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LIMIT THEOREMS AND FLUCTUATIONS FOR POINT VORTICES OF
GENERALIZED EULER EQUATIONS

CARINA GELDHAUSER AND MARCO ROMITO

ABSTRACT. We prove a mean field limit, a law of large numbers and a central
limit theorem for a system of point vortices on the 2D torus at equilibrium
with positive temperature. The point vortices are formal solutions of a class of
equations generalising the Euler equations, and are also known in the literature
as generalised inviscid SQG. The mean field limit is a steady solution of the
equations, the CLT limit is a stationary distribution of the equations.

1. INTRODUCTION

The paper analyses the mean field limit and the corresponding fluctuations
for the point vortex dynamics, at equilibrium with positive temperature, arising
from a class of equations generalising the Euler equations. More precisely, we
consider the family of models

3.0 +u V0 =0,

on the two dimensional torus T, with periodic boundary conditions and zero
spatial average. Here u = V+(—A)~%0 is the velocity, and m is a parameter.
When m = 2, the model corresponds to the Euler equations, when m = 1 this is
the inviscid surface quasi-geostrophic (briefly, SQG).

As in the case of Euler equations, a family of formal solutions is given by point
vortices, namely measure solutions described by

N
D ¥idx
i1

where Xi, Xy, ..., XN are vortex positions and vi,Vs,...,yn are vortex inten-
sities. Positions evolve according to (2.3), and intensities are constant by a
generalized version of Kelvin’s theorem. This evolution is Hamiltonian with
Hamiltonian (2.4), and has a family of invariant distributions (2.5) indexed by
a parameter (3. Unfortunately when m < 2 the invariant distributions, writ-
ten in terms of a density which is the exponential of the Hamiltonian, do not
make sense since the Green function of the fractional Laplacian (—A)? has a
singularity which is too strong.

Nevertheless, the main aim of the paper is to realize the program developed
in [CLMP92, CLMP95, Lio98, BG99] for point vortices for the Euler equations.
To this aim we introduce a regularization of the Green function. At the level
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2 C. GELDHAUSER AND M. ROMITO

of the regularized problem all statements we are interested in (mean field limit,
analysis of fluctuations) are not difficult, since the interaction among vortices is
bounded. We recover the original problem in the limit of infinite vortices, since
when the number of vortices N increases to oo, we choose the regularization pa-
rameter € so that it goes at the same time to 0. To ensure the validity of our result
though, the speed of convergence of € = €(N) must be at least logarithmically
slow in terms of N.

Under the conditions 3 > 0 and m < 2, and when €(N) | 0, we prove prop-
agation of chaos, namely vortices decorrelate and in the limit are independent.
A law of large numbers holds and, in terms of 0, the limit is a stationary solu-
tion of the original equation. Likewise, a central limit theorem holds. The limit
Gaussian distribution for the 0 variable turns out to be a statistically stationary
solution of the equations.

The paper is organized as follows. In Section 2 we introduce the model with
full details, we give some preliminary results and we prepare the framework
to state the main results. Section 3 contains the main results, as well as some
consequences and additional remarks. Finally, Section 4 is devoted to the proof
of the main results.

We conclude this introduction with a list of notations used throughout the
paper. We denote by T, the two dimensional torus, and by ¢ the normalized
Lebesgue measure on T,. Given a metric space E, we shall denote by C(E) the
space of continuous functions on E, and by P(E) the set of probability measures
on E. If x € E, then 6X is the Dirac measure on x. Given a measure p on E,
we will denote by u(F) = [ F(x) u(dx) the integral of a function F with
respect to . Sometlmes we w111 also use the notation E,, [F]. We will use the op-
erator ® to denote the product between measures. We shall denote by A1, As, . ..
the eigenvalues in non-decreasing order, and by ej, e;,... the corresponding
orthonormal basis of eigenvectors of —A, where A is the Laplace operator on T,
with periodic boundary conditions and zero spatial average. With these posi-
tions, if ¢ = ), drey, then the fractional Laplacian is defined as

(—A %Cb ZA brex.

k=1
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2. THE MODEL

Consider the family of models,
(2.1) 00 +u-V0 =0,

on the torus with periodic boundary conditions and zero spatial average, where
the velocity u = V+, and the stream function  is solution to the following
problem,

(—A) 2y =0,

with periodic boundary conditions and zero spatial average. Here m is a param-
eter. The case m = 2 corresponds to the Euler equation in vorticity formulation,
m = 1 is the inviscid surface quasi-geostrophic equation (briefly, SQG), and for
a general value is sometimes known in the literature as the inviscid generalized
surface quasi-geostrophic equation. Here we will consider values m < 2 of the
parameter.

2.1. Generalities on the model. We start by giving a short introduction to the
main features of the model (2.1).

2.1.1. Existence and uniqueness of solution. The inviscid SQG has been derived
in meteorology to model frontogenesis, namely the production of fronts due to
tightening of temperature gradients and is an active subject of research. See
[CMT94, HPL94, HPGS95] (see also [CFR04, Rod05]) for the first mathematical
and geophysical studies about strong fronts. The generalized version of the
equations bridges the cases of Euler and SQG and it is studied to understand
the mathematical differences between the two cases.

As it regards existence, uniqueness and regularity of solutions, a local ex-
istence result is known, namely data with sufficient smoothness give local in
time unique solutions with the same regularity of the initial condition, see for
instance [CCC*12]. Unlike the Euler equation, it is not known if the inviscid
SQG (as well as its generalized version) has a global solution. Actually, there
is numerical evidence, see [CFMRO5], of emergence of singularities in the gen-
eralized SQG, for m € [1,2). On the other hand see [CGSI17] for classes of
global solutions. Finally, [CCW11] presents a regularity criterion for classical
solutions.

The state is different if one turns to weak solutions. Indeed existence of weak
solutions is known since [Res95], see also [Mar08]. For existence of weak so-
lution for the generalized SQG model one can see [CCC*12]. Global flows of
weak solution with a (formal) invariant measure (corresponding to the measure
in (2.2) with 3 = 0) as initial condition has been provided in [NPST17].

2.1.2. Invariant quantities. We turn to some simple (and in general formal, but
that can be made rigorous on classical solutions) properties of the equation.
As in the case of Euler equations, equation (2.1) can be solved by means of
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characteristics, in the sense that if 0 is solution of (2.1) and u = V=0,

X = u(t, Xy),
X(0) =x,

then, at least formally,

06 X0) = 08(6,X,) + K¢ VO(L,X() = (0,0 +u- VO)(£,X,) =0,
therefore 0(t, X) = 0(0,x). This formally ensures conservation of the sign and
of the magnitude (L*° norm) of 0.

Itis not difficult to see that (2.1) admits an infinite number of conserved quan-
tities, for instance of L norms of 6. We are especially interested in the quantity
(that in the case m = 2 is the enstrophy),

Jool: = | to(e.x)P at
Ta

and in the quantity,
|| ettt de=-a) el
To

Here, unlike the case m = 2, this conserved quantity is not the kinetic energy.
Formally, corresponding to these conserved quantities, in analogy with the in-
variant measures of the Euler equations [AC90], one can consider the invariant
measures

2.2) o (d6) = zl o Blli-a1 Folt—alo(tlz, gg

[SNe3
classically interpreted as Gaussian measures with suitable covariance (see Re-
mark 3.5).

2.2. The point vortex motion. The point vortex motion is a powerful point of
view to understand some of the phenomenological interesting properties of so-
lutions of the Euler equations. Mathematical results about the general dynamics
of point vortices [MP94] and about the connection with the equations [Sch96]
are classical. The statistical mechanics approach to the description of point vor-
tices, the central topic of this paper, dates back to some of the intuitions in the
celebrated paper of Onsager [Ons49], and later developed in the physical lit-
erature [JM73, FR83, ES93, Kie93]. Results of mean field type are obtained in
[CLMP92, CLMP95, Lio98]. Mean field limit results of point vortices with ran-
dom intensities can be found in [Ner04, Ner05, KW12]. The analysis of fluctua-
tions can be found in [BPP87, BG99] and in the recent [GR18].

The central topic of this paper is to give results about the mean field limit of
a system of point vortices governed by (2.1). To be more detailed, if one consid-
ers a configuration of N point vortices located at x;, X2, .. ., XN, with respective
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intensities y1, Vo, . . ., YN, that is the measure

N
0) = Zyiéxj
=1

as the initial condition of (2.1), one can check that, formally, the solution evolves
as a measure of the same kind, where the “intensities” y; remain constant (a
generalized version of Kelvin’s theorem about the conservation of circulation),
and where the vortex positions evolve according to the system of equations

;oo 1
(23) X] - Zk;é] ka Gm(X],Xk), ] _ 1727 - .,N,
X;(0) = x;,

where G, is the Green function of the operator (—A)% on the torus with pe-
riodic boundary conditions and zero spatial average. The effective connection
between the equations and the point vortex dynamics is not yet clear and will
be discussed elsewhere. See also [FS18].

The motion of vortices is described by the Hamiltonian

(2.4) Ha (YN, XN) = kaG (X5, X,
J?ék
where XN = (X17X27 - '7XN) andyN = (Y17YQ7 o 7YN)'

A natural invariant distribution for the Hamiltonian dynamics (2.3) should
be the measure

(25) (de) ZlN e_BHN(XNﬂ/N) d€®N’

where here and throughout the paper we denote by { the normalized Lebesgue
measure on Ty. Due to the singularity of the Green function on the diagonal,
which is of order G, (x,y) ~ [x — y/™ 2, the density above is not integrable and
thus the measure u};' does not make sense.

2.3. The regularized system. To overcome this difficulty, we consider a regu-
larization of the Green function. To define the regularization, notice that we can
represent the Green function for the fractional Laplacian through the eigenvec-

tors,
xy) =) A e(¥ex(y).
k=1
Given € > 0, consider the following regularization of the Green function,
(2.6) Gre(%,Y) ZA ~Meey (Xew(y),

Here, we have regularized the fractional Laplacian so that the new operator
De reads Dy = (—A)™2e 4 and the eigenvalues change from A™/? to
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A™/2eeA  We remark that, as long as G, ¢ is translation invariant and non-
singular on the diagonal, the exact form of the regularization is not essential for
our main results given in Section 3.

If we replace G,,, by G e in (2.3), the motion is still Hamiltonian with Hamil-
tonian Hy, given by (2.4), with G,,, replaced by G, ¢, namely

1
HR (YN, XM = B ZYijan(Xj,Xk)-
i#k
In terms of invariant distributions, we want to consider a problem slightly more
general and we shall randomize the intensities of vortices. The “quenched”
case, namely the case with fixed intensities, will follow as a by-product, see
Remark 3.6.

Let v be a probability measure on the real line with support on a compact set
K, C R'. The measure v will be the prior distribution on vortex intensities. A
natural invariant distribution for the regularized Hamiltonian dynamics with
random intensities is

1 c
(27) H};e(d’YN, de) — ZN e—%HN (YN7XN) d€®N dV®N,
B,e

where { is the normalized Lebesgue measure on T, and Z}}' . is the normalization
factor. In the above formula for the measure we have scaled the parameter (3
by N, in analogy with the case m = 2. Indeed, for the Euler equation there
is no nontrivial thermodynamic limit [FR83], and the interesting regime that
provides interesting results is the mean field limit. See [MP94] for a physical
motivation, and [CLMP92, CLMP95, Lio98] for the related mathematical results.

2.3.1. Mean field limit of the reqularized system. The problem of finding the limit
of measures (u};e Jn>1 is trivial, since the interaction among particles is bounded,
and we only give an outline of the results.

The goal of this section is to show the existence of limit points for the measure
(2.7) and to characterize them. We look at convergence of the distributions of
a finite number of vortices. Therefore, we work with the so-called correlation
functions, defined by

ppe (V<. X¥) = J i e (dy™ 5, dXNTH),
TQN_k
namely the distribution of the first k vortices. This is not restrictive, by ex-
changeability of the measures (2.7).
In the following result we summarise the relevant estimates and therefore
deduce weak convergence of the correlation functions.

UIn other words we assume that intensities are bounded in size by a deterministic constant.
Notice that in the case m = 2 this is in a way a requirement, see [CLMP92, CLMP95, Lio98].
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Lemma 2.1. There is a number C > 0 that depends (only) on 3 and e, but not on
k > 1land N > 1, such that the following bounds hold,

Zglve < CN’

_£ k Xk
pNE < CH o RHEY XY

log.lir <C% pelloo).

In particular, there is a sub-sequence (N;);>1 such that
Phle = Phe
weakly in LP ((Ky x T)®), forallk > 1and p € [1, c0).

The proof of this lemma is a simpler version, due to the boundedness of the
Green function, of corresponding results from [Ner(04], and is therefore omitted.

To characterize the limit, consider the free energy functional on measures on
(Kv X T2 ) N ’

TR0 = £ @ ) + 1 RO X uley™, o)

where € is the relative entropy. It is not difficult to see that . is the unique
minimiser of the free energy. This can be carried to the limit. By convexity and
subadditivity, we can define the entropy

Eilw) = lim ZE(PNVEN @ M),
and thus the limit free energy as
1
@9 T = €00 + 38 || HSO2 X020, ),

where (p™)n>; are the correlation functions of p. Here €, and F¢ are defined on
exchangeable measures on (K, x Ty)" with absolutely continuous (with respect
to powers of v ® {) correlation measures, with bounded densities.

As in [Ner04, Theorem 11], we have the following result.

Proposition 2.2 (Propagation of chaos). All limit points of (up .)nx1 are minima
of the functional F.

If F5 has a unique minimum w, then W is a product measure, namely there is a
bounded function p such that all correlation functions (p};)w>1 of w have densities

pE(Yk,Xk) =ply,x1) - plya,x2) -+ - PV, X1 )
In other words, propagation of chaos holds.

Since the measures pj . are symmetric, each limit point ug ., will be ex-
changeable thus, by the De Finetti theorem, will be a superposition of product
measures, namely

Wy e = J uN(dp),
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for a measure 7t on probability measures on K, x T,. As in [Ner04, Theorem 13],
each measure 7 is concentrated on product measures p®" such that p = pv ® ¢
and the variational principle for J§ can be read as a variational principle for p,
in terms of the free energy

1
29) F(p) = J plogp dvdl+ 2 ” HE (72, x2)p (y1, %1 )p (2, x2) dvE? dEE2,

The corresponding Euler-Lagrange equation, mean field equation in the lan-
guage of [CLMP92, CLMP95, Lio98], is

(2.10) Py, x) = 5 e BV,

where Z is the normalization constant, and 1, is the averaged stream function,
that is Py(x) = [YGm.e(x,y)p(y,y) dvdl. It is elementary to check that the
function py = 1 is a solution, with stream function {,, = 0. If py = (pov @ )V is
the product measure corresponding to py, then it is easy to check that I () =
0. If B > 0, the limit free energy J¢ is non-negative, and , is the unique
minimum. As in [BG99], one can actually show that there is only one minimiser
for small negative values of 3, and thus propagation of chaos also holds for
those values of 3 and limit measure .

2.3.2. Back to the original problem. The program outlined here for (uf . Jn1 does
not work at € = 0 from the very beginning, because, as already pointed out,
the densities are too singular. On the other hand the limit free energy J5 makes
sense at € = 0, as well as the mean field equation (2.10). Moreover, as long as F?
is convex and non-negative, the unique minimum is again . In Section 3 we
prove that, by taking the limit of measures (uf ., Jn>1, with a careful choice of
the sequence en | 0, one can derive, at least when 3 > 0, propagation of chaos,
a law of large numbers and a central limit theorem for the empirical density of
the pair intensity-position of vortices.

Before that we wish to give some comments about the case when f3 is nega-
tive. First of all, we do not expect that v ® { will be a minimiser for all negative
values of (3. This is true for all values of ¢, in particular for the interesting case
€ = 0 and this is the reason we give a detailed computation below. The compu-
tation is similar to [Li098, section 5.3].

Lemma 2.3. Let € > 0 and 3 < 0. Then yuy = v ® { is not a minimiser of the free
energy (2.9) for B < Bo, where

A% ee)\l
BO = 1 2\
v(y?)
and v(y?) = [y* dv.
Proof. Let @ be bounded and with zero average with respect to v ® {, and set
pr = 1+t@, so that pyv ®{ is a perturbation of , for t small. Clearly 3¢ (py) =0
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and
1 m _
Feloy) = J plogpdv dl+ o BE|(—A)F 2<% |2

where ¢(x) = [v@(v,x) v(dy). Expand the entropy around t = 0 and choose
@ =vey, to get

1 _m
F(pt) = F(po) + §t2(1 +BA e M v(y?) +o(t?).
With the choice of 3 as in the statement, |1y cannot be a minimiser. O

The previous result can be read in terms of the equation for the averaged
stream function. If p is a solution of the mean field equation (2.10), define the
averaged scalar,

0,(x) = vaw,x)v(dw - ”vp(%XJ dv dt,

and the averaged stream function {, = [ Gy.c(x,Y)0,(y) dy, then P, satisfies
the following version of (2.10),

[ye ByPe dv— [[ye FYPe dvdl
[[eBy¥e dvdl ’

where D, = (—A)2 e 2. Forp = 1,0, = P, = 0. The linearisation of the
above nonlinear equation around 1} = 0 yields the operator Dy, . + Bv(v?)],
which is positive definite for € > 0 and 3 as in the previous lemma. At least
when ¢ > 0, due to uniform bounds on the minima that one can derive as in
[BGY9, Property 2.2], this shows that the previous lemma is optimal. In the case
€ = 0 unfortunately these bounds are not available and this is only an indication
on what could happen.

We do not know if a law of large numbers and a central limit theorem hold
for —3y < B < 0, or if Gaussian fluctuations hold up to the value 3. This is the
subject of a work in progress.

Dm,elb =

Remark 2.4. One can derive a large deviation principle, as in [BG99], for the
regularized system at fixed e > 0. We have not been able to derive a large devi-
ation principle in the limit N 1 co and € = €(N) | 0, similarly to the results of
the next section, due to a unsatisfactory control of the free energy, the expected
rate function.

3. MAIN RESULTS

In this section we illustrate our main results, that is convergence of distribu-
tions of a finite number of vortices and propagation of chaos, and a law of large
numbers and a central limit theorem for the point vortex system under the as-
sumption of positive temperature 3 > 0. Our results are asymptotic both in the
number of vortices and the regularization parameter €, and thus they capture
the behaviour of the original system (2.1). The results hold, though, only if the
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regularization parameter is allowed to go to zero with a speed, with respect to
the number of vortices, which is at least logarithmically slow.

We know from Section 2.3.1 that, at finite €, propagation of chaos holds and
the limit distribution of a pair (position, intensity) is the measure v @ (. This is
also the candidate limit when €, N converge jointly to 0 and co. This is the first
main result of this section.

Theorem 3.1 (Convergence of finite dimensional distributions). Assume m < 2
and 3 > 0, and fix a sequence € = €(N) | 0 so that

(3.1) €(N)L0 as Ntoo,  €(N)=C(logN) 2=

with C large enough (depending on v and (3). Then, as N — oo, the k-finite dimen-
sional marginals of uj . converge to (v @ ). In particular, propagation of chaos
holds.

The proof of convergence of finite dimensional distribution will be given in
Section 4.1.

We turn to the second limit theorem. Consider a system of N point vor-
tices at equilibrium, with equilibrium measure (2.7), described by the N pairs
(YR, XM, (v, XN, .o, (v, XN) of intensity and position. Define the joint em-
pirical distribution

N
NZ (3 X7

of intensity and position of point vortices.

Theorem 3.2 (Law of large numbers). Assume m < 2 and 3 > 0, and choose
€ = €(N) as in the previous theorem. Then

N — ve L, in probability
as N 1 oco.
The proof of the law of large numbers is postponed to Section 4.2.

Remark 3.3. It is elementary to verify that convergence of nn to { ® v implies
immediately convergence of the empirical pseudo-vorticity,

1 N
_ N
NEN =) o)
]:

to v(y)¢, with v(y) = [y v(dy). This yields a law of large numbers for the
empirical pseudo Vort1C1ty

Finally, we can analyze fluctuations with respect to the limit stated in the
previous theorem, namely the limit of the measures

6N :\/N(HN—V@)E)
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to a Gaussian distribution. To this end define the operators &, ¢ as

G(x) = JT G (%, ) (y) L(dy),

Eb(y,x) 5=YJ

Ky

L YGm(xy)0y,y) vdy ) dy).

The operator & provides the solution to the problem (—A)* ® = ¢ with pe-
riodic boundary conditions and zero spatial average, and extends naturally to
functions depending on both variables v, x by acting on the spatial variable
only. The proof of the following theorem will be the subject of Section 4.3.

Theorem 3.4 (Central limit theorem). Assume 3 > 0 and choose ¢ = €(N) as in
(3.1). Then (Cn)n>1 converges, as N T oo, to a Gaussian distribution with covariance
[— B(I+4 BTu¥) &, in the sense that for every test function P € L2(v @ €), (P, ()
converges in law to a real centred Gaussian random variable with variance

0o (1) = (1= B(I+ Brue®) 'E (W — 1), (b — W),
where P = (v @ 0)(P) and Ty = v(y2).

Remark 3.5. As in Remark 3.3, we can derive a central limit theorem for the
empirical pseudo-vorticity 6N Indeed, VN(On —V(Y)0) converges to a Gaussian
distribution with covariance 'y, (I + BIw¥) !, in the sense that for every test
function p € 12(€), (VN(On — v(Y)0), V) converges in law to a real centred
Gaussian random variable with variance

oo (1) = T (1 + BTo?) (W — ), (B — ).

The Gaussian measure obtained corresponds to the invariant measure (2.2) of
the original system (2.1), when one takes & = 1/T.

Remark 3.6 (Quenched results). The above results hold also in a “quenched”
version, namely if intensities are non-random but given at every N. For in-
stance, consider the result about convergence of finite dimensional distributions
of vortices and propagation of chaos (Theorem 3.1). For every N, fix a family
ry = (y}\' )i=1,2,..~n and consider the quenched version of (2.7),

N (dxg, o dxn) = —rﬁ o NHR O Rixaon) qeN,
b Z ]“7
B,e
If there is a measure v, such that
m
(3.2) N Z By = Vi, N 7+ o0,

j=1

and, due to our singular setting (in view of Lemma 4.4), if

N
1
‘N PSS Jy%(dy)‘GmN(o,O) —0  Ntoo,
i—1
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then the k-dimensional marginals of HE%&N converge to (v ® £)®, for all k > 1.
Under the same assumptions, the law of large numbers also holds. To obtain
the central limit theorem, one needs to assume some concentration condition
on the convergence (3.2).

4. PROOFS OF THE MAIN RESULTS

Prior to the proof of our main results we state some preliminary results that
will be useful in the rest of the section.

Lemma 4.1. Let f € L3(Ty) with zero average on Ty, then
[ @ de— e b | < e,
Ta

Here the norms || - || 2 and || - || s are computed with respect to the normalized Lebesgue
measure £ on Ts.

Proof. Using the well-known inequalities
| —(1 +ix — $x)]

e (1= )|

the proof is elementary. O

Lemma 4.2. Let (Un)N>1, Hoo be random probability measures on Ty x K. Then
(N ) N1 converges in law to W if and only if for every P € C(K, x Ty),

E[ei<1b,uw>] N E[ei<¢7uoo>]
Moreover, test functions can be taken in C*(K,, x Ts).

Proof. Set E = P(K, x T3) and recall that K, x T, is a complete compact metric
space, therefore E and P(E) are complete compact (thus separable) metric spaces
for the topology of weak convergence.

For every { € C(K, x Ty) define ®,, € C(E) as @, (i) = [ dp. Consider the
subset

M ={eP 11 € C(K, x Ty)}

of C(E). By Lemma 4.3 and Theorem 4.5 of [EK86], it is sufficient to prove that
M is an algebra that separates the points of E. It is straightforward to check
that M is an algebra. To prove that M separates points, consider pu,v € E with
Y(u) =Y¥(v) for all ¥ € M. This reads

i) — (i)

for all P € C(K, x Ty). This readily implies that un = v. Likewise if 1} €
CHK, x Ty). [

In the proof of our limit theorems we will streamline and adapt to our setting
an idea from [BPP87]. The key point is to give a representation of the equilib-
rium measure density in terms of a Gaussian random field. Here the condition
B > 0is crucial.
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Lemma4.3. Let (X1, Xa, ..., xn) € To™ be N distinct points, and let y1,7v2, ..., YN €
K. Then

e RHROMY™) — o Zia YiUpe ()] oo BGm.e (00 T v
where Ug ¢ is the periodic mean zero Gaussian random field on the torus with covari-

ance G, e, and Ey, . denotes expectation with respect to the probability framework
on which Ug . is defined.

Proof. The proof is elementary, since by definition of the random field Ug ., the

random vector (Up ¢(x1), Upg e(X2),..., Up c(xn)) is centred Gaussian with co-
variance matrix (3G, e(Xj, Xk))j k=12, ,Nn. Notice finally that by translation in-
variance, G e (X, X) = G (0, 0). O

Lemma 4.4. Assume there are a sequence of i.i.d. real random variables (Xy)x>1
such that there is M > 0 with 0 < Xy < M for all k, and a sequence of complex
random variables (Y )i>1 such that EYy — L, a.s. and |Y| < M for all k. Set
Sn=22 11 Xk, S=EX].

IfFy : [=S, M] — Riis a sequence of functions such that there is o < § with

B 1 =F,(0) < Fuly) <eo™ forally € [-S, M],
m By i= SUPy <snz1 In(MY) —> 1asd — 0,
then
E[Fn(sn - S)Yn] — L,

asn — oo.
Proof. Choose {3 such that o < 3 < %(1 —2a), fix & > 0 and set
A =MmPIS, — S| <&
By the Bernstein inequality there is ¢; > 0 such that
(4.1) PIAS] < oo
In particular, nP(S,, —S) — 0 a.s.. Now,
E[Fn(Sn —S)Ynl = E[Fn(Sh — S)Ynla, ] + E[Fn(Sn — S)Ynlac] =:[i]+[o]
First, using the first assumption on F,, and (4.1),
B < Me®™ ™ PAS] < Mecon—em

by the choice of 3. For the other term, let 05(y) = (y /A d) V (—9), then (recall
that o < p),

= E[F(n"%05(m*(Sn —S)))Ynla,]
=E[(Fa(n %05(n*(Sn —S))) —1)Ynla, ] + E[Ynlacl.
By (4.1), E[Y,1a¢] — L, moreover,
[E[(Fa (=05 (n*(Sn — $))) — 1) Ynla,] | < M(Bs —1)

and Bs — 1 as & — 0 by the second assumption. The conclusion follows by first
taking the limit in n, and then the limit in o. O

1-2p

1-2

B
— 0,
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4.1. Proof of Theorem 3.1. This section contains the proof of convergence of
tinite dimensional distributions of the equilibrium measure (2.7). To this end it
is sufficient to prove convergence of the characteristic functions.

Fix n > 1, and assume N >> n. By exchangeability of the measure pf , it is
sufficient to focus on the first n vortices (vy1,X1), ..., (Yn, Xn). We have dropped
here for simplicity the superscript V. Fix a = (a;,as,...,a,) € RFand b =
(by,bs,...,bn) € (R?)*, we will write a -y as a shorthand for a;y; +- -+ anyn,
as well as b - X as a shorthand for b, - X; +---+ b, - X,1.

With these positions,
E,y [ele7+*X)] = Z%J ..Je“a“b'x) ¢ RHR O qgoN gyeN,
N Boe

By using Lemma 4.3, the formula above can be re-written as

E [ei(aq/er-X)} _

Mg e
:L ilay+bx)+ o0 T viUp e (%)] L3 BTN Gme(0,0) 3p@N 34,®N
7N Eugj e e dee™ dver,
B.e h
where
LN
j=1

that by the law of large numbers converges in probability to E. [y?] = TI.

We write now the space integral of the expectation in the integral above in a
more compact way, to make our computations easier. Extend the vector b to 0,
in the sense that b; = 0ifj > n + 1, and set

AY(b) ‘:J o (b Use ) gy
To

)

2

LQ(IZ) J eibj‘Xj de’
To

2
‘y.
2
2N Huf3€

Bl (b) :==e

DY(b) :== Al (b) —BY(b).

We thus have
N
i(a- ) 1 . N I o N
EHE‘,E [e (a-y+b X)} = —ZEI J ..Je QYEU}?,E [H Aej(b)] e2PTNGme(0,0) 3@ :
7€ j:l

Since we have the straightforward decomposition

N N N  k—1 N
[TAN® =T8N+ (TTAN®)-DX®) - ( TT BYM®).
j=1 j=1

k=1 j=1 j=k+1

if we also set
N

L(a,b) = J . .Je%ﬁ(rNroo)Gm,e(QO) elaY EUBE [H B]e\‘j (b)] dV®N,
j=1
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and
&(a,b) = J . Je%ﬁ(mrm)csm,e(om ol

N k-1 N
By, | Y (TTAYN®)DN®)( TT BY®)] aver,
k=1 j=1 j=k-+1
we have that
i(a- . ]- 4
Eug,e [el( Y+b X)] — ﬂe%ﬁrme*E(o’o)(L(a,b) —|—8(a,b))

If in particular we take a = b = 0, we obtain an analogous formula for the
partition function,

ZN, = e3PT=Cmc(00)(£(0 0) + £(0,0)),
and in conclusion
_ L(a,b) +&(a,b)

£(0,0) + €(0,0)
L(a,b) &(a,b)

B Z(0,0) 20,0
- ( &(a,b) + 8(a,b)>'

(
1+ £(0,0) 1+ £(0,0)

It is sufficient now to prove that

L(a, b) N J . .Jeiaqﬂrib-x d€®n d\/®n,
£(0,0)
(4.3)
&(a,b) 0
£(0,0) ’

asN T oo, e =€(N) |0, forall aand b.

We first analyze £(a,b)/£(0,0). If (Ug e x)k>1 are the components of Ug .
with respect to the eigenvectors ey, e;, ..., we notice that (Ug ¢ x)x>1 are inde-
pendent centred Gaussian random variables, and for each k, U ¢ i has variance

Bgg, where we have set for brevity gf = A;m/ % ¢~€M_ Therefore, by Plancherel,

N 0

1 A 1

9 Z H%Uﬁ,e’ﬁm) - §FN Zu%,e,lo
j=1 k=1

and by independence,

Eu,. [ﬁ BY (b)]
j=1

r

=

(

el dﬂ)Eu [e—%l"N PR u%,e,ki|
Be

J1,

u
I
-

r

. 1
et dﬂ) Eu [e’ﬁr‘\‘ u%@k]
Be

I
.a:

u
I
_

J,

r

1
L (14 BgErn)?

s [ s

el®i %) dﬂ)

I
.a:

u
I
_

JT,

~
I
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using elementary Gaussian integration. Thus we have

£L(a,b) = <HJT2 e’ de) (Hl 1+Bg§r )%)-

(4.4) j=1
J . .Jela'v FN(FN _ roo) d\/®N,
where
45 Fu(X) = e2BXGneOO T (14 — Pk x) 7,
(4.5) n(X) = E<+1+Bgiﬂm)

If we prove that Fy meets the assumptions of Lemma 4.4, we immediately have
the first claim of (4.3). Indeed, set

Bax

Ck=—"""-,
T 14 BgeTy

then, by using the elementary inequality log(1 +x) > x — 5%%,

2 log FN (X) = BGm@(Oa O)X - Z log(l —+ CkX)

=1
< (Bvae(0,0) —kick>x+ %(g ci)xQ
<( Gm.e(0,0) ick) (§Ck>2x2

Since

0<Y cc<BY g5 =BGn.c(0.0)
k k

both assumptions of the lemma hold if there is « < i such that Gy, ¢(0,0) < N*.
On the other hand, it is elementary to see that
% 1

e—e?\k ~ e 2 (2—m)’

(4.6) Gme(0.0)=) gi=) A

k=1 k=1

since A ~ k, therefore our choice of € = €(N) is sufficient to ensure the assump-
tions of Lemma 4.4 for Fy.

We turn to the analysis of £(a,b)/£(0,0). By their definition, we have that
A% (b)] < 1and [BY(b)| < 1, therefore,

e, [ (TTAN )P0 ( TT B0)]] < 3 B, 10X
k=1 j=1 j=k+1 k=1

and it remains to estimate the expectations of the terms IDL\']. (b)].
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2
2w de

€)

Y;j v§
DY o) < [ [eitne) oo
To

\|/j|J
< —= (%) + ellizie| dl
N T| pe(x5) + [Upellr2(o)]

S \/— Upelliz(e
where we have used the elementary inequalities | e —1| < [x| and 1—e2Y° < lyl.
Thus forj < n,

1 1
Ey,, DY (D) < TE ||u(3e||%2(e)] 2 <
since Ug. is a Gaussian random field with covariance 3G, .
If on the other hand j > n + 1, by Lemma 4.1,

Gm,e(0,0),

-

1
Euﬁe HDL\IJ(b)H 5 N3/2Euf5€ [ ”YJUBEHLEB(E)}
1 4 3
S N3/2 (Eu. [ h’iuﬁeHLél(z)])4

1

since

Bu, [Up.cllto) = | ElUp.o(x)'dt =
4.7) T,

= J 3B%Gm.e(x,%)* dl = 3B*G . (0,0).
T2

In conclusion

N
E(a,b) < J JG%B(FNF )Gm,e (0,0) ZEUBE DN, (b)) dveN
n N—n
< —=1/Gm.e(0,0) + Gm€ 0,0 &
(\/N ( ) NE (0,0)2 ) 0
< ﬁ(u Gn,e(0,0)%)E,,
where we have set for brevity
4.8) &y = J . .Je%B(FNFm)Gm,e(O,O) dveN.

It is easy to see that by Lemma 4.4, £, — 1. Moreover, by our previous compu-
tations, see (4.4), we can write £(0,0) as

o0

1 3
00 = ([ prge)
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with £y — 1. We have,

o
1 € €
4.9 - - ef Zk log(lJrﬁroogk) > ef Zk ﬁroogk — efﬁroon,e(OyO)7
®) H 1+ Blegf -

therefore

So it is sufficient to choose € = €(N) so that

1
VN
Using (4.6), we see immediately that it suffices to choose e 22 m) L clogN,
with ¢ small enough.

(4.10) (14 Gum.e(0, 0)5) eBl=Gme(00)

4.2. Law of large numbers. We turn to the proof of Theorem 3.2 on the weak
law of large numbers for point vortices. We will broadly follow the same strat-
egy of the previous section.

First of all, we notice that it is sufficient to prove convergence in law of ny to
{®v. Moreover, in view of Lemma 4.2, it is sufficient to prove convergence of the
characteristic functions over test functions { € C(K,, x Ty). Fix1p € C(K, x Ts),
then by using Lemma 4.3,

EuNe[ei<11’7TlN>] =
1

i N
= TN J .. J'EU}?E [eﬁ 2= ﬁlb(VLXjHVjUrs,e(xj)} e3BTNGm c(0,0) 4p®N d\/®N’
(376 ’

where 'y has been defined in (4.2). We set now some notations to shorten and
simplify our formulas. Let £(})(y) = [ (v, x) {(dx) and ¢ = — €(). For a
function a € C(K, ), define

—_

N
4.11) Mn(a) =< D aly;).
j=1

Set moreover,

i (L X . .
AN () = JT o (ot )imtes) g
2

2
L2(0)

I

BN () := e*% H ﬁ¢(¥j,')+YjUﬁe

DY () == AL (d) —BY(d).

We have the decomposition

=~

—1

N N N N
412) TJAN@) =T8N +Z( AN()) - DN(@) - ([T BY(@).
j=1

j=1 k=1 j=1 j=k+1

—.
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If we also set

o)
€
Il
%
%
D
o]
>
|
o
3
>
2
CD»—-
<
z
=
£
=
c
kS
—7
os]
0z
<
L
o
<
®
z

\_.
I
-

N k1 N
Eu, | Y_(TTAN(@)DN(o)( TT BY(@))] ave™,
k=1 j=1 j=k+1
we have that
i N 1 m,e
By [0 ) = g et B (L) + E(9)).
A similar formula can be obtained for ZE‘S, therefore
- L) +EQ)
E n [el®mN] —
L = o F e
It is sufficient now to prove that
L) — Vet and EW) — 0,

£(0) £(0)

asN 1 oo, e = €(N) |0, for all V.
We first analyze £()/£(0). Let (Up ¢ x)x>1 and ($x)x>1 be the component of

Ug . and ¢ with respect to the eigenvectors ey, ey, ..., and we set again gg =

A ™2 Ak, By independence and elementary Gaussian integration,

N
_ 1 yN 1 . . 9
Euﬁe |:H B]E\l] ((b):| — Euﬁe |:e 2N Z]:1 I \/ﬁ‘b(ﬁh )+’Y]u[57€HL2(e):|

j=1

o0
_ Ml TR, [e‘ﬁMNWd’k)uﬁ’e’k‘%mu?ﬁﬁ*]
B,e
k=1

[ee} 2,4€
LﬁMN(Ytbk) i
_ e—ﬁMN(H‘bHLQ | |( —e 2N T I+BINIE >
k=1 1+ BFN gk)2

Thus we have

(4.13) (ﬁ g

where
(4.14)

Lo(p) := J . 'JFN(FN —Ty) el (MN (L)) —veL(D))
BMN (vPi )2 gf

1 2 1 [e ]
—saMn (]l ) AN kel IipTaeE S N
2N 2 2N 1B &
e M7 e No o dvET
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and where Fy has been defined in (4.5). Since we look at the ratio £(1)/£(0), it
is sufficient to prove that Lo(}) = 1as N T coand € = €(N) | 0, for all . In
view of Lemma 4.4, we notice that

G MR L) —vaLW)) Ly

a.s. by the law of large numbers, and it is bounded. Likewise, the same holds
for
2%\! MN Hq)HLQ

e —
Finally, since M (Y )? < TnMn (¢i),
BMn (vdx)? 2
(4.15) Z T BrNgk Z Mn ($}) = Mn([[d[IT2(e))

is bounded, we also have that

Ly BMN (v )2 g€
2N £k=1 " 1+BTgL
NOe o — ],

and is bounded. Since we have proved in the previous section that Fn meets
the assumptions of Lemma 4.4, we conclude that £,() — 1.
We turn to the analysis of £(1)/£(0). By Lemma 4.1 and formula (4.7),

1

i, DY ()1 S <arzBug. [ o005 )+ Vslpel o
1 3
S Bz N3/2 EufieH\/_d) Y],')—FY]UBeHH })4
1 3
SJ N3/2(1+Gm,€(070)§)'
Therefore,
N k-1 N
s |3 (TTAY @) 0200 TT BY(61)] < 3 u, 0000
k=1 j=1 j=k+1 k=1
1 3
< ——(1 Gm,e(0,0)2
Nm( + (0,0)2),
so in conclusion
E) S —— (14 G (0,0)3)€,,

~J \/_
where & is defined as in (4.8), and £, — 1. Using the expression of £(0) given
by (4.13), and formula (4.9), we have

1 3
@ < _(1+ Gme(o O)g) BTooGm,e(0,0)

L(0) ¥ VN

As in formula (4.10), by our assumption on € = €(N), the right-hand side con-
verges to 0.

&
Lo(0)
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4.3. Central limit theorem. We finally turn to the proof of Theorem 3.4 on the
fluctuations of point vortices. Again, the strategy is the same of the previous
sections. By Lemma 4.2, it suffices to prove convergence of the characteristic
functions over test functions 1\, with \p € C}(K,, x T,), namely to prove that

E N [ei<1l)7CN>] _)e éo'oo(ll))Q
Mg e

To this end fix P € C'(K, x T3), and use the same notations of the previous
section, namely ¢ =1 —£() and the operator My defined in (4.11). Let (dx)k>1
and (G x)k>1 be the Fourier coefficients of ¢ and G,, with respect to the basis

of eigenvectors ey, es, . ... It is an elementary computation that
2= 2 2 G V(Y i)
(4.16)  0x(W)* =VvW)*) = v L) + [ PllT2(vee) — B Z T
By using Lemma 4.3,
. 1 ) )
EHE& [ei(P:En)] = ﬁ J - Jen/ﬁ(MN(e(w))—v@e(w)) e2BTNGm,e(0,0)

'EUN [eﬁZ}il ¢(Yj,Xj)+YjUB,€(Xj)] d€®N d'\/®N
B.e ,

where I'y is defined in (4.2). With the positions

Ale\ll((b) = ‘Lr e\/_lﬁ (‘b(ﬁ’jij)-H/jUBe(xj)) df,
2
2

L2(0)
)

1
N ||y )+yiUpge
Bej((b) «— g 2N H j j

DN(¢) == AN(¢) — BN ().
the decomposition (4.12) still holds. Set also
En(V) = el VN(MN (E(1)—veL (W)

- N
L) = |- .Jeéﬁ(rwroo)Gm,e(O,O) En (I‘I))Euﬁe [H B]e\'j (d))] dV®N,
J i1
and
) = [ [elp G ey ),
’ N k-1
a2 ([TA%@)ox @ I B3e)] e
k=1 j=1 j=k+1
then, as in the previous sections,
- L) +E(W)
E n [elf®mn] —
O = e e )
and it is sufficient now to prove that
L) — ¢ 3OV and Elb) — 0,

£(0) £(0)
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asN T oo, e = €(N) |0, for all .

We first prove the convergence of the ratio £(1)/£(0). Let (Up ¢ x)k>1 and
(dx)k>1 be the components of Us . and ¢ with respect to the eigenvectors
e, s, ..., and set again g := 7\;“/2 e €Mk
elementary Gaussian integration,

. By Plancherel, independence, and

N
_ 1 yN . ) 9
Eu,. “ | BE']- (cb)} =Euy,. [e N L1 1o (vs, )+y1u5,€\|L2m]
j=1

o0
1
_ o M0t TT Ry, [e—%(muﬁ,e,kww (kuﬁ,e,k)}
€
k=1

BaEMp (vdy)?

— o iMnlIdlEz) H(—l em).
(1+ BIngg)

k=1

Thus we have

with

(4.17)

2
1 2 1 o IEMN(YPy)
—sMn (Pl ) B € N
2 2 2 1+BT; ®
e 07 e N9 dvET

and where Fy has been defined in (4.5). As in the previous proofs, it suffices to
prove that £,({) — e 2=(%)> as N 1 0o and € = ¢(N) | 0, for all . Since we
know already by the proof of Theorem 3.1 (see Section 4.1) that Fy verifies the
assumptions of Lemma 4.4, it is sufficient to prove convergence in expectation
of the other terms in Ly(). First,

1 i 2 1 ¢ 2
2 2 2 2
e L=(¢) —s e L (V®€)’

and

g My (Y )2
o3BT e

1+[3|"Ng§ SN

1py G kY (v )2
82 k=1 THBToo G i

converge a.s. and in L' by the strong law of large numbers. The first term is
obviously bounded, the second is bounded by the computations in (4.15). Here
we can pass to the limit also in the sum using the smoothness of ¢. Finally, by
the central limit theorem for i.i. d. random variables,

(4.18) En () —s e~ 3(VIEW—vae$)?)

By recalling the explicit form of o, (1) given in (4.16), we conclude that £,(1))
converges to e~ 2% (),
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We turn to the analysis of £(1)/£(0). By Lemma 4.1 and formula (4.7),

1 3
EUﬁeﬂDL\IJ(d))H 5 N3/2Eu[§€ |: }(b(“/]) ) +‘Y]uf3€H]_3(g)i|
1 3
5N3/2(1+Gm€(0 0)2)
therefore, as in the previous sections,
1 3
E(Il’ Gm e(o 0)5)80,

S (1+
\/_
with £y — 1. In conclusion,
c) 1

3 &
=< 14 Gu,e(0,0)7) ePloCmel00) 20
20) ~ IR (0,0)2)e 2o(0)

As in formula (4.10), by our assumption on € = €(N), the right-hand side con-
verges to 0.
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