bounded domain 4. We prove that such a
measure exists only for fe(—8n/a®N, +). In the limit N—oco, f—o0,
B/N — B e(—8n, + o), we find that the typical configurations of the vortex system
arrange themselves to form a special solution of the 2-D Euler equation (or a
convex combination of them). Let us mention at this stage that we follow the
approach of Messer and Spohn [31] with some additional difficulties due to the
singularity of the point vortex interaction.

Let p be the stream function associated to such solutions, then we show that v
must satisfy the following non-linear elliptic problem:

e By
Ayp= 7

Z:je“ﬂ"’dx, (11)

p=0 ond4d.

Moreover the solution(s) chosen by the vortex system minimize for >0,
(respectively maximize for f<0) both the free energy functional

fw)=3 vl + 5 [ ologa,

with the constraints =0, [w=1, 1.2)
A

where w= — Ay is the vorticity field, and maximize (this in fact equivalent)

1

glw)=— log e~ 2 [IPyl? (1.3
B "a 224

which is obtained from f by using (1.1).

The analysis of Eq.(1.1) or the variational problem associated to the
functionals (1.2) and (1.3) is very different for =0 and for fe(— 8=, 0). In the first
case, existence and uniqueness for the solution of the problem is ensured [22]. The
second case (namely ff <0) is more delicate. Let us first recall that there have been
many studies of Eq. (1.1) when Z is a fixed parameter but the presence of such a
(nonlinear) term changes drastically the nature of the problem. Since we are mainly
interested in solutions of (1.1) which maximize (1.2) and (1.3), we first observe that
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the Mean Field limit yields in particular the existence of minima for f> — 8= and
we will show why this is the optimal bound. Indeed, by an inequality due to Moser
[32] — see also Onofri [33], Hong [26] — one can recover the existence of such a
maximizing solution for f > — 8w and one also shows that sup f (or supg) becomes
+ oo when f# < — 8n. We found rather striking the fact that a Statistical Mechanics
argument allows to recover the optimal constraint in a subtle inequality for
Sobolev spaces.

Letting 8 go to — 8= is a natural problem that we consider here. First of all, in
the case of a ball, one knows by the results of Gidas, Ni, and Nirenberg [21], that
all solutions are radially symmetric and as it is well-known, they can be computed
explicitly. This is how we check that there is a unique solution of (1.1) for all
f> —8mnif A is a ball and when f— — 8=, this solution concentrates at 0: more

1
precisely w = > e P (7|2 Py 2 wlogw (j ® logw>‘ ! converge (weakly in the
A

sense of measures) to ;.

We are not able to determine whether this concentration phenomenon occurs
for a given domain 4. However, we prove that, as f— — 8n,, maxima of (1.2) either
converge to a maximum of (1.2) or concentrate, in the above sense, at a point x, € 4
which is a maximum point of y(x)=%7(x, x), where 7 is the regular part of the
Gren’s function of the domain 4. Furthermore, in the latter case, the behavior of @
near x, is then identical to the one of radial solutions concentrating at 0 (with an
appropriate scaling). We prove these facts by a convenient adaptation of some
arguments developed by Lions [28] (concentration-compactness method). Once,
the concentration phenomenon is established, the fact that x,, is a critical point of
the regular part of the Green’s function which is physically obvious follows, exactly
as observed in Brézis and Peletier [10], Rey [37], Han [25] for somewhat related
problems, from a general identity (related to translation invariance) due to
Esteban and Lions [18].

It is not really surprising that such concentration phenomena take place in our
problem since equations like (1.1) but formulated on S* do enjoy similar properties
—see Hong [26], Bahri and Coron [5], Chang and Yang [12,13], Chen and Ding
[14], Han [24]. In some sense, this type of equation is the analogue of the so-called
semilinear equations with the critical Sobolev exponents. For such problems and
related ones, concentration phenomena have been studied by many authors — see
Sacks and Uhlenbeck [39], Lions [28], Struwe [40]. However, one of the
difficulties we encounter here is the dependence of, say, sup g(y) (for § = —87) upon
the geometry of /4, dependence which forces in fact the concentration point to be a
maximum point of the regular part of the Green’s function and explains the above
alternative (regular behavior or concentration). Let us also mention at this point
that the regular part of the Green’s function really appears in our argument as a
“renormalized” functional deduced from f when = —8=.

Let us also mention that there may exist solutions of (1.1) for some f < —8n or
even for all f in the case of the annulus: there, such solutions are not maxima of f
for f< —8n. On the other hand, when A is starshaped, Pohozaev’s identity [35]
yields the existence of a critical value f5, such that no solution of (1.1) can exist if
B=p.(f.=—8n when A is a ball).

Let us finally observe that possible concentrations have been studied for
general solutions of two-dimensional incompressible Euler equations (time-
dependent flows and steady flows) in Di Perna and Majda [15, 16]. The punctual
nature of the concentration set in our special case is of course due to the special
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nature of Gibbs measures and exhibits an infinite energy limit while the possible
concentrations in [15,16] have bounded energy.

After this paper was submitted for publication, we were advised by M. Kiesling
that he obtained independently results quite similar to those proven here in a
preprint (submitted to Commun. Pure Appl. Math.).

2. Formulation of the Statistical Mechanics Problem
We consider a system of N identical point vortices in a smooth, bounded,

connected, open domain A of R2, The Hamiltonian of the system is given by «2U,
where

Vsox)+ 39060, @1

=

U(xl, ceey xN)=%
i*

and where (x,, ..., xy) € AN are the positions of the point vortices. Furthermore,
o> 0 is the vorticity intensity (the same for all vortices) and V(x, y) is the Green’s
function of the Poisson equation in 4 with Dirichlet boundary conditions. As it is
classical, we have on 4 x 4

1 .
V(x’y)’: —%IOglx“J’H‘V(x,)’), (22)

where §: 4 x A—R is symmetric and harmonic in each variable. Finally we set
y(x)=%7(x,x) on 4. 2.3)

The canonical Gibbs measure associated to the above Hamiltonian is defined
by

pBN(dx, . dxy)=Z, j(N)~Te PRUG1 iy dxy 2.4)
where
Z,5(N)= [ e *Pdx, ...dxy (2.5)
AN
is the partition and f is proportional to the inverse temperature. Since we are
interested in the measures (2.4) as invariant measures for the N-vortex system
given by the Hamiltonian (2.1), we may and we shall consider positive as well as
negative values of the parameter J. g
The following lemma yields the exact range of temperatures for which the
measures (2.4) make sense and the integral in (2.5) converges.
8
Lemma 2.1. Z, 3(N)< + oo if and only if Be ( — ﬁ, oo). Moreover, in this range
of temperature, the following estimate holds:
Za, B(N) = C(BOC, No, IAl)N » (26)

where C is a positive constant, depending only on the products Ba, No, and on
|A|=measA.

Proof. Suppose f>0. By the positivity of the interaction ¥,
Z, (N < f dxe-ﬁ“mx))N . (2.7)
A
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Since p(x) diverges logarithmically when x—04, estimate (2.6) is proven.
For f<0 we have:

— My(xi, xj) N

N N P
Z, 3(N)<[dx, codxy [T Tle <1 <[dxl - dx ﬁ e—”’;‘ wxl.xﬂ)“’v'
i=1 ji=1

JFi

(2.8)
Since V(x,y)< — %loglx— y|+c¢, it follows that the above integral is bounded,

provided that — Bx?N < 8. In this case estimate (2.6) follows easily.
On the other hand, we have

d 1 —Ba?/4n
Z. #(N)= d X
oo 1)
j=1
ﬂazN(N 1)d
x ¢~ BaPmN, , (2.9)
where
A= {(xl, X)Xy € T Xy —Xi] < % i:2...N} (2.10)

and X' is the ball of radius R, centered at the origin (that we may always assume to

. ist(0, 04 . . .
be in 4) and R< %l Moreover, m= inf y(x) and d>0 is a suitable
xefRr
. 1
constant for which V(x,y)= — Eloglx—yl—

The integral appearing in (2.9) is bounded from below by:

e\ 2N 1) /1 —N(N—l)-%z—
const <§> (;) . (2.11)

. Lo - 5 87
The above expression does not vanish in the limit ¢—0 unless > — 2N and
this completes the proof of Lemma 2.1. []

We are interested in the asymptotic behavior of 4™»* in the limit N —co when

o= —]1\7 and f=pN with f fixed. By Lemma 2.1, fe(—8r, + o). For fixed f, the

sequence of Gibbs measures xV?* and the partition functions Z, 3(N)depend only
on N and will be denoted by p" and Z(N) respectlvely
The family of correlation functions {o}}}_, (see [37]) are defined as follows:

Qj(xl,...,xj)=§dxj+1...de,u (xg...xp) (2.12)

and corresponds to the probability density of finding the first j particles in the
positions x; ... x; By an easy calculation:

_ﬁu(x’) B, ixv-) ~Lux
V(X)) = g X SRR R (2.13)
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where X;={x; ...x;} Xy_;={X;4;...xy} and
WX Xy-)= Y % V%), (2.14)

XEJ)’ENJ

To understand the asymptotic behavior of ¥ (for fixed j, when N — o) we find
convenient to rewrite the expression (2 13) in the following form:

Z(N—j) - ZIN-), LD

)= T 10X )
B iB
e“ﬁNz jV(x, xk) + =~ NN—J) UXn - ]) (215)

The limit we are considering is of mean field type. If the empirical distribution of
the vortex system

1 N

— ¥ o, 2.1

N 2, 3:/d 216)
[here 6,(dx) denotes the Dirac measure concentrated on the point y] is going to

converge, with large probability (weakly) to a (smooth) vorticity profile g, then @Y
are going to factorize:

oy —0®  (weakly). 2.17)
From (2.15), ¢ must satisfy the following equation:
ex)=Z"te Peetb@V, (2.18)
where
Vx)={V(x,y)e(y), (2.19)
Z(N
-Igm Z(Ag )1) (2.20)

and (-, -) denotes the usual scalar product.
The following identity is obvious:

zet BV — [ o= FVegx (2.21)
A

In general, however, correlations can persist in the limit so that
oY = [ v(do)e® (weakly), (2.22)

where v is a measure on the space of probability densities. In this case, which
cannot be excluded unless (2.18) possesses a unique solution, v is expected to be
concentrated on solutions of (2.18).

The above heuristic arguments can be made rigorous.

Theorem 2.1. Let {dg;}>, be a weak cluster point (in the sense of the weak
convergence of measures) of the sequence @Y, i.e. there exists a subsequence N, for

which
fdo (X )o(X j)=,}£Ig [dX; oYX (X)) (2.23)

for all j and for all bounded and continuous .
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Then, the measures dg; are absolutely continuous

do(X;)=0/X)dX; (2.24)
and the following representation holds:
j
0i(xy ... x;)=[v(do) kI;II o(x), (2.25)

where v is a Borel probability measure on L(A) endowed with the weak topology.
Furthermore, v is concentrated on those solutions g € L (A) of (2.18) minimizing
or maximizing, for >0 or f<0 respectively, the free energy functional

1
ologodx+ — (o, Vo) (2.26)

flo)= 5

==

|
A
with the constraints ¢ =0, [odx=1.
A

Remarks. For >0, we know that there exists a unique solution ¢ to (2.18)
(obviously minimizing f) so that Qﬁ." converges (not only for subsequences) to ¢®-.
This factorization property is usually called “propagation of chaos.”

For —8n< <0, uniqueness is not known for general domains (see the
discussion in Sect. 7). However, for the ball we can also prove uniqueness. In this
case, by means of Theorem 2.1, we obtain the same conclusions as for the positive

temperature case namely the convergence of Qﬁ-v to a product state.
For the stream function v, defined as

—Ap=g, (2.27)

as a consequence of (2.18) we obtain (1.1). We remark that the velocity field
u=(—0,y, 0,y) satisfies the stationary two-dimensional Euler equation.

We shall prove Theorem 2.1 in Sect. 4. We shall follow the strategy of Messer
and Spohn [31] who obtained the same result for a bounded, smooth interaction
potential V. Here, we need extra bounds on the correlation functions which will be
derived in Sect. 3.

3. Estimates on the Correlation Functions
In this section we prove an estimate on the correlation functions oY which will
allow us to prove Theorem 2.1.

Theorem 3.1. For fe(—8mn, + o0), there exists a constant C (depending only on f3
and A) such that

. —EU(X,) .
of(X)sCle N on A7, (3.1)
Proof. Assume first >0. By definition
_ EU(X )
e N “Pwex,ivn-) ~Luws-)
o Xj)=—Z(WIdYN—je N e N , (3.2)
where
WX|Y)= ¥ Vixy). (3.3)

eX
eY

<R
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Since V is positive, we have
‘%U(Xf) ONN—))

o) (X)<e N (3.4
where we set, for k<N:
By
Op(k)=fdX,e N (3.9)
We have thus in particular
-E v - w it D LTI
N N
ol e T Iuane T —- 3.6
inka j. dxk+ e NG+~ NW(XRIX;H 1)

The denominator of the right-hand side of (3.6) can be estimated from below by:

B K
IAle” N"e PN
upon using the Jensen inequality and setting

m=maxy(y),

V= ! supjd V(x, ). 38
' Ay y y
In conclusion, we obtain
Ok pre3)
Okt = S|4 e (3.9)

and estimate (3.1) follows with C given by the right-hand side of (3.9).
For negative §§ the estimate is a little more involved. To estimate the integral

—%W(x,lrn-j)e—§v(rn-1)

. . . N N
we use the Holder inequality with p= Z and, consequently g = N—ZJ We have,

for a suitable constant C,,
18lp.

~wosivn-n _ ~BRiv-0 gy a =N
IdYN_je N <C N .‘. Y1 YN- —J l=_l K= |x ykl
1gl

—J

-2 in-p( i 1 \zaN |7
=6 (ﬂl{”y<lx ) } ) an

1Blpi _ 181
2N 4=

Here we have applied once more Holder’s inequality. Since 6=

1 é
H=sup|(d <——> <+4oc0. 3.12
up /Il =y (3.12)
Therefore, the right-hand side of (3.11) is bounded by

_BN_;
c, 2" ' gw-p, (3.13)
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Thus, we only have to estimate

BN
— U
[dYy_ e NN=2"0 (3.14)
The above expression can be written as
81 B/ N 1
== U(¥N-)) —% — | U(Yn-
[dYy_e Ne' g uvose (3.15)

for u> 1. Applying, once again, Holder’s inequality with conjugate exponent u and
w, we bound (3.15) by

1

L _5 2wj -
ONN —))" (deN-je N<1+N )U(YN 1)>

_J
N-2j,

g
—(1+y),7,U<YN_1)> (3.16)

_
=@N(N_j)l N=20 (deN—le
The last equality follows by choosing w=;~*(N —2j)y, where

0sy=@n+p)p

(here N is assumed to be large enough). By Lemma 2.1 the expression in
parenthesis is bounded by C5 so that, collecting all the above estimates, we obtain

IS CLO (N —)). (3.17)
Finally, by the positivity of V:
—EU(YN_ ) —EU(X) —EW(X'”’N— )
N J N J N J J
oy s de T e e
[dX,e NE
<CiZ(N). (3.18)

By (3.18), (3.17), (3.10), and (3.2) we obtain (3.1). This completes the proof. []

4. Proof of Theorem 2.1

We denote by {0/dX)}i2, the correlation measures obtained as weak cluster
points of the sequence of measures {0} (x)dX ;}}_,.

By the Hewitt-Savage theorem, there ex1sts a probability Borel measure v(dg)
on the space .#;" of all probability measures in A, endowed with the weak
topology, for which

fofdX )X ;f(X))=]v(de)[de(x,)...do(x)f(x; ... x)) (4.1

for all j and all bounded measurable functions f: 4/—>R.
By Theorem 3.1, ¢ (d X ;) is absolutely continuous. Denoting by ¢; the densities
we have:

lojl=C7. (4.2)
Moreover, denoting by
o(f)= i f(x)eldx)  doe .y (4.3)
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we have, for a positive f and p>1,

IUdQe(f) = oy ... x)f(x) ... f(x,)dx, ... dx,

=CIfIE.
Therefore:
le(Nom=CI Sl (4.4)
yielding:
odx)=g(x)dx geL,(4) vaa.g. 4.5)

Since v is supported on L., functions, the representation formula (4.1) can be
written as

(o) T elx)=,xs ). 4.6)
For any pair v and {;} {2, satisfying (4.6) we define the free energy functional
10)= 550) 20, @7

where
s(v) —th?o j"dX ;loge;  (mean entropy), 4.8)
e(v)=% [dxdyo,(x,y)V(x,y) (mean energy). 4.9

By the subadditivity of the entropy, the limit (4.8) either exists or it is infinity.
Moreover, it is well known that (see for instance [38])

s(v)={v(de)s(e), (4.10)
where
s(@)= [ elogodx. 4.11)

Note that, in physics, this entropy is usually —s.
We consider also the free energy functional:

N N
FV= ﬁNfu logu™ + zfu U
1
=— FﬁlogZ(N). 4.12)
We want to prove that
lim FN = f(v), (4.13)

where the above limit is taken on the subsequence for which g; is the weak limit of
o} and v is given by (4.6). In fact, by the convexity and subadditivity property of the
entropy:

—jgjloggjs hmmf IQJ logg¥

< liminf — | u" log u™ 4.14
_hNIgglfNJ"# logu™, (4.14)
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and thus
s(v)<lim inf%[,u”log,u”. (4.15)

Morecover, it is casy to get
11m — TN xy)Uxp)dX y=e(v) 4.16)

as a consequence of Theorem 3.1. Thus, we deduce
liminfF¥>f(v) for B>0, (4.17a)
limsupF¥<f(v) for pB<0. (4.17b)
On the other hand p" minimizes for >0 (maximizes for f <0) the free energy so
that
FN<FJQNIOgQN szQNUN if >0 (4.18)

and the reverse inequality holds for f<0. Thus, by (4.17) and (4.18) we finally
obtain (4.13).
We finally prove that

f(v)=min f(%) f>0 (4.19a)
i»e(/l/lt
=max f(¥) p<0. (4.19b)
Ve ]
Consider >0. Then:
1 .. N 1 ..
FN< “NfQNIOgQN"’ NEJQNU(XN), (4.20)

where ¢; and ¥ are related by (4.6). Thus we find
JO=/6), (4.21)
and the reverse inequality holds for f<0. [

In fact, the proof above together with the remark following Theorem 2.1 yields
the following.

Corollary 4.1. If >0 or if <0 and we assume that there exists a unique €L (A)
which maximizes f(g) over all g€ L(A), [ odx=1, §20, then ¢} and o} logey

converge a.e. and in L,(A%) respectively to g;= ']—[ o(x;) and ¢;logg; [

Indeed, we then have ¢; = H o(x;) and the above proofyields the convergence of
j o} logoy to j o;logo;. The strlct convexity of the entropy allows to conclude.

Another proof can be made using (2.15) and some heuristic arguments which
can be made rigorous as in the proof of Theorem 2.1. This yields the pointwise
convergence while the L, convergence follows from the dominated convergence
theorem and Theorem 3.1.
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5. Solutions of the Mean Field Equation with Radial Symmetry

If we consider the case when
A={xeR?*/|x|<1} or A={xeR*a<|x|<1},

where ae(0, 1), that is the case of a connected domain with rotational symmetry
(up to a simple dilation), we may look for radial solutions of Eq. (1.1). In addition,
we know from the general results of Gidas, Ni, and Nirenberg [21], that if
A={xeR?/|x| <1} they are the only solutions such that, say, ¢ € L(€2) [or in fact
elogoe L(A)]. Such radial solutions that we denote by y(r) satisfy

1df d 1
= =— __pg b .
r dr<rdrw> z¢ 1)
which after using the classical change of variable t=logr becomes
d2 Z—1,H
EZ_H =pZ"te", (5.2)
where we set
H(t)= —By(e)+2t¢. (5.3)

Equation (5.2) corresponds to an autonomous, one dimensional Hamiltonian
system which can be solved explicitly. Setting y=e, we deduce

W)= 4E;’Z V21 — AV 772 (5.4)
where
E= %HZ - —é—e” (5.5)

is the constant energy and A is a constant to be determined by the normalization
and boundary conditions. In the case when A is the unit disk (that we denote by 4,)
we have p(1)=0 and y'(1) can be determined by integrating the equation over 4,
We then find a solution for > —8=n determined by the choices

B

= A = —_ = 2 . .
A' Seip’ Z=n(1—4), E (5.6)
The vorticity distribution ¢ takes the form
~ 1—4 1
= — = ~ﬂw -1 - -
0 Ap=e™F¥Z T —Arr (5.7

We therefore observe that there are solutions of the mean field equation (1.1) if and
only if > —8rn and that when f— —8x this solution concentrates at 0: indeed,
0—8, weakly in the sense of measures.

In the case when A=4,={xeR?*/a<|x|<1} [and a€(0,1)], we obtain as
before

-
EZA vomy _ govomy, (5.8)

)=
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and we have to determine E, 4, Z by means of the normalization and the boundary
conditions: y(a)=1(1)=0. In this way, we obtain for all feR a unique radial
solution. Notice that in an annulus there is not a particular point at which radial
solutions can concentrate as ff— — 8.

Let us also notice that for such an annulus (or for similar geometries with one or
many “holes”), one may impose different boundary conditions like (1)=0,
yp(a)=o. The analysis performed in the preceding sections easily adapts to that
situation yielding similar results. Now, for a given « (which corresponds physically
to a circulation assigned a priori), one finds in a similar way a unique radial
solution for all f € R. We finally observe that in order to recover the solution in the
disk from the solution in the annulus in the limit a—0, we need to prescribe a large
value of « when p is close to —8x.

6. A Mean Field Equation in IR>

Consider a system of N vortices, with intensity «, in all R?. The equation of motion
is

. 1 X :
= § btotn), i1, @1
jFi

where V*=(8,, —0,). Itis well known that (6.1) admits the following first integrals:

o XN
H= E,; ) log|x;—x;| (energy), (6.2)
i+j
N
M=oY x; (center of vorticity), (6.3)
i=1
N
I=0 Y x? (moment of inertia) (6.4)

—-

connected with the time, translation and rotation invariance of the Hamiltonian
(6.2) respectively. Therefore, the following measure

uNdx, ...de)=%Me—ﬁH—“""'M (6.5)

is invariant with respect to the evolution given by (6.1), for 7>0, fe R, e IR2. For
positive 7, I plays the role of an external field confining the system around the
origin. Thus, all the considerations of Sects. 2 and 3 can be extended to this case
with minor modifications. In particular the Mean Field equation takes the form

<in the scaling o= %, B=pN, IziN)

1 .
—dp= e b (6.6)

associated, as above to the variational principles relative to the functionals

1 1 A
f(Q)=EIQ10gQ+ Flev,+ EQIXI . (6.7)
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Here we have eliminated the linear term in # by means of a suitable change of
coordinates.
Following the previous analysis we can prove the following theorem.

Theorem 6.1. Let fe(—8n, 00) and let .>0. Then, there is a unique ge L (R?)
which maximizes for B<0 and minimizes for >0 the functional f given
by (6.7). And there is a solution — determined up to a constant — of Eq. (6.6) with

1
Q=Ee"""“’”’"2 such that | |Vy|><oo. Moreover, ¢ and v are radially sym-
R2
metric. Finally, the correlation functions @} associated to the sequence of mea-

J
sures (6.5) converge pointwise and in L,, as N— o0, to [] o(x,).
i=1

The arguments of Sect. 3 and 4 apply with minor modifications so that we have
the convergence of the correlation functions and the existence of a limiting
solution. We now apply the methods of Sect. 5 to find radial symmetric solutions
for fe(—8mn, + ). Addlng if necessary a constant to i, we may assume that Z =1
and we have to find a unique radial y solving (6.6). We then set H(t)= — fy(r)
—Je* 42t with t=logr and we obtain

H=pe"—4)e*. (6.8)

Unfortunately, since this system is not autonomous, we cannot give an explicit
solution of (6.8). However, we can prove that there is only one trajectory for which
Z=1and

lim H(t)=2. (6.9)

t—= — o0
This condition follows from the fact that
limry'(r)=0 (6.10)

r—0
due to the regularity of y (recall that geL).

More precisely, we are interested in solutions of (6.8) behaving like 2¢+ y as ¢
goes to — 00. We remark that such solutions depend monotonically on x. Indeed
by a change of the time scale: 2t—2t — y, we see that increasing y, we decrease the
force opposing the motion. Since

+ o
Z=2n j eHdt (6.11)

we also realize that Z is increasing with H, so that to find y such that the
corresponding Z =1, it is enough to observe that Z—0 as y— — oo and Z—C as
x—+ocand C>1if ﬂ > — 8n. The last statement follows by a direct computation.
We conclude the proof by showing the uniqueness of maximizing solutions. This
follows by a standard argument based on Schwarz symmetrization: given a non-
symmetric maximizer solution y, its symmetric rearrangement leaves Z invariant
while the energy decreases. Thus, a maximizing solution must be symmetric. []

It remains to investigate the problem of the behavior of the solutions when
p—8n.. As in the case of the disk the solutions converge weakly in the sense of
measures to the Dirac measure supported at the origin. We shall give later on the
proof of this statement.
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7. Some Properties of Solutions of the Mean Field Equation

We consider in this section solutions y e (Hy(A4)N L, (A)) of the mean field equation

—Alpze"”“’<[e_”“’>‘1 in A, p=0on d4. (7.1)
A
We will only consider the case when <0 in this section since the case >0 is
completely solved in [22]. Let us first remark that y is in fact smooth [C*(A) if A is
smooth]: this follows easily from elliptic regularity. Let us also recall that if
geL(A), 0=0, and [e=1 and if y solves

A

—Ap=pin A4, yw=0o0ndA4 (7.2)

then y and Vy are relatively compact in L(4) for all p<oco, p<2 respectively.
Furthermore, if g logp € L,(A), then v € H(A)nC°(A) (and is thus smooth). Also, if
ypeH)(A) solves (7.1) then (see [31]) e**’eL,(A) for all u<oo, therefore in
particular g e L (4) for all g< oo and ype C%(A).

We begin this section with a few observations on general solutions of (7.1). First
of all, if A is starshaped, Pohozaev’s identity ([34]) yields

&(y-ﬂw)-l(ie-wq) = J 6

where v is the unit outer normal to 04, and we assume that 4 is starshaped with
respect to O (translating the origin if necessary). Let us recall that (7.3) follows from
the multiplication of (7.1) by x - ¥y and integrations by parts. We will say that A is
strictly starshaped if there exists a constant a, >0 such that

2
(2_1‘;)) do, (7.3)

(x-v)(fdo-)’l =0, ondA. (7.4)
oA
e 1 .

<Observe that if A is a ball, we may take o, = 27r> Then, (7.3) and (7.4) imply

2 o Ay \* o

m > 7(1/‘!‘/1 av dO') = 2 (7.5)
since [ — ai)da=j —Ayp=1. And we have shown the

da OV 4

Proposition 7.1. Let us assume that A is strictly starshaped. Then, there does not exist

4
a solution of (7.1) if p< — =
0

We recover in particular the fact shown in Sect. 5 that if 4 is a ball there does
not exist a solution of (7.1) if < —8=n. On the other hand, for domains which are
not starshaped, solutions may exist for all §<0 as we saw in Sect. 5 when A is an
annulus. It might be worth, at this stage, going back to the example of the annulus
to show how radial solutions may be built for all f <0 by a variational argument.

Proposition 7.2. Let f€(—8rn,0) and A= {xeR?*/a<|x| <1}, where ac (0, 1). Then,
there exists a unique radial solution vy of (7.1) which is the unique maximizer of

max{— 110g(§ e""") ! [Vl lwe HyA), v is radial} (7.3)
B \A 24
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and 9= — Ay is the unique maximizer of
1 1
max {—5 [ e(x)e)V(x,y)+ 7 [ eloge/ee Li(4), 20,
27 Axa B a
fo=1,pis radial} . (7.4)
4
We only have to explain why (7.3) for example admits a maximum in view of the

analysis of radial solutions performed in Sect. 5. This follows easily from the fact
that, if p e H3(A) is radial, we have for all re(a, 1),

1 1 1/2
vl = [ vds| < (J |w'|2sds> a'’
=(2na)” 2| Vyp],. (1.5)

By inequality (7.5) it follows that — %log [e Bv— % { |Vy|*is bounded in H}(A)
A A

and that the maximum is actually achieved since, for a maximizing sequence ,,,
the bound ||Vy,||., <const holds.

It is possible to give other examples of domains with holes for which solutions
exist for some f< —8n (domains with symmetries for instance): it might be
possible to have some results a la Bahri-Coron [5].

Let us come back to the solutions in IR? discussed in the previous section. An
application of the Pohozaev identity applied to the domain A(R)={x/|x|<R}
yields:

1 2 —AR2 1
— =R f <gu—)> dO’=—Re § e"”“’do-—_pw_wz
24(R) [ e

2 on ﬁ 2A(R)
A(R)
2,—py—Ax?
3 — %& L_ (7 6)
_ﬂw_lx . .
BB A(IR) e

Taking the limit R— oo, we find the inequality > — 8n. Moreover, for f= — 8n we
get [o(x)x*dx =0 which ensures the concentration of the solution.

We now turn to the class of solutions we are really interested in namely those
which satisfy a variational principle involving the functionals

B0 =~ glog(§e ) =3 [IPvF* on HY( ()
or
Jlo=31 [ eWe0)Veni)+ ; [elogo+ glogld] on2, (19

where #= Joe L(A4), 020, [o=1{, f =— .
A A |A|A

We first recall an inequality due to Moser [32] (see also [33,26]): there exists a
positive constant C such that for all pe H}(A),

1 8ny 1 2
J— [ Y | < 7.9
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To simplify notations, we will introduce f = — ff and when needed we will recall
the dependence of g and f upon f§ by writing g3 or f3.
The following result is essentially a simple consequence of (7.9).

Proposition 7.3. 1) We have for all f >0, I3(A)=supgz(y) < + oo if and only if f<8n

Ig(A)=sup f(o) forall B>0, (7.10)

oeP
I5(A) is a continuous increasing function of B on [0,8n], (7.11)
Iy A)=Iy(tA)<If(A,) for all [>0,1t>0, (7.12)

where Ay={xeR?*/|x|<1}.

2) If Be(0,8n), every maximizing sequence of I 3(4) converges, up to the extraction
of a subsequence, to a maximizer. In particular, there exists a maximizer (yp, g) of
Iy(A) if Be(0,8m).

3) There does not exist a maximizer of Ig,(A,).

Remarks. Or course, the convergence in 2) depends on which (equivalent)
formulation of I3(4) we choose: if we take the maximization in y as in (7.9), the
convergence is in Hj(A) while if we maximize in ¢ as in (7.10) the convergence is the
following:

e.—oinL,, g,logo,+1—>¢loge+1inL,,
[ Vx, V)eu(n)dy—= [ V(x, y)e(y)dy in H}.

(7.13)

Let us observe that, by convexity, glogo+1=29020. []

We now prove Proposition 7.3: the claim (7.11) follows easily from Jensen’s
inequality and (7.9) — the continuity is a straightforward exercise using the bounds
on 1 in H{(A). The claim (7.12) follows from scaling arguments and Schwarz
symmetrization which decreases the Dirichlet integral. Or course, (7.9) shows that
Ty A) S 1g (M) S Ig,(A)< 00 if <87 But it also shows that if § <8z, maximizing
sequences of I3(A4) are bounded say in H(A4), bounds which imply immediately
part 2) of Proposition 7.3. Part 3) follows from our analysis in Sect. 5 since we
showed there that (7.1) does not admit a solution if f= —8n and A=A, In fact,
this also shows that Iy(4,)= +co if f>8xn since otherwise we would find a
maximum for Ig,(4,).

Next, if B> 8n and if we take a small enough ball A’ included in 4 we observe
that if e H{(A') then

_ _ 1 A 1 A=A
EAPISE0)+ log Gy — 5o (1 = e-pw'), (714
I

where we recall the dependence of g upon 4 by writing g, and where we extend
by 0 into a function in H}(A). And (7.17) shows

1. 4|

I A)SI5(A)+ =log-—

PSR

and we conclude since I5(A4")=TI5(4,)= + oo if f> 8.

(7.18)
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There only remains to show (7.10) which follows from the simple observation
that, if y solves (7.1) and ¢ = — Ay, then

flo=2w). O (7.19)

We now want to investigate the maximization for f=8xn. The main result in
that direction is the following theorem. Let us mention before that, when we
consider a maximizing sequence g, for I4,(A4), we mean that g, is a maximizing
sequence for the problem defined in (7.10). Recall also that we denote by (x, y) the
regular part of the Green’s function V(x,y) and by y(x)=37(x,x) and that
Ao={xeR?/|x|<1}.

Theorem 7.1. 1) The following inequality holds
|4l
4]

In addition, every maximizing sequence g, of Ig(A) remains bounded that is
| 0,10g0,+ 1 remains bounded if and only if we have
A

Tg(A)2 g (Ao)+ max y(x) + — log (7.20)

4ol
Zn

In particular, if (7.21) holds, there exists a maximum of Ig.(A).

) If Todt)=Taalo)+ maxy(a) + g_log 74,
mizing sequence @,. And any such maximizing sequence, up to the extraction of
a subsequence, satisfies the following properties: denoting by v, the solution of

—dy,=g,in 4, y,eHy4), (7.22)

Ig (A)>1Ig(A, )+max y(x)+ —log (7.21)

there exists an unbounded maxi-

then g,, Vw,l*1Vw,lL}s 0,1080, (j Qu logg,,)‘1 converge weakly, in the sense of
A

measures, to 6, where x € A is a maximum point of y. Furthermore, §,= g,(x+X,)
(extended by 0 to DA, ) is a maximizing sequence of I4,(DA,), where D>0 is such
that ACxy+DA,.

Remarks. 1. Of course, if A=4, maxy(x)=y(0)=0 and since I4,(4,) is not
xedo

achieved, we know that any maximizing sequence concentrates (in the above
manner) at 0.

2. We shall give in the sequel an example of a domain A satisfying (7.21). However,
we do not know an example of a domain 4 for which the equality holds (except of
course in the case when 4= 4,).

3. A particular exemple of a maximizing sequence of I4,(A) is obtained by
maximizing I(4) for f<8xn and letting § go to 8x.

4. It is possible to precise the behavior of some maximizing sequences and since
this analysis does not seem to help elucidating the alternative between maximi-
zation and concentration, we will not continue this analysis here.

5. The set of maxima of y may contain several points, even for simply connected
domains. It may be a curve as in the case of the annulus. However it is known that if
A is convex and different from an infinite strip, y has only one critical point (see
[23,24]). One could conjecture that the concentration does happen in this case.
We shall show later on that this is not true.
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6. Thereis a physical reason why, if concentration occurs, it must be localized at a
critical point of y. Actually, y is the Hamiltonian for the motion of a single point
vortex in 4 so that the critical points of y are the equilibria of such a motion. Since a
solution g of the mean field equation is the vorticity profile of a stationary solution
of the Euler equation, whenever it degenerates in a d-function, its support “has” to
be an equilibrium for the point vortex motion.

Proof of Theorem 7.1. The proof is rather long so that we split it in the following
steps.

Step 1. Proof of (7.20) and the “only if part” of the claim 1).

Step 2. We take (g,, v,), the sequence of maxima of I gn_ 1(4) as a maximizing

sequence for Ig4.(A4) and prove that if it is unbounded, it must satisfy the
behavior of claim 2). In this case (7.20) becomes an identity.

Step 3. The same claim as the previous step can be proved for an arbitrary
unbounded sequence together with the proof of claim 2) and the “if” part of
claim 1).

Proof of Step 1. Choose a maximum point x, of y and >0 so that
{x/|x —xo|<d}CA.

Then, consider the explicit maximizing sequence g, for Ig,(4,) built in Sect. 5 by

solving I, 1(4,) and set
W 1 _ [x—xq
an(X)=5~zQ,.( 5 > (7.23)

One then easily checks that

4ol

Falen) on(Qn)+ log | +5 f I 2.(X)2,(y)i(x, y)

- 5[ PRPRLE AR (7.24)

where §, is the regular part of the Green function in 4,
Letting n go to + oo, we find

ol

Lo A) 2 Ig(A)+ log ]

+7(xo), (7.25)

since @, A 0y, and 9,(0,0)=0. If the equality in (7.25) holds we have just
constructed an unbounded maximizing sequence. This proves Step 1.

Proof of Step 2. Let (,, 0,) be maximizing solution of the mean field equation for
B.=—8n+ - By virtue of Proposition 7.3, this is a maximizing sequence for

I5.(A). Suppose the sequence is unbounded and define the following probability
measures:

Vp,/? 0P ndx
A = L dun=
O T N A TN
| 1
dty=g,dx, duy= 2081 (7.26)

fonloge,+1°
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The above measures converge weakly (up to the extraction of subsequence), in the
sense of measures, to some probability measures denoted by u,, u,, i3, uq on 4. We
now prove that pu, =p, =pus=p, =0, xo €.

We first show that u; = u,. Indeed, multiplying — Ay, =g, by ,0, ¢ € C}(A) we
find:

; V. l2o+ £ Vyn-Vop,=[0p,0. (7.27)

Since {g,=1, y, is bounded in L, for all p< oo and in particular in L,. Dividing
(7.27) by [ Vy,l}, and letting n— oo we obtain

fodu, ={ pdu, (7.28)

provided that ||y, ,—co. This follows easily by the fact that the sequence is

unbounded.
We now prove that u, =%(u;+u,). By the mean field equation and identity

(7.27) we have:

7 l(euloge, +1)o =] Vwal2o+[Vy, Vo,

8n——
n

1
Ho—7——logfe " 0,0 (7.29)
(#-3)

On the other hand, by the variational principles, we have:

1 1
- _ﬁann
. logfe 3 f(esloge,+1)

-1

1. (7.30)

K

1 1

Thus, dividing by ||[Vy,||7, the identity (7.29), we obtain

fdp,o=3(fdus0 +[du,0). (7.31)

Finally, we want to prove that pu; = uy=p, and that this measure reduces to a
Dirac mass. Consider ¢ € C'(4) and assume ¢ 20, | ¢du;>0. Then, for n large
A

enough, | pg,>0 therefore f(g,,qo ( ,§1 Q(p) - 1) <Co=I4,(A), that is

31,1, 00900900000V (5, sy [ )
AxA A

1 0.¢ _
—— [o,plog-2" o) 1 <C,. 7.32
8n£a<pog£9n(p<£e<p) <C, (7.32)

We then observe that
§ ) ] ) 24(X)0(x)2, () () V(x, y)

=] 00’ +] I ex)e) [e0)=e(IV(x.y),
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and since ¢ € C1(A), the second term in the right-hand side is bounded. Therefore,
dividing (7.35) by | |Vy,|*= [ ¢, and using the above information, we deduce
A A

[@%duy=[¢%dp, = G qodm) (i codu“)' (7.33)

Replacing ¢ by ¢ +6 with 6>0 and letting 6 go to 0, we see that this inequality
holds in fact for all ¢ =0, ¢ € C'(A) and by density for all ¢ =0, ¢ € C°(A). Since

Uy = #’ this implies in particular

[ <P2du1§(f q)dul)z, forall @20, peC°4), (7.34)
A A

and it is well-known that this implies u, =9, for some x,e 4. We then easily
conclude that p; = p, = py =, =9,, B

Notice that we have only shown that the “concentration” point x, belongs to A.
We finally prove that x, maximizes y so that, in particular, x, € 4. To this end we

observe that DA
fA 0n)= fDAo(Qn)+ 10g ‘A|O

1
+50 1 X)), y)dxdy
1 .
—5 0uX)en(V)io(x — X0, y—yo)dxdy,  (7.35)
(x0+DAo) X (xo+ DAo)
where 7, is the regular part of the Green’s function in DA,. In particular,

o]

Tg(A)= 6, = falen) S Tga(o) + 10g ]

1
+50 ) ] . 2u(X)2u(Y)7(x, yydxdy +9,, (7.36)

where 6,>0, 4,—0. Since g, — J,,, this shows that x,€ 4 and we deduce from
(7.36) letting n go to + oo,

) STy g Sl (o). (137

This inequality combined with (7.20) concludes the proof of Theorem 7.1.

Proof of Step 3. Consider an unbounded maximizing sequence {g,}. We want to
modify it into another maximizing sequence close to the previous one which is now
an approximate solution to the mean field equation.

Let y, be a solution of the Poisson equation

—Ayp,=0,in 4, y,eHJA). (7.38)

We argue as in Lions [29] using I. Ekeland’s perturbed optimization principle
[17] in the space L,(A)nH ~'(A), and we find a new maximizing sequence g, such

that 0, —§,— 0 in L,(4)nH ~*(4) and

1
@n_ g]ogénzgn—i-@n ae. in 4, (7-39)



Stationary Flows for 2-D Euler Equations 523

where 6,eR, §, solves (7.39) with g, replaced by g, and
ea=ty+er, el-0in L(4), &2-0in H(A). (7.40)
Observe also that multiplying (7.39) by g, and using the fact that g, is a maximizing
sequence of Ig,(4) we obtain
=3IV Pul*| ST A) + 8, + Cllegll gl VPull ., » (7.41)
where 0,—0 and C is some positive constant not depending on n.

Next, since o, —8,— 0 in H™(A), we deduce first that
) [V Pul* —> o0 (7.42)
and thus /{ 0,10g0,— oo because g, is maximizing. Finally,
7l (§170nl?) ™! =17l ({17 3?) 7 =0 in Ly(4),

and ([ |Vy,|») (f [Vw,/?)~ ! - 1. Therefore, using once more the fact that g, and g, are
both maximizing we also deduce that j o,loge,\” j 0,logg, —>1

All the above information allows us to extend Step 2 toa general unbounded
maximizing sequence. Summarizing, we have proved that if the equality sign
occurs in (7.20) then there is an unbounded maximizing sequence (Step 1). On the
other hand any maximizing unbounded sequence leads to the equality in (7.20) and
has the behavior described in claim 2) (Step 3). The last statement in claim 2)
follows easily by the previous considerations. []

As we mentioned above, although we are not able to solve the alternative even
for domains close to a disk, we can exhibit an example of convex domains in which
the concentration does not occur. Consider for example a rectangle with sides a
and b. By virtue of Theorem 7.1. If the concentration takes place, we would have

(a-b)

Ig(A)=Tg(A0)+7(X0)— o= 10 (7.43)
Taking b sufficiently large the above expression can be made negative, since y(x,)
stays bounded from above. On the other hand g(y =0)=0 and this contradicts the
concentration. It has to be noticed that on the basis of Proposition 7.1, if there exist
solutions of the mean field equation (necessarily not maximizing by Proposi-
tion 7.3) they must disappear for sufficiently large negative . We can give many
more examples of “non-concentration” phenomena for instance for thin annuli.

We conclude the section by discussing the stability properties of the solutions of
the mean field equation thought of as stationary solutions of the 2-D Euler
equation. Following Arnold [3,4], we consider the ratio:

Vo _ e
V‘P_ je_p""

If >0, by virtue of the first Arnold’s Theorem the solution of the mean field
equation is stable with respect to the norm % [ |Vy|*+[4y|2. If B<0 we can apply

(7.44)
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the second Arnold’s theorem ensuring the stability if

L ePvien v [Vl
SR TSP Ter
which is certainly fulfilled if |§| is small.

We do not know whether the solutions for negative ff close to — 8x are unstable.
However, for the particular cases of the symmetric solutions studied in Sect. 5, we
can use the results of Marchioro and Pulvirenti [30] in order to prove the stability
(in the norm [|4y|) for all fe(—8xn, + o0).

(7.45)

Note added in proof. After final submission of the paper, the following reference was discovered
which is also relevant to our subject: Lundgren, T. S., Pointing, Y. B.: J. Stat. Phys. 17, 323-355
(1977)
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