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Abstract: We continue and conclude our analysis started in Part I (see [CLMP])
by discussing the microcanonical Gibbs measure associated to a N-vortex system
in a bounded domain. We investigate the Mean-Field limit for such a system and
study the corresponding Microcanonnical Variational Principle for the Mean-Field
equation. We discuss and achieve the equivalence of the ensembles for domains in
which we have the concentration at f — (—8n)" in the canonical framework. In
this case we have the uniqueness of the solutions of the Mean-Field equation. For
the other kind of domains, for large values of the energy, there is no equivalence,
the entropy is not a concave function of the energy, and the Mean-field equation
has more than one solution. In both situations, we have concentration when the
energy diverges. The Microcanonical Mean Field Limit for the N-vortex system is
proven in the case of equivalence of ensembles.
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1. Introduction

A systematic rigorous study of the Statistical Mechanics of point vortices as a
possible approach for the understanding of the 2-D turbulence has been approached
only recently, more than forty years after the first proposal due to Onsager [O].
Namely the authors of the present paper [CLMP], and M. Kiessling [Ki], studied
the Statistical Mechanics of the point vortex system in the Mean Field Limit, making
rigorous previous results obtained in a purely physical setup [Mo, MJ], and outlining
new interesting features like possible concentration phenomena at f§ = —8m. Later
on G. Eyink and H. Spohn [ES] started the study of the microcanonical ensemble,
developing the theory for bounded interaction potentials (see also J. Messer and
H. Spohn [MS] for a previous analysis of the Mean Field Limit of the canonical
ensemble for bounded interactions).

In the present paper, which is the sequel of our previos study [CLMP], we want
to go further by studying the microcanonical ensemble for the point vortex system
and the stationary solutions of the incompressible Euler equation (also solutions of
the Mean Field Equation), arising in the Mean Field Limit. They are solutions of a
variational problem (the Maximum Entropy Principle) whose physical relevance has
been recently outlined by numerical experiments due to Montgomery et al. [MMS].
Indeed in simulating the 2-D Navier—Stokes flow in a torus, solutions of the Mean
Field Equation (MFE in the sequel) are closely approached in a suitable time scale.
A heuristic explanation of this feature can be done by observing that the entropy
production and energy dissipation rates are

IVol?

v/

dx , (1.1)

v[lodx (1.2)

respectively. Here we are concerned with a positive vorticity field @ in all R?,
for which the entropy and the energy are defined by — [wlogw, and —% Jos o
respectively. Here v > 0 is the viscosity coefficient. Notice now that the term ex-
pressed by (1.1) is much larger than that given by (1.2) for “most” of the w’s, so
that the solution of the Navier—Stokes problem tries to make the entropy as large
as possible for a practically fixed energy on a suitable time interval before the flow
disappears because of the viscous dissipation.

A rigorous and detailed analysis of the dynamical problem seems, at the moment,
too difficult, however a statistical analysis in terms of the vortex theory can indeed
be performed and this is the main objective of this paper.

We do not wish to give further physical motivations for the present analysis and
address the reader to Refs. [CLMP, Ki] and especially [ES, MP] for a more detailed
presentation of the matter and additional references.

We conclude this section by outlining the contents of the paper. In the next
section we establish and study the Microcanonical Variational Principle. In Sect. 3,
we discuss the Thermodynamics of the solutions of the MFE and derive preliminary
properties. In Sect. 4, we prove the validity of the MFE in the Mean Field Limit of
a point vortex system in the Microcanonical Ensemble in the case of equivalence
of ensembles. Section 5 consists of a short remark concerning the problem in the
whole plane. In Sect. 6, we discuss the behavior of the solutions of the MFE for
domains in which there is no concentration at inverse temperature —8xn. In Sect. 7,
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we prove a non-uniqueness result for the solutions of the MFE. Finally in Sect. 8,
we give an explicit example of concentration.

2. Microcanonical and Canonical Variational Principle

In this section we introduce the Microcanonical Variation Principle (MVP later on)
and prove that for any value of the energy £ > 0 there exists a solution. Then we
show that any solution of the MVP is a solution of the MFE.

In all that follows 4 C IR? will be a bounded open connected set with smooth
boundary. Moreover, we shall assume |A| = meas A = 1, the general case being
easily recovered by scaling.

The entropy and energy functionals are defined respectively as

1
S(p) = —[plogpdx, E(p)=5(p.V;), (2.1)
A
where p is a probability density, i.e. p = 0, fA dx p =1, and
1
Vo(x) = [V (x y)p(y)dy, where V(x,y) = —-—loglx — yl +7(x,)
y

is the Green function of the Poisson problem with Dirichlet boundary condition on
A, and (,) denotes the scalar product in L,(A).
Let us consider the MVP

S(E) = sup S(p), (2.2a)
pEPE
where
Pr = {p|p >0ae. in A [pdx=1 E(p)= E} ) (2.2b)
A

In the next proposition we prove that the problem (2.2) has a solution for any value
of £ > 0.

Proposition 2.1. For any E > 0, S(E) < 400 and there exists p € Pg, such that
S(p) = S(E).

Proof. xlogx > —C implies S(E) < +o00. Moreover, let p, € Py be a maximizing
sequence for S(E), with %(p,,, Vpn) =E and p a weak limit (in the sense of the
weak convergence of measure). Then we have p € L; because of the bound on
[ pnlog p,. Moreover S(p) = S(E) by the upper semicontinuity of the entropy.
This implies S(p) = S(E) if it can be proved that:

1
5(p, Vp)=E. (2:3)

Let us consider
JonV (x, p)pu(y) = 1(e) + I°(e) (24)

where

I(e)= [ puV(2)pa(y), IG€)= [ pu)V(x,»)pa(y).  (25)

[x—yl<e |x—y|>¢
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Therefore, for ¢ small enough,

0<I()=—C [ pax)pa(p)logix — y|

[x—y|<e

<-C [ w—y logph—yl

[x—yl<e

+C f Pn(X)pn(¥) 10g(pn(x)pn(y)) s (2.6)

|x—y|<e

where we have used the properties of the function y(x, y) in order to obtain the
first inequality. The second inequality follows by splitting the integration domain
into two parts: p,(x)p,(») < |x — y|~! and its complement. So we have

I(e) £ —C [ px—y loglx —y+21S(pa)l sup [ pu(y) S w(e), (2.7)

lx—y|<e X |x—yl<e
where w(e) — 0 as ¢ — 0. Indeed, by the L; bound on p,logp, (entropy) sup,
flx—yl <o Pn(y) goes to 0 as ¢ goes to 0, uniformly in n. This completes the proof
since

1(e) — / px)V(x, y)p(¥)) — (p,Vp) and (2.3) is proven.  [J
n— o0 £—00
Jx—y|>¢
Now let us give some properties of the entropy function.
It is useful to define Eo = 3(1,V1) = [, V(x,y) dx dy. Notice that, in gen-
eral, S(E) <0 by convexity, |[A|=1, [,p=1, and S(Ey)) = — [, llogl =0.
Hence S(Ep) =0 and p =1 is indeed a maximizer of S(p) for E = Ej.

Proposition 2.2. S(E) is a strictly increasing negative function for E < Ey, and a
strictly decreasing negative function for E > E,.

Proof. Let us remark that, if £+E; a maximizer p of S(E) cannot be p = 1, and
therefore S(E') < 0. Consider now the one parameter family of densities defined by

pr=0-MNp+7i Le[0,1], (2.8)

for a given p solution of the MVP at energy E. Since S(p;) is a concave function
of 1, we have

S(pz) Z AS(po) + (1 — )S(p1) = AS(E) > S(E), (2.9)

while E(p;) is a convex function. In particular E(p;) is a continuous function with
respect to A and E(po) = E, E(p;) = Ey.

Now let us consider the case when E > Ej. Because of the continuity of E(p;),
given E’ € (Ey,E) there exists A’ € (0, 1), such that E(p;) = E’. Furthermore by
(2.9), we have S(p;/) > S(E), and this implies S(E') > S(E).

If £ < Ey we proceed in the same way. [J

Proposition 2.3. Let p be a solution of the MVP at energy E, ie. %(p, V)=E
and S(p) = S(E). Then there exist € R, such that p solves
_ﬁV’
e P
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or, if we denote by ¥ the solution of the Poisson equation,
AW =p, ¥ =0 on oA, (2.11)

then (2.10) is equivalent to

o—hY
AP =——— ¥=0 onod. (2.12)
[e 7

Equation (2.12) is called Mean Field Equation, (MFE in the following).

Remark. Notice that even though (2.12) is formally the Euler-Lagrange equation
associated to the MVP, a rigorous derivation of this fact is not straightforward
due to a possible singularity of the functional derivative of S(p) that is —log p.
Actually the main point of the above theorem is to prove that a solution of the
MVP cannot vanish, because as we shall show later on, this is enough to apply the
usual Lagrange Multipliers method.

Proof. The idea of the proof is simple. If p = 0 in some non-zero measure subset
of A, we can move some mass to this set so that the entropy greatly increases, (in
particular the entropy increases more than linearly in the added mass) and in such
a way that the energy does not decrease when E > Ej or does not increase when
E < Ey. Thus let us suppose (by absurdum) that A = 4 U A€, where

A= {xlp(x) >0}, A% ={x|p(x) =0}, meas(4°) > 0. (2.13)

Then we shall prove that
VY =2F ae. in A. (2.14)

Let us consider first the case £ > Ey. Suppose that (2.14) is violated. Then we
can show that the sets:

Bl = {x € 4|¥(x) > 2FE +¢}, B ={x€A¥(x) < 2E —¢} (2.15)
have both a positive measure, for ¢ sufficientely small. Indeed we have only to prove

that meas(4 — B} ) > 0 and meas(4 — B, ) > 0. For instance if meas(4 — B; ) = 0,
then ¥(x) > 2F a.e. in 4 and

2E = [p¥ = [p¥ > 2E[p=2E[p=2E (2.16)
A A A A

so the contradiction proves our claim.
Next, let us consider the two-parameters family of densities defined as

IB+ lAC
o =(1 —oy — ) 2.17
pa,op = (1 —op —ox)p + o meas(BY) + L —ya (2.17)

foroa; >0, ap >0, 0y +op =0 < 1;

where 1p is the characteristic function of the set D, and where we have replaced
B} by B* for simplicity. Let us now compute the energy and the entropy of p,, ,,.
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The energy is:

1
E(paq.otz) = E(Poq,xp Vpﬁtl,iz)
=E+u((V)p+r —2E) + 2((P)a — 2E) + 0(2) ,
> E +oje — 2Ea; , (218)
'
where (¥)p = %‘ The last step follows from tha fact that ¥ > 2E + ¢ in
B*, and that ¥ is non-negative in A. Now let us fix 1 € (0,1) such that

A 2F
- > —
1—4 &

: (2.19)

and set oy = Ao, 0p = (1 — A)a. With this choice, if « > 0 is sufficiently small, we
find
E(psyn) > E. (2.20)

On the other hand, the entropy of p,, 4, is given by

IB+ IAC
aap) = I —oy —
S(pz.2) f {( w = w)p+ o meas(B™) o meas(AC)]

IB+ IAC
.1 1 — o —
o8 [( m - o)p e meas(B*) to meas(AC)]
=—[|0-«a —oc)+¥.ﬂ‘L log [(1 —a —oc)+iLL—
oy ! 2P meas(BT) g : 2)P meas(B*)
o ol
- 1 . 2.21
AfC meas(4€) o8 [meas(AC)] (221)
Therefore:
12%)
S(Pay0y) = S+ cro + 200 — oz log [m} +o(a), (2.22)
for some constants ¢; and c;. By (2.22),
S(Pr ) =S+ c(A)a— (1 = A)aloga, (2.23)

where ¢(4) is a constant depending only on A. Therefore we deduce, for o suffi-
ciently small:
S(pay) > S (2.24)

Thus we proved (2.14) when E > Ey. If E < Ey we proceed in the same way,
replacing Bt by B, with the only difference that we want to exihibit a density p’
such that E(p’) < E and S(p’) < S(p).

To conclude the proof we must consider again separately the cases £ > E, and
E < Eo.
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If E > Ey we introduce

14
= —". 2.25
P4 meas(A4) ( )
If E > Ey we consider:
p;=—=A1p+4ips, A€[0,1], (2.26)

a one-parameter family of densities. The entropy S(p,) has its maximum value for
= 1. By concavity, when 1 > 0, we have

S(p) 2 (1=)S+A8(p1) =S+ US(p1)—S) > S, (2.27)
(since S < S(p1)). The energy E(p;) is given by
1 1 , , 1

Since ¥ = 2F a.e. in A, we have:

OE B B L
=0 ,{ (meas(A) p) _Aflp (meas(A) P) =0. (2.29)

EA
Therefore, because of the convexity of the energy functional

E(p;)=E +ci*, (2.30)

where ¢ = 0 and ¢ = 0 if and only if p = m Hence, for any 4 € (0, 1) we have
S(p;) > S and E(p;) > E and this contradicts Proposition 2.2. Therefore we have

¥ =2F in 4, and p = me;:(A). But this is impossible. In fact p = implies

p € Loo(A), therefore, by elliptic regularity, ¥ € W2P(A) for any p. This implies
that ¥ is two times differentiable a.e. in A, implying p(x) = —4¥(x) =0 a.e. in
A. Since p =0 in A€ by definition, this is impossible. Therefore we have proved
that when £ > Ej, p > 0 ae. in A.

Now, let us consider the case £ < Ey. Let us recall that ¥ = 2F a.e. in A.
Notice also that there must exist some non-zero measure set B,A€ O B, such that
Y < 2E —¢ in B for some ¢ > 0. If it is not so we would have ¥ > 2F a.e. in
A and this is impossible because ¥ € Hj(A).

Let us consider the one parameter family of densities defined as

14
meas(A4)

, Ip
;= (1 — A . .
pr=0-p+ meas(B) (2.31)

If we compute the first derivative of E(p;) with respect to 4 we find

E’,{ (meas(B) p):(‘I’)B—2E<2E~6—2E=—8<O. (232)

Therefore, if A is small enough, E(p;) < E. For the entropy S(p;) we find

) A
S(p;) = —{p,: logp; = —/j‘"(l — 2)p log[(1 = A)p] - ABfmeaS(B) log meas(B)

=S —cl—Alogl, (2.33)
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where ¢ is a constant that does not depend on A. Therefore, when A is sufficiently
small, S(p;) > S, and this combined with the fact that E(p;) < E leads to a con-
tradiction.

We now complete the proof. Let p* be a maximum for S(£). Then taking
variations p* — p*(1 + ¢) = p we find:

1
E(p) =E(p*)+ (p* @, Vp*) + E(p*w, Vo* o), (2.34)

m(p) =m(p*) + [p*¢  (where m(p) = [p) . (235)

The conditions p* = 0 a.e. and Vp* = ¥* = const a.e. in A are both impossible
(indeed ¥ € Hj(A)) so that the two functionals E and m are linearly independent
(as follows by computing the derivatives of m and E in p*). This allows us to
compute the variations of S(p) in p* which are compatible with the energy and
mass constraints, and find:

p*logp* =a¥P*p* +yp* . (2.36)
Again by p* > 0 a.e. we conclude the proof. [J
As a consequence of the MFE we can prove:
Proposition 2.4. S = S(E) is a continuous function.

Proof. The monotonicity of S(E) for E > Ey implies that there exist left and right
limits of S(E’) given respectively by

lim S(E') =S~ (E), lim S(E') = S*(E); (2.37)
E'—E— E'—Et

where ST(E) = S(E) = ST(E). We shall prove that ST(E) = S(E), and next that
ST(E)=S(E).

Let p be a solution of the MVP at energy, E, then, by Proposition 2.2, there
exists f, with [/ =0, such that

E(p+¢ef)=E +¢E; + o(e), S(p+ef)=S+eS;+o(e), (2.38)

where E’/-,S; are the derivative of the energy and entropy functional w.rt. ¢ at
¢ =0, and where S = aE’,. This means that for £’ > E (with E’ — E sufficiently

small) we have
S(E'Y = S(E)+ B(E' —E)+o(E' —E), (2.39)

therefore by taking the limit of both members of (2.39) we find ST(E) = S(E).
Since we know that ST(E) < S(E) we have that ST(E) = S(E).

Now let pg/, with E/ < E, be solutions of the MVP at energy E’. Let us consider
the limit £/ — E~ of pg/. By repeating here the argument used in Proposition 2.1,
in order to prove the existence of a solution of the MVP, we find that pgpr — p*,
up to the extraction of a subsequence, weakly in the sense of measure. Moreover
p* and p* log p* are in L;(A) and E(p*) = E. Finally by the upper semicontinuity
of the entropy we have

S(p*) 2 lim sup S(ppr) = S~ (E), (2.40)
E'—E—

and since E(p*) = E then S(E) = S™(F£) which achieves the proof. [
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3. Free Energy and Entropy Functionals

In this paragraph we recall some facts about the Canonical Variational Principle
(CVP later on) introduced in [CLMP] and [Ki]. Moreover we establish a corre-
spondence between the solutions of the MVP and CVP (whenever possible).

Consider the free energy functional

S 1 1
Foto) = =22+ B(p) = §lPlogs + 360 1) G0

and the associated CVP that is the study of

inf fz(p); f >0
= = , 32
S(B)= fa(B) {Supﬁj(p); <0 (32)
where the extrema are taken on
P:{pgo,fpzl,fplogp<+oo}. (3.3)
4 A

In the sequel we shall use the notation f; instead of f (see (3.2)), when the
dependence on the domain A has to be stressed. It is useful to analyse also the
functional

1

1
gu(P) = =5 [IVIF -5

log [e ¥, (34)
A

with the associated variational principle
9(B) = g1(B) = sup{gp(¥)|¥ € Hy(A)}. (3.5)

Notice that the MFE (2.10) is also the Euler equation associated to the CVP.
Therefore we have two different variational principles, CVP and MVP, which corre-
spond to the same Euler equation. As we shall see later on this fact is not sufficient
for the equivalence of the two sets of solutions.

We now summarize some known results [CLMP] which will be useful in the
sequel. Before to do this let us recall that a domain A is strictly star-shaped if
(modulo translations of the origin) there exists « > 0, such that

x+v(x)Za>0 when x€da,

where v(x) is the outer normal to A in x.
Theorem 3.1.

i) The variational principles (3.2) and (3.5) have solutions in the range of
inverse temperatures f§ € (—8m,+0), satisfies the MFE.
i) g(f) = f(B) < +oo, for any p € [—8mn,+00).
iii) If A is strictly star-shaped then there exists fp < 0 such that, for § < Bp,
there are no smooth solutions of the MFE.
iv) If A = Ay is the disk (with measure one), then there are no solutions of the
MFE when § < —8n. In particular when f = —8n, if p, is a maximizing sequence
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Jor 11, = f4,(—8n), then
Pn — Oxy, weakly in the sense of measures , 3.6)

xo being the center of the disk.
v) For x € A, let us define

I4(x) = sup {lim sup f-sz(pn)lpn 2 0, fpn =1p— 0
n

weakly in the sense of the measures} R 3.7)

where 0, is the delta measure supported at the point x. Then:
1
I4(x) = Ev(x,x) + 14, - (3.8)

As consequence, if we define 14 = sup I4(x), we have

1
Iy = Ev(xo,xo) + 14y, (3.9)

where xo is a maximum point for y(x,x) (we can say, formally, that 1, is the free
energy of a delta function at inverse temperature f). Clearly it is f g, (A) = I4.
The following alternative holds:

a) If fu(—8m) > I4, then for every maximizing sequence p, for f4(—8m)
pn— P (3.10)

(up to the extraction of a subsequence, and weakly in the sense of measure) and
p is a smooth solution of the MFE.

b) If f1(—8n) =1y, then it is possible to find p,, a maximizing sequence for
fA(—8r), such that

Pn — Oy, where xy is a maximum point for y(x,x). (3.11)

Remark. Both possibilities in the alternative expressed in the above theorem can
occur. For instance if A is a disk, the solutions of the MFE can be studied explicitly
[CLMP] and the concentration (p, — Jx,) does occur at f = —8n. Furthermore, as
we shall see in Sect. 8, the concentration also occurs in a simply connected domain
sufficiently close to a disk. On the contrary there are regions (for instance rectangles
when the ratio between the sides is large enough) for which the concentration does
not occur [CLMP]. We are not able to characterize the behavior of the solutions at
—8n fully.

In the sequel we shall call domains of the first kind those for which the con-
centration at —87 occurs, and domains of second kind the others.

Theorem 3.2.

i) The solution of the MFE for f = 0 is unique.
Let A be a simply connected domain, then
ii) The solution of the MFE for B € (—8n,0] is unique.
iti) The set of solutions {¥g,p € (—8n,01} is a regular branch (see [Su]).

The uniqueness for positive § follows by D. Gogny and P.L. Lions [GL]. For neg-
ative 5 the situation is much more intricate. Point ii) and iii) follows by T. Suzuki
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[Su]. In [Su] it is considered the equation

—Au =" in A,

u=0 ondA. (3.12)

In particular, if X =1 f/le“, then by [Su] Lemma 1 and Lemma 2 it follows that
there exists a unique solution of (3.12) for 2 € [0, 8n), and the set of these solutions
form a regular branch. This implies immediately ii) and iii). In fact, if (8, ¥') solves
the MFE if we set

-B

u=—pv. (3.13)

Therefore, there exists a unique solution of MFE when f € (—8=,0], and the set
(B, V), p € (—8n,0] forms a regular branch.

Let E = E(f) be the energy of the solution of the MFE at inverse temperature
f > —8n. Then if A is a domain of the second kind, we define E. = E[(—8n)*] <
~+o00, while if A is a domain of the first kind we define E. = +o00. For these domains
we are now in position to prove the complete equivalence between the MVP and
CVP, while for the others, as we shall in the sequel, we have the equivalence of
the ensembles of solutions for the set of energies £ € (0,E.) (in both cases A is
assumed simply connected).

Proposition 3.3. Let A be a simply connected domain, then

i) F(B)=—PBf(B) is a strictly convex, decreasing function, defined for
p =z —8n

ii) F is differentiable for f > —8n and E(f)= —F(p) = %(p/;, Vpg), where
pp solves the MFE at inverse temperature f. In particular E(f) is a continuous
function.

iii) S(E) = infg{F(B)+ BE}, (3.14)
and hence S is a smooth concave function of E.

iv) If pe is solution of the MVP then pgyy = pg. In particular pg solves the
MFE (equivalence of the ensembles for E < E.) and the solution is unique.

Proof.
i) The monotonicity of F was proven in [CLMP] (actually it is an easy con-
sequence of the Moser and Jensen inequalities). The convexity follows by a direct

inspection. For f = ﬁ‘+ﬁ2,

b2
2

pi

1 1 1 1
F(B)==58(p) + SE(p) = 38(0) + SE(p) < SF (b)) + 3F(h) . (315)

ii) We have:

F(B2) =2 S(p1) — B2E(p1) = F(B1) — (B2 — BE(p1) »
F(B1) = S(p2) — BiE(p2) = F(B2) — (B1 — P2)E(p2) » (3.16)

where p, maximizes F at f§;, i =1, 2.
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From (3.16):

~son) = "I < gy it o> o (3.17)
and

~so = TP < i it > g (3.18)

On the other hand, if 1 — f2, E(p1) — E(p2). Indeed ¥, = Vp, is a maximizing
sequence for F(f,) and converges in Hy for subsequences. The uniqueness of the
solution in f3, gives the assertion.

The continuity of E(f) is a consequence of the regularity of the branch of
solutions {¥g, f € (—8xn,0]}, see Point ii) of Proposition 2.1.

iii) The function E(B) : (—8xn,+00) — R™ is a decreasing continuous function
whose inverse will be denoted by = S(E). Therefore we have

i%f{F(ﬁ) + BE} = F(B(E)) + BIE)E = S(B(E)) = S(E), (3.19)

and if S(E) = S(p) then:
S(E)=S(p)+ BE — PE < F(B) — BE; B € (—8n,+00), (3:20)

implying iii) by general arguments on the Legendre transform.
iv) By the previous step we have, for all £ € R*:

F(B(E)) + P(E)E = S(E), (3.21)
so that there is a one-to-one correspondence between the MVP and the CVP solu-
tions due to the fact that £ — B(F) is bijective in from (0,E,) to (—8xn, +00).

Remark. The equivalence of the ensembles when E € [0, E.] holds for A bounded
regular. In fact, in this case, i.e. when f > 0, the MFE admits a unique solution
(see point i) of Theorem 3.2.

In Figs. 1,2, 3 is plotted the qualitative behaviours of F(f), E(f), S(E) respec-
tively.

F(3)

8n

Fig. 1.
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The above analysis allows us to perform the limit for the vortex system in the
microanonical ensemble when A is a simply connected domain. Notice that, by the
concavity of the entropy, we have a single value Ey for which S’(Ep) = 0. Ej is (in
general S'(E) = f) the energy which corresponds to f = 0 (infinite temperature).
Therefore if £ > Ey, f < 0 and

S(E) = sup{S(p)|E(p) = E}, (3.22)
while if £ < Ey, f > 0 and
S(E) = sup{S(p)|E(p) < E} . (323)

4. The Microcanonical Mean Field Limit

The arguments we present in this section work for those values of the energy
E satisfying 0 < E < E, that is whenever the equivalence of CVP and MVP is
ensured. We remark that for domains of the first kind any value of the energy is
allowed. A is always assumed to be simply connected.

In A we consider a vortex system given by the Hamiltonian

1
Hy = = > V(x;,x;) + NZ)’(XI‘,X:), xiedAd i=12,....N, 4.1)

1
Nl<j

where V(x, y) = —2—‘71 log |x — y| + y(x, y) is the Green function of the Poisson equa-
tion in A with Dirichlet boundary conditions.
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Given E > Ej, (E < E.) let us consider on the phase space A", the micro-
canonical measure py g(dxi,...,dxy) defined as

XE(XN)

. dXy, (4.2)

v e(dXy) =

where
Xy = {xi,....xn},
xe(Xy) = x({Hy > EN}),
QN(E) = [dXyxe(Xy) - (43)

Now we shall characterize the microcanonical measure in the mean field limit, i.e.
in the limit N — oo.
Before doing it, it is useful to recall some known results [CLMP, Ki] about the
mean field limit for the canonical measure.
The Gibbs measure at an inverse temperature f§ for the Hamiltonian system (4.1)
is given by
e~ BHN(XN)

Zn(B)

where Zy(B) = [y e PNV is called partition function. The following theorem
holds.

Theorem 4.1.

1) 0 < Zy(B) < oo if and only if p € (—8mn, +00).

ii) If B € (—8m,+00) then there exists limy_.o 3 log Zy(B) = f(B); where
f(P) is defined in (3.1) and (3.2).

iii) Let us define the n-particle correlation functions for n < N, as

pvX) = [ dxypr...dxymy(Xy). (4.5)

AN—n

my(dXy) = dXy , (4.4)

Let {dp"}2°, be a weak cluster point, in the sense of the weak convergence of
measures, of the sequence pY, i.e. there exists a subsequence Ny for which

Jap"X)o(X,) = Jim [dX,pfy (X,)p(Xa) (46)

for all bounded and continuous ¢ and all n = 1. Then, the measures dp" are
absolutely continuous, i.e.
dp" (Xn) = p"(Xn)dXy (4.7)

and the following representation holds:

J
pl(x1,..xN) = JV(dp)kl'Ilp(xk), (4.8)
where v is a Borel probability measure on Li(A) endowed with the weak topology.

Furthermore, v is supported on the solutions p € Lo(A) of the CVP (2.11).

Now we can characterize the Mean Field limit for the microcanonical ensemble.
We first prove:
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Theorem 4.2. Let E > Ey (ie. f < 0). Then:

1
Jim_ - log @}(E) = S(E) (4.9)
Proof.
1 doy xe(Xy)e Pivelfn
g Q(E) = 1 1o LEIEIMETDER | Loz, @ao)

where Zy(B) = [e PHN, and we choose f such that —8n < f < B(E) and B(E)
is the inverse function of E(ff) given by ii) of Proposition 3.3. Then

EN(eBH
(e Nye) 1
Es + —logE)Y (zp) . (411)

1 QHNE)= — 1 Z LA
0g Qy(E) og N(ﬂ)+N og X (ze) ¥

(where E;}/ indicates the expectation with respect to the probability measure m;}' ),
>—ll Z(ﬂ)+——N(N )-I——ll EN( ) (4.12)
= 0 0 XE) » 4.
=N g 4N /); ( x ) N g B YE

(by Jensen inequality).

Notice that by the uniqueness of the MFE and Theorem 4.1 we know that
By — E(B) a.e. with respect to the Gibbs measure miy, and hence Ey (xg) — 1 if
E < E(p). Moreover by Theorem 4.1,

1
NlogZN(ﬁ)HS(ﬁ)—ﬁE(ﬁ), (4.13)
and therefore: i
lim infﬁ log QH(E) = S(B), (4.14)
for any S € (—8m, f(E)). This implies
lim infl log Q\(E) = sup  S(B)=S(E). (4.15)
N —8r<B<B(E)

In addition, by (4.11), since f§ < 0, we have:

1 1 1

v 108 QY(E) £ 5 log Zy(B) + BE + - log £ (1) — S(B) — BE(S) — E).
(4.16)

If we take the infimum over all values of § we obtain (4.9).

Remark. When E < E, (that is for positive temperatures) we can obtain the same
result by defining

Qy(E) = [dxnye(Xn), xe(Xy) = x({Hy < EN}). (4.17)

Theorem 4.3. Let us define (for E < E.), the microcanonical correlation functions
as (see (4.2))

(X)) = [l (Xn)dxy1 ... .dxy , (4.18)
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and let p£(dX;) be a weak accumulation point. Then:

i) p(dX;) = pfdX; that is the correlation functions are absolutely continuous
with respect to the Lebesgue measure,

it) pp(X,) = [Tt p(xk ), where p is the solutions of the CVP (4.1) at inverse
temperature 5 = f(E).

Proof. The argument is the same as in [MS] (see also [CLMP, Ki and ES]). The
subadditivity of the entropy implies

| i 1 1
~[plogp; £ — [uf logpuy = —— log QE,N) . (4.19)
J N N
we know that the right-hand side converges. This implies that the left-hand side is
uniformly bounded and we deduce 1).
Moreover, for all j,

1, ; 1
—=[pilogpt = lim— log AEN) = S(E) (4.20)
which implies:
[vE(dp) [plogp < +oo, (4.21)
and therefore
—[¥E(dp)[plogp = S(E). (422)

Finally, by the fact that v¥ is supported on those p for which E(p) = E, we obtain
i), O
It is obvious that the same analysis can be performed in the case when Hy <

NE, that is when > 0.
We would be really interested in the microcanonical measures defined by

N _O0(H-E)
Hg (Xy) = deN , (4.23)
QE) = [dxyd(H — E) . (424)

Clearly the definition we have used here allow us to avoid the problems due to the
singularity of the J-function. It is possible to extend the proof we gave above to
the case

WY (Xy) = é’((]’_Y]”v))dXN, (425)
QN = [dun1u(Xn) (4.26)

where [ = (E|,E;), 0 < Ey < E; < E,, is an energy interval, and y;(Xy) =y
(HTN el ) By the previous arguments we obtain

1
lim — logQ(/;N) =supS(E). (4.27)
N—oo N Ecl

Now using the continuity of the function S(£) we find

1
im lim — IN)=S(E). 42
Igr{r}g} o log QUL N) = S(E) (4.28)
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5. Microcanonical Ensemble in all R?

When A = R? and the additional invariance of the momentum of inertia is explicitly
taken into account, the MFE reads as:

o BY+i

‘“’Z‘W’

(5.1)

being ff € (—8n,+00), 4 < 0, V¥ — 0 as |x| — oo.
This is probably the most interesting situation from a physical point of view.

In this case, we have unique radial solutions, concentration at (—8zn)" and no
radial solutions for f < —8n (see [CLMP] and [CK]). So everything goes on as
for domains of the first kind. Indeed all the considerations we have developed so
far extends with some care to the present case. For instance the variational principle
(3.4), (3.5) is not well posed due to the obvious divergence of ||V¥|;,. However
the variational principle (3.1), (3.2) makes sense and can be solved (see [CLMP]).

6. The MVP in Absence of Concentration

The theory of the MVP and its connection with the vortex theory has been achieved
in the previous sections for domains of the first kind and for domains of the second
kind when £ > E. (in both cases for A simply connected). For domains of the
second kind when E > E,, the situation is more involved. In particular the Micro-
canonical solutions at energies larger than £, do not correspond to any solution
of the CVP so that the equivalence of the ensembles does not holds. In this sec-
tion we analyse this range of energies. We start by considering the behavior of the
entropy function S(E) and of the solutions when £ — oo and prove that, in this
limit, the corresponding solutions of the MVP concentrate to a delta function. The
non-equivalence of the ensembles and the concentration for the MVP will allow us
the prove a non-uniqueness theorem for the MFE in a star-shaped domain of the
second kind when § < —8=n and this will be the argument of Sect. 7.

Proposition 6.1. Let E = E., then there exits Cy, Cy such that
—8nE+C) £ S(E) £ -8nE+ (5 (6.1)

where C, = S(E.)+ 8nE. = f(—8n).

Proof. Let p be such that E(p) =E, E > E., and S(E) > S(E.) — 8n(E — E,) (by
contradiction). Then

Foselp) = G-[S(E) + 87E] = (L IS(E) + 8aE] =8xf(-8m) . (62)
This is clearly false by the definition of CVP so that the inequality from above in
(6.1) is proven.

The estimate from below is obtained by estimating from below the Entropy
functional by using a suitable p. Let us consider a circle By, of center xo a maxi-
mum point for y(x,x), and radius ¢, ¢ such that the B, . is contained in A. Let ppg
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be the solution of the MFE in the circle By, at inverse temperature 8. Then, let
us construct a density function in all A by extending pgg in all A, i.e.

_ PBj in B 6.3
Pha {0 in A-B 63)
The entropy of pg 4 in A is the same as ppy in B, that is

Sa(pp.a) = Se(pp8) 5 (64)
while the energy is different because of the contribution due to the regular part of

the y function, i.e.:

Ea(pp.a) = Ep(pp,s) + B[PB,ﬁ(x)yA(x, »esp(y) —vs - (6.5)

Here the last term is the values of the y function on the circle, that is constant for
radial solutions. But in the circle, thanks to the equivalence of the ensemble, we
have, for any f§ > 0,

E
Sg(E) = Sp(Eo) + [dE B(E) Z Sp(Eo) — 8n(E — Eo) , (6.6)
Ey

where we have used S(E£) > —8rn if E < co. Hence,

Ea(pp.a) > Es(pp,8) +Xnyli€fb y4(x, y) —y8 > Ep(ppp) +C, (6.7)

and (6.1) is proven. [J
The main result of this section is the following:

Theorem 6.1. Let pgp be the solution of the MVP at energy E. Then, up to the
extraction of a subsequence,

PE =7 Ox,(weakly in the sense of the measures) , (6.8)
—00

where xo is a maximum point for y(x,x).

We shall prove Theorem 6.1 later on. For the moment, notice that as a corollary
of the above two propositions we have the

Proposition 6.2. In a domain of the second kind, i.e. in a domain in which I, <
f1(—8m), S(E) is not a concave function.

Proof. This corollary is an immediate consequence of the two previous propositions
and of Theorem 3.1.
In fact, since pg P dx,» we have, by point v) of Theorem 3.1 that f_g:(pg) =

S(pe) + 8npg satisfies

1ib{n sup f_sz(pe) =1a , (6.9)
and
S—sa(pEc) = f-82 (6.10)

while we have by assumption f g, > [4. This means that f_g,(pg) cannot be
concave. The same is true for S(£) that is obtained by adding a linear function of

E to f_g(pp). O
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slopes=- 87

S(E)

Fig. 4.

A possible qualitative behaviour of S is plotted in Fig. 4.

We now prove Theorem 6.1. Before giving a rigorous proof of this fact we
want to give an idea of why there is a concentration phenomenon when the energy
diverges. When the energy is large then the vorticity tends to concentrate. It is also
clear that this concentration may be obtained in many ways. For example, the whole
vorticity may concentrate in a unique or in many clusters. In the following, we want
to show (heuristically) how the concentration of the vorticity in a single cluster is
selected for a thermodynamical reason, (for analogous ideas for the gravitational
case, see [Ki]y).

Let us consider the two cases in which the vorticity clusters into:

i) A unique cluster
ii) Two identical separated clusters.

For the sake of simplicity we think that the clusters are circular and that the vorticity
is constant in the circles. In the case of a unique cluster we have all the vorticity is
in a circle of radius #;. Thus the energy will be approximately (modulo an additive
constant) given by:

1
E z—ﬁlog(r]). (6.11)

In the second case the energy will be given by the sum of the energy of the two
clusters plus the interaction energy between the two clusters. The interaction term
will be negligible in the limit £ — oo, because this term is bounded by a constant;
we have in fact assumed that the two clusters are well separated. Therefore in this
case we find .
Ey, ~ ——log(ry). (6.12)
8n
Hence if we want E, = E, = E we find r| = exp(—4=nE), r, ~ exp(—8=nE), which
implies for the entropies,

Sy ~ log(r?) =2log(r)) ~ —8nkE ,
Sy ~ log(r?) =2log(ry) ~ —167E . (6.13)

So it is clear that when E — oo the vorticity should not separate into two clus-
ters. Therefore, we expect that when £ — oo, the solution concentrates in a single
point (becoming a Dirac mass at the point). We can finally note that this heuris-
tic argument gives the right behaviour of S(£) at large values of the energy, say
S ~ —8nE.
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-8n

Fig. 5.

The rigorous proof follows this idea. We shall use the following lemma.

Lemma 6.1.
i) Let A be a bounded domain, and f = 0 such that [, f=m < 1. If we
define

1
E(f)= “an J L&V f(2), S(f)= —{flogf, (6.14)
A2
we have o
S(f) < ~£E(f)+mC2—mlogm; (6.15)

where C, is a constant defined in (6.1).
ii) Given f1 2 0, fo = 0, we set:

1 .
E; = Effi(x)V(x,y)fj(y)a (1=54j=2)), (6.16)
A2
we have
E, < VE1Eyp. (617)

Proof. The proof of inequality (6.15) is consequence of Proposition 6.1 and an
obvious scaling. The inequality (6.17) is nothing but the Schwarz’ inequality.

Lemma 6.2. Let A,B be two disjoint subsets of A, such that d(4,B) > 0.
(d(4,B) = infyea,yelx — y|). Then, let pg be a solution of the MVP at energy E,
and let us define mp(pg) = poE. Then we have:

Jim min(ma(pg), mp(pr)) = 0. (6.18)

Proof. Let us consider a solution p of the MVP in a domain A at energy E, and
let us suppose that there exist two domains 4,B in A, such that f e =¢4 >0,
JspE = €8 > 0, with d(4,B) = d > 0. Let us define C = A —AUB, pxy = yxp; we
obtain p = p4 + ps + pc.

With this definition the energy may be written as

1
E= 2 [ p)WV (x, y)p(¥) = Eqa + Epg + Ecc + 2E45 + 2E4c + 2Egc,  (6.19)
A2

where |
Exy = Efpx(x) Vix,y)pr(y). (6.20)
Xy
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We can note (and this is the key point of the proof) that £z is bounded; i.e.
1
Ea = 5 | pax)V (x »)ps(y)
$9%

—1 1
= — [ pa(x) loglx — y|pa(y) + 5 [ pa(x)y(x, y)ps(y) < 2. (6.21)
4n yy 2y

This allows us to write:
E S Ejy+Epg+ Ecc+2E48 + 2E ¢ + 2Epc +¢2 . (6.22)
For the entropy we have simply

S =S8,+8g+Sc; Sx=—[plogp. (6.23)
X

Moreover by Lemma 6.2 we can write the following inequalities:

—8nEy + CA_

Sy £ ————; X=4,B,C, (6.24)
my
and
Exy < VExEy; X,Y =A4,B,C. (6.25)
We shall check that (6.22-25) imply that
S(E) S —8n4+c3)E+cq; (6.26)

where ¢; > 0;c¢3, ¢4 do not depend on E, then, as we will see, the assertion follows
rather easily.

Let us prove (6.26). Let a, b, ¢ are such that E, = a?, Egg = b?, Ecc = c.
Then we may write

E S d+ b+ +2ac+2bc+cy, (6.27)
while for S, using (6.15) and (6.17), we may write

—8na? + Cy N —8nb? + Cy N —8nc? + Cy
my mp mc

S

IIA

2 b2 2
= —8n (“—+—+c—> Yo (6.28)
my mpg mc

Hence, the proof of (6.26) is reduced to an eigenvalue problem between two
quadratic forms.

In fact let us define the matrices
|
— 0 0

" 101
s=|0 & o, E={01 1], (6.29)
0 ul 111
mc
then (6.26) is implied by
E
sup BEY 5 ) (6.30)
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This fact is easily proved by noting that S and E are positive matrices and that
the eigenvalue equation D(1) = |E — AS| = 0, with some straightforward algebraic
manipulations yields

— 23+ 0% — (my 4+ mp)h — mympme = 0. (6.31)

This equation has no solution for 4 = 1. We then conclude easily, since we know
from Proposition 6.2 that S(E) = —8nE + C,, and therefore we find a contradiction
with (6.19). O

Remark. In Lemma 6.2 we have proved that it is not possible to find two distinct
regions in A, that are at a distance larger than 0, in both of which the mass is
different from O definitively for £ — oco. As an almost immediate consequence of
Lemma 6.2 we can prove Theorem 6.1.

Proof of Theorem 6.1. Let pg be a solution of the MVP at energy E, and given a
domain D, let us define mg(D) = fDMpE. Let B,(x) be the ball of center x € A,
and radius 7, and let us consider the function mg(B,(x)). Let xg(r) be a maximum
point for mg(B,(x)). By Lemma 6.2, we see that mg(B,,(x,(E)) — | when E goes
to infinity; in fact mg(B,(x)) > ¢, where ¢, is a constant that does not depend on
E, implies that the mass out of a ball B,,(x,(£)) vanishes as £ — oo. Furthermore,
by the compactness of A, we may assume, extracting subsequences if necessary, that
xE(r)Ejoox(r). It is easy to prove that m,:;(B3,.(x(r)))E_—>)oO l; in fact x.(E) — x,,
implies |x,(E) —x,| <r for r large, so we have that Bs.(x,) D Ba.(x,(E)) for r
large.

Now, let us consider the sequence x,, as r goes to 0. We have obviously |x, —
x| < 6min(r,7"). Hence x, —* € A. It is clear by construction that for any » > 0
r—

we have mE(Br(x))E—> 1, and thus pg — d, as E — oo.
— 00

Next there remains to prove that x is a maximum point of y(x,x). This last
point may be shown by contradiction. Let x* be a maximum point of y(x,x) and
let pr converge weakly to 0./, where x’ is not a maximum point of y(---). Then,
see point v) of Theorem 2.1, we have that

lim sup f_gr(pr) < La(x") < I4(x"); (6.32)

E—oo

while we have shown in Theorem 3.1, (see point v)) that it is possible to find a
sequence pf, such that E(py) — oo and f_g(pf) — [4(x*). So, for E sufficently
large we find f_g.(pg) < f_sz(p%), and this leads to a contradiction with f_g, =
E+8nS. O

7. Non-uniqueness of the Solutions of the MFE

Let A be a domain of the second king (that is a domain for which there is no
concentration at (—87)") and strictly star-shaped. Thus, (see Theorem 3.1) there
exists fp such that the MFE on A does not admit solutions if f < fp. For these
domains we shall prove the following alternative.
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,B

B(u*,1)

R [

Fig. 6.

Theorem 7.1. Either

1) the MFE has at least two solutions at —8mn, or

ii) the MFE has a unique solution at —8m, and there exists a sequence of in-
verse temperature {B,}52, : f, < —8n, B, — —8n as n — oo, for which the MFE
has at least two solutions for each f,.

The strategy of the proof is the following. We know that we have a unique
solution of the MFE up to —87 (not included). Let us consider the set of limit
points of these solutions when § — (—8xn)*. In the case of non-uniqueness of the
limit point, we can easily show that there exists a continuum of solutions of the
MFE at f§ = —8n. Otherwise, if we have a unique solution at —8mn, say u*, we
can show, by using the Leray—Schauder toplogocial argument about the existence
of continua of solutions, that it is possible to continue this solution beyond —8xz.
Namely we can prove that there exist an ¢ > 0 and a connected set of solutions
up to —8n— ¢. Then, we consider the solutions of the MVP as £ — co. By using
a result by Nagasaki and Suzuki [NaSu] and the fact that the solutions of the
MFE concentrate to a Dirac delta as E — oo, (see Theorem 6.1) we obtain that fig
(the inverse temperature of these solutions) accumulates at —8n. Hence we have
solutions of MFE, close to u*, for any f§ € (—87n—¢, —8n] and there are solutions
of the MFE with ¢ that accumulates at —87 (observe that fr < —87 because of
the uniqueness up to —8x). So, for any of those fiz, we have at least two solutions
of the mean field equation, see Fig. 6.

Proof. In order to prove Theorem 7.1 it is useful to recall some facts.

Fact 1. If B > —8m, there exists a unique solution ug of the MFE.
This result is a consequence of [SU] and we have already described this result in
Theorem 3.1.

Fuact 2. Application of Leray—Schauder topological argument.
The MFE can be written in the form u = T'(—pf,u), where

—Pu+ug)
T(—Bou)=(—4)" <fé—_m‘)> —up, (7.1)

where ug = (—4)~" 1, is the solution of the MFE at 0 inverse temperature; in fact

e—/ﬁ’(u+u0)

T(—p,u) =u if and only if — A(u+ug) = m .

(72)
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Because of compactness of 7 : R x B — B, where IB may be chosen, for our pur-
poses, as C'(A) equipped with the usual norm denoted by || ||, and because of
the existence of the solution 0 = 7'(0,0), we know, by Leray—Schauder topological
argument [LS] that there exists a connected unbounded component C of solutions
(—p,u) in [0,+00) x IB, containing (0, 0).

Now because of Fact 1, C N ([0,87) x B) is the curve (f,up) for f € (—8x,0].
Then, two cases are possible:

Case 1: As f — —8n (f > —8m), uy has, up to the extraction of subsequences,
several limit points in IB. In this case, let C_g, be the set of these limits:

C_gr = {u|3py > —8n, B, — —8m as n — 0o, up, — u}. (7.3)

Obviously, if u € C_g,, then u is a smooth solution of the MFE at —8=n. This means
that in Case 1 we have non-uniqueness at —87. Furthermore, when f > —8x, ug
induces a continuous function (—8n,0] — B. If ug does not have a unique limit
point it must have a continuum of limit points. Therefore, in Case 1 we have a
continuum of solution at —8x.

Case 2: uy converges to some u* as f — (—8m)* . (7.4)
p g

In this case, we shall prove, using the fact that C is connected and unbounded,
that the following statement holds. Let us also mention that we make a systematic
use in all that follows of the elementary observation: if (f,,u,) is a bounded se-
quence of solutions in R x B of solutions of MFE then u, is relatively compact in
B by elliptic regularity.

Statement 1. i) There exists ¢ > 0 and a family of solutions ug € C for any f €
(—8n—e, —87).
ii) There exists a family of solutions such that # < —8m, uy — u* as f — —8m.

First of all we prove i). Let y = C N ([0,87] x B), and let us suppose that i)

is false, that is for all » there exists f§, € (—87n — %,—8n) such that there are not
solution ug, of the MFE at inverse temperature 8, in C. Then

Il =cn(Bp,Bs] x B) is a closed subset of C, (7.5)
and

2 = Ccn([B, —87n] x E) is a closed subset of C. (7.6)

Therefore, I'' N I'? =, and I') U I'? = C. So, since I'>+), and C is connected,
we find I') = ), therefore there are no solutions of MFE in Cj, at inverse temper-
ature f < fB,.

Now, taking the limit n — oo, we find C = y. This is a contradiction with the
fact that C must be unbounded and i) is proven.

Now, given f, let uy be a minimizer of Min {||u — u*||: u|[(f,u) € C}.

We shall now prove that ug — u* as f — —8n. If this were not true, then we
could find f§, — —8=n, B, < —8mn, B, increases, ||up, — u*|| > o« > 0. This implies
that ||ug,|| — co; (otherwise we could take a limit, up to subsequences, of ug, — @
which would be a solution at —8x).

We still have to show, that ||ug,| cannot go to +o0o. Let us consider in R x BB
the rectangle

Ry = [—Pn, —87] x B(u*,1), (7.7)

where B(u*, 1) is the closed unit ball in B centered at u*, see Fig. 6.
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B
Case 1
Case 2
R I I\ l
u
Y
Fig.7.

Then 0R,+ N C #{; because C is connected and unbounded. Hence, there exists
(Y, Un) € ORy» N C. There are two possibilities:

a) y, = Pu, see Fig. 7. This is impossible, since for n large
1= |luy — || < |lugy —u*|| = 400, (7.8)

and this contradicts the definition of ug,.

b) There exists (y,,u,) in C, where y, € [—f,, —8n], and |lu, — u*|| = 1, (see
Fig. 7). This is also impossible. Indeed, we can consider the sequence u, as n — oo,
which is bounded because |lu, — u*|| = 1. Then, u, — 4 in IB (up to subsequences),
and # is a solution at —87 and ||# — «*|| = 1, and this is impossible in view of the
uniqueness of the solutions at —8n. This completes the proof of Statement 1.

There remains to prove that the microcanoical solutions have inverse temperature
f and accumulates to —8n when £ — oo (see Statement 2).

Let us recall the Nagasaki—Suzuki result [NaSu]:

Fact 3. Let us consider the following problem
—Au = Ae" in A,

(7.9)
u=0 on 04;

and let us denote by
T=1fé". (7.10)
A

By [NaSu], see also Thm.1 in [Su], we have that if (u,,4,) is a sequence of
solutions of (7.9) such that A, — 0 as n — oo, then, extracting subsequences if
necessary, 2, converges to 8wm;m € 0 UN U {oco}; where

m =0 if and only if [lu,l[,_ — 0 asn— oo,
0 <m < 4oo if and only ul; — oo,

and

||u,,||L]°;(A~S) € O(1) for some finite set S of

m-points, (m-points blow up),

m = +oo if and only if u(x) — oo for any x in A.
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Now, because of the concentration phenomenon, we are able to prove the following:

Statement 2. Let pp, Wg = (—4)" ' pg be the solutions of th MVP at energy E, and
let fr be the corresponding inverse temperatures. Then, as £ — oo, fr converges
to —8m.

Proof. As we have seen in Sect. 3 if (f, ¥) is a solution of MFE then

—B
4
solves (7.9), and 2 = —f. Furthermore, let us note that we know that pz — J,, as
E — o0 and;
¥p—V(xx)=(—4)""6, asE — 0. (7.12)
a.c.

Next, given a solution of the MVP (g, Yg), we set A = 7;—_’;’5?, ug = —Pe ¥,
2p = —fg. We shall now prove that 1z goes to 0 when E — oo. Because fg is
bounded (indeed fp < g < —8rn) this is equivalent to prove that [ Ae‘ﬁE ¥e — o0,
If it is not the case there exists a constant ¢ such that

fe Pe¥e < ¢, (7.13)
4
By Fatou’s Lemma,
> limi —PEYE > limi 8n¥e > 8l (xxg) )
c = %rr_l}xorlf{e _lgl’_l)l(gf/{e _{e +00, (7.14)

Therefore, as £ — oo, Ag — 0 and by Fact 3, fr = 2p accumulates at —8um.
Finally, m = 1 because fir € [ffp,—8n) and we know that we have a one-point
blow up. This completes the proof of Statement 2 and therefore the one of
Theorem 7.1.

Remark.

1. In the case when there exists a unique solution at —8n, we have shown that
there is a set f3,, B, € (—8n—¢, —8n) for which we have constructed two solutions
of the MFE. One of these solutions is close to u*, the unique solution at —8n, while
the other is close to the “singular solution” describing the concentration, see Fig. 6.

2. In the case when the set of limit points of {uy: f € (—87,0]} is not a single
point, we have shown along the proof, that we have a continuum of solutions of the
MFE at —87. In fact, working a bit more we may replace i) in Theorem 7.1 by i’)
the set of solutions at —87 of the MFE is unbounded and contains a continuum of
solutions.

8. Concentration for Solutions of the CVP at ff = —8xn for Simply
Connected Domains Close to a Circle

In this section we shall consider the problem of the concentration in the case in
which 4 is a simply connected domain sufficiently close to a disk. In this case it is
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possible to prove that the concentration does occur just by exploiting an argument
due to Suzuki and Nagasaki [SuNa]. We first present this result and then we give
an alternative direct proof of the concentration, for a particular class of domains
close to a disk, based on variational argument. This second proof is a consequence
of some result upon the concentration in a circle in the presence of an external
field.

Let us recall some known facts.

Fact 1. As we have shown (see Theorem 3.2), Lemma 1 and Lemma 2 of [Su]
implies that, if A is a simply connected domain, the MFE admits a unique solution
for p € (—8n,0].

Fact 2. T. Suzuki and K. Nagasaki proved (see [SuNa] Thm.3) that if 4 is a
simply connected domain sufficiently close to a disk, then there exists a branch
of solutions (f3, ¥), blowing up, (that is it concentrates at —87) from above (i.c.
B > —8n), at f = —8m, containing the solutions f =0, ¥ = (-4~ ")I.

As in the case of Theorem 3.1 the result due to Suzuki and Nagasaki is formu-
lated for Eq. (3.12). In order to obtain the above mentioned result it is sufficient to
exploit the correspondence with MFE, see (3.12) and (3.13).

The concentration for simply connected domains sufficiently close to a disk is
an immediate consequence of these facts. Indeed, we have:

Theorem 8.1. If A is a simply connected domain sufficiently close to a disk, then
the solution py of the CVP at inverse temperature  in A concentrates to a Dirac
mass as f§ — —8m.

Proof. Fact 2 says that there exist a branch of solutions (f, ¥') that concentrates to
a point when  — —8mn. Furthermore, this blow up happens form above, that is for
f > —8n. Therefore Theorem 8.1 follows by the uniqueness of the solutions for
f > —8n (Fact 1). O

A more direct analysis shows this is result for a special class of small deforma-
tions of the unit disk. Let us consider first the problem for a disk in the presence
of an external field. Consider the disk 4y = {x||x] < 1} and two functionals

f;:/;(P) (Pa ) fdxpln fplx|°t (8.1)
with the constraints p = 0 a.e.; [dxp =1 and
) 1 1 P
Gup(¥) = —Efdxlg’|2 o log [dxe P e " (8.2)

For f < 0 we maximize each functional and we obtain the same mean field

equation
—BY ilx|*
e FPre

It is important to notice that the CVP (8.1), (8.2) and the corresponding Mean
Field Equation (8.3) can be naturally obtained by considering the Mean Field Limit
for the Canonical ensemble for point vortices in a circle under the action of a radial
external field U(x) = §|x|“.
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Here we want to study the behavior when f approaches —8n. We note that, when
A > 0, the external field is repulsive. Therefore we have a competition between
the free energy functional without the external field, that induces a concentration,
and the external field which has the opposite action. In the following theorem
we show under which conditions there is concentration. As usual in this paper,
by concentration we mean that there exists a maximizing sequence p, of f i_Sn,
converging weakly (in the sense of the measures) to d,, up to the extraction of
subsequences. (see Theorem 7.1 in [CLMP]).

Lemma 8.2.
i) If A < 0 and o > 0 there is concentration at 0.
il) If 2 > 0 and o < 2 there is no concentration.
i) If 1 > 0 (4 sufficiently small, for a given o), and o > 2, there is concen-
tration at 0.

Proof. The first point is obvious; in fact both the terms appearing in the free energy,
the free energy functional without the external field, and the external field itself,
are maximized when the solution concentration to .
ii) Let us consider an inverse temperature # close to —8n and the radial functions
A 1+B ]

Py (1 + B2 s 87+ 1 (8:4)

If we evaluate explicitly the free energy fﬁ_gn(p”) for p, at the temperature —8n
when o =2 we find

B+1)
1+B)-
o) = g log1 4+ 8) - O
1 1 Al +B A
+8—logn+4—+ﬂ B (1+B)—n (8.5)

It is easy to note that when B > | (that is n + 87 < 1)

: 1
Si—sa(p) > -(log m+ 1) = Iy, (8.6)

where I, is, by construction the free energy of the Dirac delta in the center of A,.

This fact ensures us that there is no concentration for o« = 2; we have in fact
exhibited a test function whose free energy is greater than the free energy of Jg
(recall that if there is concentration, concentration must take place as 0, i.e. the
maximum point in A of y(x,x), by the same argument used in the case without the
external field). Moreover, when o« < 2, we note that

Fa(p) = f_ga(p); (8.7)

and ii) is shown.
iii) Suppose that the solution is radial (see later). We multiply both sides of
(8.3) by »? and integrate on r. Then we integrate by parts and use the Stokes

or
Theorem to evaluate ag'f +—1. We have:

1 8nl’ 1"1
e ¢ fdrr““ (Y + '),

8n Z

Z = [dxe™ (¥ +Tr"); (8.8)
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where I' = r = |x|. ((8.8) is indeed the Pohozaev identity [Po] written for a
radial V).

Let us now assume, arguing by contradiction, that there exists a smooth solution
Y(Z < o). Using the fact that ¥ is radial, by the Stokes theorem we find that

|0,%] < (2nr)~" and since ¥(r = 1) = 0 we have

8 >

¥y < ——l—log(r). (8.9)
27

Therefore, from (8.7) we find

o O(F eg"r
= Za-2"

(8.10)

Fl P 3 Snl"l
= 7o

1

8n

Therefore, if I' is small we find a contradiction: in fact (8.10) cannot be satisfied

unless Z = oo. In conclusion, if A is sufficiently small, the solution must be a

Dirac delta. Actually we have only proved that if the solution is radial then Z

must diverge. But this is sufficient by Theorem 7.1 of [CLMP] (which also applies

here with the same proof) that ensures that if f = —8n, Z = oo, then the solution
concentrates.

Finally, we must prove that the solution is radial. We do it by using a theorem

due to B. Gidas, W.M. Ni and L. Nirenberg [GNN] which states that if u solves
the equation

—Au = g(r,u) on Ay,
u=0 on 04, (8.11)

where Ag is the unit ball in R%, u > 0 in Ao, and ¢ is locally Lipschitz in u and
strictly decreasing in r, then u is radial. To apply this result we define

A
<D=‘P—B(r“—1). (8.12)
Hence, (8.2) yields the following equation for &:
—po
—AP = ﬁ + %cxz —r*72 on A,
A
®=0 on dA. (8.13)

Then, we observe that, since o > 2 and f§ < O,/i;ozzr‘“_2 is a strictly decreasing

function of ». Therefore, in order to apply the theorem by B. Gidas, W.M. Ni and
L. Nirenberg there only remains to prove that @ is strictly positive in A. Suppose the
contrary. Let us assume also that there is no concentration. Then, taking the limit
as A goes to 0 we find that ‘I’ extracting subsequences, if necessary, converges
to some ¥* in C2, while ¥ — 2= < 0
[Ho applled to a solution of (8.13) when A = 0). Then, since ¢ = 0 and dA,, and
0‘ =L 1 0(4), we find ® > 0 near 04, for A small. Furthermore, we can note
that on' any compact subset of Ao® — ¥* > 0, therefore, for 1 small, ® > 0 in

Ap; and this concludes the proof of Lemma 8.2. [J
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~ N\

A

Ag

N /

Fig. 8.

Remark. Lemma 8.2 with o = 2, any A, applies to a physically meaningful system:
point vortices in a circle, studied in the mean field limit when we take into account
the moment of inertia as in Sect. 5, see [SON].

We now use the results obtained above in order to prove the existence of a class
of domains, close to the circle in a sense we shall specify later on, for which there
is concentration.

Let A be a simply connected domain such that |A| = |Ay|, where Ay is the
disk of unit radius centered at the origin. Let f : 4 — Ay be a conformal transform
of A in Ay, and let zy be the pole of this transformation. The Jacobian of this
transformation is (when z € A)

J(z) = exp[—4my(z,20)]{1 + 2n)2(V(z,20))*(z — o)

+ 2212 Vy(z,20)(z — 20)|z — z0|*} . (8.14)

Let us choose the zero of the transformation to be the maximum point of y(z) =
%y(z,z). We obtain the following inequalities:

J7H(E) = expl8my(zo)lexpllE[*] . (8.15)

Generically o = 2, but there exists a class of domains for which, because of par-
ticular symmetries, o > 2. For example, see Fig. 8. if the domain is invariant by
rotations of an angle 7 then o = 4.

The free energy functional may be written, through the conformal map, on Hj(Ao)
as

1

1
o) = 3/ IV¥P 5

log [e ¥ = —%f|w'|2
A

Ay

1
——log [J' - e FY. (8.16)
B4
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Therefore, we can estimate from above the free energy functional A by the free
energy functional in Ay in the presence of a suitable external field; that is

4 1 1 - 1
Gop(P) = =3 JIVWE = glog [J71 - e < 5 [ |V
Ag Ay Ao
I el
— Lo fer b (8.17)
Ap

with a suitable choice of 4 and o < 2.
Let g; ,(¥) be the last term of inequality (8.17). Because of Lemma 8.2 (see

point iii)
giﬁ(‘l’) =14, (that is the free energy of the Dirac delta for the circle), (8.18)

and therefore
1
S—sa(A) = Iyg, + EY(ZO,ZO) =1y. (8.19)

This implies the concentrations by point v) of Theorem 3.1.

Note that in Theorem 3.1 we deal, for the sake of simplicity, with domains of
area 1, so in Theorem 3.1 Ay is a disk of area 1 and not, as it is here, the disk
of radius 1 whose area is m. Nevertheless it is easy to convince oneself, by simple
scaling arguments, that (3.9), i.e. I, + %y(zo,zo) = 1,4, holds also for domains of
general area, where A, is the disk whose area is the same as 4. [
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