RESEARCH ARTICLE | JANUARY 07 2020
Energy conditional measures and 2D turbulence ©©

Franco Flandoli ©© ; Dejun Luo

‘ '.) Check for updates ‘

J. Math. Phys. 61, 013101 (2020)
https://doi.org/10.1063/1.5099359

A CrossMark
X A

View Export
Online  Citation

Mathematical Physics

Y
o
©
c
p -
-
o
ﬁ

Journal of Mathematical Physics

Young Researcher Award:

Recognizing the Outstanding Work
of Early Career Researchers

Learn More! é Publishing

AIP

AIP
é/_‘_ Publishing

L¥:0v'S1 veog Aenuer 6z


https://pubs.aip.org/aip/jmp/article/61/1/013101/465457/Energy-conditional-measures-and-2D-turbulence
https://pubs.aip.org/aip/jmp/article/61/1/013101/465457/Energy-conditional-measures-and-2D-turbulence?pdfCoverIconEvent=cite
https://pubs.aip.org/aip/jmp/article/61/1/013101/465457/Energy-conditional-measures-and-2D-turbulence?pdfCoverIconEvent=crossmark
javascript:;
https://orcid.org/0000-0003-2837-3784
javascript:;
https://orcid.org/0000-0002-6944-3200
javascript:;
https://doi.org/10.1063/1.5099359
https://servedbyadbutler.com/redirect.spark?MID=176720&plid=2063253&setID=592934&channelID=0&CID=754915&banID=520996574&PID=0&textadID=0&tc=1&scheduleID=1989154&adSize=1640x440&data_keys=%7B%22%22%3A%22%22%7D&matches=%5B%22inurl%3A%5C%2Fjmp%22%5D&mt=1706542841881786&spr=1&referrer=http%3A%2F%2Fpubs.aip.org%2Faip%2Fjmp%2Farticle-pdf%2Fdoi%2F10.1063%2F1.5099359%2F15908736%2F013101_1_online.pdf&hc=035d25aa742b89bbcc3ea3997a38a582576b997e&location=

Journal of

Mathematical Physics ARTICLE scitation.org/journal/jmp

Energy conditional measures and 2D
turbulence @

Cite as: 3. Math. Phys. 61, 013101 (2020); doi: 10.1063/1.5099359 @ i @
Submitted: 9 April 2019 « Accepted: 5 December 2019
Published Online: 7 January 2020

:1,a)

Franco Flandoli and Dejun Luo®”

AFFILIATIONS

TScuola Normale Superiore of Pisa, Piazza dei Cavalieri 7, 56124 Pisa, Italy

?Key Laboratory of RCSDS, Academy of Mathematics and Systems Science, Chinese Academy of Sciences, Beijing, China
and School of Mathematical Sciences, University of the Chinese Academy of Sciences, Beijing, China

2 Email: franco.flandoli@sns.it
PIEmail: luodj@amss.ac.cn

ABSTRACT

We show that the invariant measures of point vortices, when conditioning the Hamiltonian to a finite interval, converge weakly to the enstro-
phy measure by conditioning the renormalized energy to the same interval. We also prove the existence of solutions to 2D Euler equations
having the energy conditional measure as an invariant measure. Some heuristic discussions and numerical simulations are presented in
Sec. VL.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5099359

I. INTRODUCTION

Invariant measures of 2D Euler equations may be candidates for the description of turbulence but which ones are more appropriate
for this purpose is still an open problem. Some invariant measures, such as those obtained by tightness of the family of invariant measures
for Navier-Stokes equations with vanishing viscosity, are presumably relevant, but they are also implicit, and it is not clear how to compute
for relevant quantities such as the energy spectrum. Others have an explicit form, for instance, of Gibbs type, but it is not clear yet how
relevant they are for turbulence. Among the latter ones, we focus on two known measures and introduce new related invariant measures of
microcanonical type. In Sec. VI, we show their limitations in capturing turbulence features and discuss potential modifications with better
properties, however not amenable of a rigorous presentation yet.

The two already known invariant measures that constitute the starting point of our investigation are the so-called enstrophy measure
and a uniform measure on point vortices. The enstrophy measure is of Gibbs type, associated with the invariant for 2D Euler dynamics
called enstrophy. Since this invariant is a non-negative quadratic form, the enstrophy measure can be defined as a Gaussian measure. More
information and a precise definition are given below. The uniform measure on point vortices will be defined now, and the scaling limit relating
this uniform measure to the enstrophy measure, which is a known result, will be recalled; then, we introduce the microcanonical modifications
and describe our results. Let us start by recalling the point vortex dynamics associated with the 2D Euler equations.

The vorticity formulation of the 2D Euler equations on the torus T2 = R?/Z? reads as

Ow+u-Vo=0, |=o=wo, (1.1)

where u is the velocity field and w = VY - u=0u; — O1uy is the vorticity field. We are interested in the singular case in which wy is a finite
sum of Dirac delta masses on T>:

N

wo = Ei&xi .
2. 6idx,
i=1
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The points X; € T2 are called point vortices with the corresponding intensities & € R, := R\{0}, 1 <i < N. In this case, the Euler equation
(1.1) can be interpreted as the following interacting particle system (cf. Ref. 20, Chap. 4):

dx;
dt

=S KX -X)), X'l =Xp, 1<i<N. (1.2)

JFi

Here, K is the Biot-Savart kernel on T? given by K = ViG = (0,G,-0:G), with G being the Green function on T2. This is a Hamiltonian
system with the Hamiltonian

HN(Ex)s o Eo)) =~ S GG - ). (1.3)

2N \<igen

The coefficient —1/(2N) here is chosen so that Hy converges weakly to the renormalized energy of the white noise (see Sec. IT A for its
definition).

Since the kernel K is divergence free, it is easy to check that, for any fixed intensities (i, . . ., &) € RY, the Lebesgue measure dx; . . . dxy
on T? = (T?)¥ is invariant for the system (1.2). If we also randomize the intensities, a measure like

An(dxi, ... dxn, déy, ... déEn) = dxg . dxw N (dE) .. N (dEw) (1.4)

is invariant too, where A/ denotes the standard Gaussian measure on R. This follows from the fact that Ay is a product measure of dx; . .. dxy
and N(d&)) ... NV (dén). We can rewrite the Hamiltonian 7y as a functional of the scaled point vortices

1 N
wn = —=) &by, (1.5)
N
Indeed, if we regard G as a function on T2 x T? by setting G(x,y) = G(x — ) and G(x, x) = 0 for all x, y € T2, then
1
/HN=—E<(0N®(4)N,G). (1.6)

Let pn be the law of wy on H ~17(T?) under the measure Ay, where H™ '~ (T?) is the intersection of all the Sobolev spaces HY(T?) of order less
than —1. It is proved in Ref. 10, Proposition 21 that the sequence of measures yn converges weakly to the enstrophy measure g, which has the
heuristic expression

pu(dw) = % exp( 2wz(x) dx)dw.

2t

The quantity [, w?(x) dx is called the enstrophy of a vorticity field @ € L*(T?). Thus, x has the identity operator on L*(T?) as the covariance
operator, which coincides with that of the white noises. This implies that u is the law of white noise on T, Recall that the measure y is
supported by H™'~(T?).

Let w be a white noise on T2, defined on some probability space (®, F,P) and taking values in H™'~(T?). In this paper, we use ®, instead
of ), to denote the probability space since w is commonly used in fluid mechanics to denote the vorticity field (here, it is a white noise). Let
:H:=: H(w) : be the renormalized energy of w (see Sec. II B for its definition); we can also regard : / : as a random variable defined on
the probability space (H ~1=(T?), B(H —1=(2 )), ;4), where B(H _1_('JI‘2)) is the collection of Borel measurable sets. Fix a, b € R with a < b; from
Proposition 2.4, we always have

u({: H € [a,b]}) > 0.

Therefore, the conditional measure
AN {:H € [a,b]})

a,b _
H = H < @ b])

. AeBHTT(TY) (1.7)

is well defined. On the other hand, we shall prove in Proposition 3.1 that limy— coun({Hn € [a,b]}) = u({: H :€ [a,b]}) > 0; hence, we can
define in the same way the energy conditional measures for the point vortices,
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ab, oy _ UN(A D {Hn €[a b]})

—1— 2
un({Hn € [ab]}) A€ B(H(T). (1.8)

The main result in the present paper is

Theorem 1.1. The family {yl’i}h} of energy conditional measures converges weakly to u®".

N>1

This result shows the convergence of a class of microcanonical measures. We mention that, when the intensities {&;};»; are i.i.d. centered
Bernoulli random variables, Benfatto et al.” proved that the canonical Gibbs measures of the point vortices, with appropriately regularized
Green functions, converge to the Gaussian measure g, (dw) = e P24y (B,y > 0 and H and E are the energy and enstrophy functionals,
respectively), which are invariant for the 2D Euler flow. In the recent work,'” an analogous result was proved without smoothing the Green
function; see Ref. 13 for a related result concerning the generalized inviscid surface quasigeostrophic equations.

It is worth mentioning that the general principle of equivalence of ensembles does not necessarily hold for the 2D Euler flows.
As discussed in Ref. 16, p. 110, Sec. 25 (see also Ref. 5, Sec. 3.2), the canonical ensemble is the natural ensemble for a physical sys-
tem in contact with a thermal bath, with which it can exchange energy; on the other hand, when the physical system can be considered
as being isolated (or the characteristic time for energy exchanges with the environment is much longer than the characteristic time for
relaxation toward equilibrium), then the microcanonical ensemble is the relevant one. It seems difficult to couple the 2D Euler flows
with a thermal bath, thus the appropriate statistical ensemble is the microcanonical measure. Moreover, the microcanonical and canon-
ical ensembles are often nonequivalent for 2D Euler flows since the interactions in the Euler dynamics are of long range. In the mean
field regime of the Onsager theory, they are equivalent, see Refs. 6 and 9, but in the regime studied here, the infinite particle limit is
not the canonical Gibbs measure associated with the renormalized energy. See Refs. 5 and 24 for more discussions on nonequivalence of
ensembles.

The results presented here are meant to be fragments of a more general investigation on invariant measures of 2D Euler equations, in
the attempt to capture some features of the inverse cascade turbulence. The Onsager theory, extremely relevant for the explanation of large
scale coherent vortex structures, does not provide a description of the inverse stationary turbulence; but unfortunately, the regime studied
here is not the correct description either. In a sense, the Onsager theory and the regime considered here are two extremes, both with relevant
features, but turbulence is somewhat in between. In Sec. V1, we discuss this issue.

The above theorem will be proved in Sec. II1. To this end, we first make some necessary preparations in Sec. II, including the definitions
of (w ® w, G) and of the renormalized energy : H : = : H(w) : for a white noise w; the relation between them will be clarified in Sec. II C. We
study in Sec. IV the limiting behavior of the correlation functions of the energy conditional measures on the “flat space” (R x T?)", following
some arguments in Ref. 17, Sec. 5.4 (see also Refs. 6, 7, and 21 for related results). Based on the results in Ref. 10, we prove in Sec. V the
existence of solutions to the 2D Euler equations having the energy conditional measure u*’ as an invariant measure. Finally, we present in
Sec. VI some heuristic discussions together with numerical simulations of the spectrum functions for point vortices, illustrating the relevance
of our results to 2D turbulence.

Il. PRELIMINARY RESULTS ON THE RENORMALIZED ENERGY

In this section, we make some preparations regarding the renormalized energy of a white noise w on T2. We shall regard T? as
[-1/2,1/2]* endowed with the periodic boundary condition. First, we follow the idea in Ref. 10, Sec. 2.4 to define the quantity (w ® w, G),
where G is the Green function on T2. Second, we recall the definition of the renormalized energy : A : using the Galerkin approximation;
based on the series expansion of :  :, we are able to show that its law has full support on the real line. Finally, we study the relation between
(w® w,G) and : H :; see Theorem 2.8.

A. Definition of (0w ® w, G) for a white noise w

In this part, we follow the approach in Ref. 10, Sec. 2.4 (see also Ref. 12, Sec. 2.2) to define the quantity (w ® w, G) when w is a white noise
on T?, defined on some probability space (®, F,P). We recall that, by definition, w is a centered Gaussian random variable taking values in
the space of distributions C*(T?)’ such that for any ¢, v € C=(T?), one has

E[{w, ¢)(@,y)] = (¢, 9).

Here, E is the mathematical expectation with respect to the probability measure P, and (.,.) denotes the duality between distributions and
smooth functions or the inner product in L*(T?) when both objects are functions. Using the Fourier basis on T?, it is not difficult to show that
the law p of w is supported by H™'(T?). The results below are proved in Ref. 10, Corollary 6, and we only provide abbreviated arguments
here.

L¥:0%:G1 Y20z Aenuer 67

J. Math. Phys. 61, 013101 (2020); doi: 10.1063/1.5099359 61,013101-3
Published under license by AIP Publishing


https://scitation.org/journal/jmp

Journal of
Mathematical Physics ARTICLE scitation.org/journal/jmp

Lemma 2.1. Let w: ©® — H™ '~ (T?) be a white noise.

(i) If f e H*(T* x T?), then for every p > 1, there is constant Cp > 0 such that

Ell{w® w, f)I'] < Gyl [

(i) Wehave E{w ® w, f)= [1. f(x,x) dx.
(iil) If f is symmetric, then

E{(w®w,f) -E{w® w,f)|2] =2 TZXTZf(x,y)Z dxdy.

Proof. We regularize the white noise by a mollifier 6;(x) = e 20(¢™"x), where 8 € C*°(T?R,) is symmetric and has a small support
around x = 0. Let we(x) = (@, B:(x — .)), x € T% then, {we(x) }xe1 is a centered Gaussian family, satisfying

Efw.wc)] = [ 0.0c= 20y~ 2)dz = (0, * 0)(x— ) = &y

Here, for x € T2, we denote (6 * 0:)(x) by &5 since it is an approximation of the Dirac delta distribution.
Using the Gaussian properties of the family {we(x)}e1, one can prove the following results (the details can be found in Ref. 10,
Lemma 5):

(i") for every p > 1, there is constant Cp > 0 such that, for all e > 0,
E[[{w: ® we, )] < G| %

(ii’) E[(“)s ® we, f)]: szXTzafc—yf(x)y) dXd)/,
(iii")  if f is symmetric, then

E[[(we ® we, f) = E{we ® w, f)[] = Zf(m, 8,0y, —y, f (X1, 71) f (2, 2) dxrdyrdxadys.

Now, note that the function f belongs to H**(T* x T*); thus, it is continuous on T x T* by the Sobolev embedding theorem. Moreover,
(i) implies that the family {|{w, ® we, f)|}e>0 is uniformly integrable; thus, we can let ¢ tend to 0 in the above results to get the desired
assertions. O

Based on these facts, we can give a definition of {(w ® w, G) when w is a white noise on T°.

Proposition 2.2. Letw : ® — H™'"(T?) be a white noise. Assume that G, € H** (T x T?) are symmetric and approximate G in the following
sense:

lim [ (G- G (oy)dudy=0, lim fT Gulx,x) dx = 0.

n—oo JT2xT:

Then, the sequence of random variables (w ® w, G,,) is a Cauchy sequence in mean square. We denote its limit by (w ® w, G).
Moreover, the limit is the same if G, is replaced by G, with the same properties and such that limnﬂoofTZXTz (G — Gn)z(x,y) dxdy = 0.

Proof. The proofs are the same as those of Ref. 10, Theorem 8; we recall them here for completeness. Since lim,— oo f'ﬂ‘l Gn(x,x)dx =0, it
is equivalent to show that (@ ® w, Gu)— 1. Gu(x, x) dx is a Cauchy sequence in mean square. We have
]

E[‘(w@w,Gn)—[Ean(x,x)dx—(w®w,Gm)+szGm(x,x)dx
]

where the last equality follows from (ii) and (iii) of Lemma 2.1. This implies the Cauchy property, and thus, (v ® w, G) is well defined. The
invariance property is proved similarly. O

:E[‘(w@ ®, Gy — G) — fTZ(G,, — Gp)(x,x) dx

=2 n m2 > >
TZXTZ(G Gm)"(x, y) dxdy.
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Here is an example of the approximating functions G,. Let y : T? = [~1/2,1/2]* - [0,1] be a smooth and symmetric function with
support in a small ball B(0, r) and equal to 1 in B(0, r/2). For any # > 1, set y,(x) = y(nx), x € T?. Define

Gn(.x) = {G(x)(l _X”('x))> X F 0,
0. x=0.

We regard G, as a function on T2 x T2 by setting Gu(x,y) = Gu(x —y). Since Gu(x,x) =0, we have the following estimate [cf.
Lemma 2.1(iii)]:

E[((0 ® w,Gn) — (0 ® 0, G))*| < 2 o (G = G)*(x, y) dxdy. (2.1)

B. Definition of the renormalized energy : ‘H :

In this subsection, we recall the definition of the renormalized energy :  : via the Galerkin approximation. To this end, let {e;} kez2 be
defined as

(2.2)

2nk-x), keZ:,
ek(x)=ﬂ cos(2mk - x) € ;
sin(27k - x), keZ-,

where 72 = Zz\{o} and Z2 = {k €Z%: (ki >0)or(ky =0, ky > 0)} and Z* = -Z2. This family of functions is an orthonormal basis of square
integrable functions on T* with vanishing mean. Let w be a white noise on T, then the random series

w= Z (w, ex)ex,

keZ
converges in mean square in H™'"°(T?) for any 8 > 0. For N > 1, define Ay = {k € Z2 : |k| < N} and

Wy =) (weder, un=K*on,
keAy

where K is the Biot-Savart kernel:

K(x)=V G(x) - Z |k|2 2mk~x,
ksZ2

with V* = (95, -01) and k* = (kz, —k1). Set
1 .
N = *f lun ()] dx,  En = En - Eé.
2 J12

The following result is well known [(see, e.g., Ref. 1, p. 593) or (Ref. 2, Proposition 2.5)].

Proposition 2.3. The sequence {E’N}I\,>1 is Cauchy in L*(®,P). Denote its limit by : H : and call it the renormalized energy; one has

L¥:0%:G1 Y20z Aenuer 67
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E(:H:|
( ) 3271.4 kezZ:z |k|4
Proof. We give the detailed computations since we need the exact coefficients. Note that
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sm(2n’l x).

2712

iz 1P

Therefore, if k € Z2, then

(K *ep)(x) = 1 Z i[[rz sin(2ﬂl-(xfy))\/icos(an-y) dy

2”lsZ§ |1?

\/i Kkt 1k
— W sin(27k - x) = 3 We_k(x),

where the second equality is due to the fact that the integral vanishes unless [ = +k. Similarly, if k € Z2, then

L
(K * ep)(x) = |l|2 / sin(27l - (x — y))\/zsm(an -y)dy (;c?e_k(x)
e 7
Thus,
uy =K *w, ! > K (w, ex)e
N = N=—7— ), —{wer)e.
2m 5 |k
As a result,
1 1 2
un ()| dx = (w, ex){(w, e){e_re_;) = (w, ex)”.
_/ 8 Zkg |k|2|l\ 8712,{;:\1 kJ?
Consequently,
En = (w, ek -1). (2.3)
8r? k; |k\2
Next,
& o D({(w,e) -1
[( N)] 647‘[4 Z |k|2|l\2 [ , ) )(w,er) )]
-1
647r4 k; |k|4 Elfw.e’-1] = 32714 g |k|4
since E(w, ex)* = 3. The same calculations imply that {5,\;} Ny 18 @ Cauchy sequence in L*(®,P) and the two desired equalities. O

As an application of the expression for the renormalized energy, we can prove

Proposition 2.4. The law of : H : is supported on the whole real line.

Proof. Foranya,beR, a < b, it suffices to show that Z** := P({: H :€ [a,b]}) > 0. Without loss of generality, assume b — a < 1.
We define & := (b — a)/5 and the remainder

Then, : H := &y + Ry and, for all N > 1, the two random variables £y and Ry are independent of one another. Moreover,
{:H:e[a,b]} > {En e [a+80,b -]} n {|Rn| < &}

and therefore,

J. Math. Phys. 61, 013101 (2020); doi: 10.1063/1.5099359 61,013101-6
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P({: H € [a, b]}) > P({(E;N € [a +80,b— 6()]}) P({|RN‘ < 80})

Since Ry tends to 0 in the norm L*(®,P) as N — oo, we can find Ny € Z, such that P({|Rn| < 80}) > 1/2 for all N > No. Thus, it is enough to
show that

P({&n, € [a+80,b-8]}) > 0. (2.4)
We define
1 1
L=— —
o 22, TP

and consider three different cases according to the location of the origin 0 with respect to the middle subinterval [a + 280, a + 380 ].

(i) a+280>0.Since [a+38p,a+48] c [a+ o, b— &), it is sufficient to prove that
P({En, € [a+380,a+48]}) > 0. (2.5)

Set c1 := (a+300)/L and c; := (a + 480)/L which are positive constants. Recall that {{w, ex) } 17z is a family of i.i.d. standard Gaussian
random variables; we have

p1:=P({(w, e) e[1+c,1+ al}) >o.

The desired property (2.5) follows from the next inclusion between events:

{En, € [a+38,a+48] 2> N {we) e[l+a,l+al).

keAN0

(ii) a+280 <0< a+38. In this case, we have [—-89,80] c [a + 8o, b — §o]. Similar to case (i), we deduce the desired result from the two
facts as follows:

{SNO € [—50,60]} o] m {(w, ek)z € [1 - 60/L,1 + 50/1,]}

kEANO

and

p2:=P({(w, er)’ e [1-00/L,1+ d/L]}) > 0.
(iii) a+ 38y < 0. In this case, it suffices to show that
P({Ex, € [a+do,a+28]}) > . (2.6)
We assume N is big enough such that the constant L > —a; then,
—1<c3:=(a+80)/L<ca:=(a+28)/L<0.

We can get the inequality (2.6) from the facts that

{En, e[a+80,a+28]} > ) {we) e[1+c1+c]}

keAN0
and
ps=P({{w,er)’ € [1+c5,1+cuf) > 0.
Summarizing the above three cases, we complete the proof of (2.4). O
J. Math. Phys. 61, 013101 (2020); doi: 10.1063/1.5099359 61,013101-7
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C. The relation between (v ® w,G) and : H :

In this part, for a white noise w, we follow the idea in Ref. 11, Sec. 4.2, to show the relation between (w ® w, G) and : H :. Although we
mainly work with real valued functions, we shall make use of the canonical complex orthonormal basis of L*(T?, C): &(x) = ¥ ke ZPx e

T?. Note that {&; ® & }1 ez is an orthonormal basis of L* (’]I‘2 x T?, C).

Lemma 2.5. Let w be a white noise on T%. Assume feC™ (’]I‘2 X Tz,R) is symmetric and szf(x, x)dx = 0. Then,

(wow )= frfw e)we) holds in L*(©, P),
k,leZ?

where
fr=({f&®&)= szXTZf (%, )&(x)e;(y) dxdy.

Proof. Denote by

Ay ={keZ”:|k| <N} = Ay U {0}. 2.7)
Since f € C*(T? x T?), the partial sum of the Fourier series:
nGy) = > fua®a),
kleAy
converges to f, uniformly on T? x T2 and in L*(T? x T?). In particular,
Jim fT fr(ox)de= fT flox)dx=0. 2.8)
It is obvious that fy(x,y) is smooth and symmetric. By (ii) and (iii) in Lemma 2.1,
: 2
E[((w ®w f—fn)+ Asz(x,x)dx) ] =2 - Tz(f_fN) (%, y) dxdy.
As a result,
2
E[(w@ w,f_fN>2] < 4[J1‘z Tz(f_fN)Z(x,y) dxdy+2([E2fN(x,x) d.x) . 2.9)
Next, note that
(w R w, fN) = Z fk,l(w, ék)(a), él>.
kleAy
Therefore, by (2.9),
2
E[((w ®a.f)= 3 fulwd)ws) ]
kleAy
2
< 4/T2XTZ(f )0 y) dxdy + Z(szfN(x,x) dx) :
Thanks to (2.8), the desired result follows by letting N — co. O
We need the following simple equality.
Lemma 2.6. Let {ar}y ep, © C be satisfying ay) = ayy, axj = a_y . Then,
J. Math. Phys. 61, 013101 (2020); doi: 10.1063/1.5099359 61,013101-8
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kleAy

> ar{w &) {w, &)

- > @k

keAy

Proof. Since (w, &) = (w,&_g), itis clear that 3 .3 ari{w, &){w, &) is real and

ARTICLE

] 2 lag, .

kleAy

scitation.org/journal/jmp

Z Ag—k = E Z ak,l(w, ék)(w, é]) . (210)
keAy kleAy
We have
2
Ooaglwa)we)| = D agama(w &) (w, &) (w, em)(w, &),
kleAy klLmnehy
and by the Isserlis-Wick theorem (see Ref. 23, p. 9, Proposition 1.2),
E({w, &) (@, ) (@, &m )@, ) =E((w, &) {w, &) E((w, ém)(w, &)
+IE( w, & ){w, em))IE( w, &, )
+IE((w, ek)(w,en)) ((w el)(w em))
= 6k,—16m,—n + Sk,—mal,—n + ak,—n‘sl,—m-
Therefore,
2
El > acifw, e, ) > gk Omem+ Y, GiAg_t Y Akl
kleAy kmeAy kleAy kleAy
2
Moapi| +2 lawl’
keAy kleAy
where we have used the facts a_;_y = a_j _; = ax;. Combining this equality with (2.10) finishes the proof. O
Recall the definition of Ay in (2.7). To simplify the notations, we introduce
&)N = ﬁNw = Z (w,ék)ék.
ke[\N
Then,
(on ® an, G = Y. (G, & @ &) {w, &) (w, &) (2.11)
kleAy
is the partial sum of the series.
Lemma 2.7. We have
1 1 5
<(2)N ® WN, G> = (a) Ek) .
T4 kg\: |k|
Proof. Recall that
1 1 onikex 1 1
Gx)=-—— > — = ex(x).
472 kez2 |k|? 4n2k Z |k\2
Therefore, for [ # 0,
J. Math. Phys. 61, 013101 (2020); doi: 10.1063/1.5099359 61,013101-9
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(G*e)(x) = ez( )

1
4 ) |l‘2
which implies that

(G.a®a) = [ H0(G e dv =~ 5 o

an? |IP?
Hence,
(on ® dN,G) = e kg\:\ |k|2 w,é_i) = e kg\: |k\2
The desired identity follows from [{w, &)|” = 1 ((w, e)” + (@, e_¢)?) for all k € Ay. O

Now, we can prove the main result of this section.

Theorem 2.8. Let w be a white noise on T2. Almost surely, it holds that
(W@ w,G)y=-2:H:.
Proof. Let G, be the smooth functions defined at the end of Sec. II A. We have
E[((w@w,G) +2:H :)2]
<4E[(0® 0, G- G,)’] + 4E[((w ® w, Gy) — (N ® n, Gn>)2] (2.12)
+ 4IE[((&)N ® N, Gn) +2 EN)Z] +16 E[(S - H: )2].
We deal with these terms one-by-one. By (2.1),

Ef(0® @,G - G,)] < 2[T2 (G= G (xy) dxdy. (2.13)

Next, for any fixed n > 1, Lemma 2.5 implies
E[((wN ® WN, Gn) — (w ® w, Gn))z] -0 asN — oo. (2.14)

Moreover, by Proposition 2.3, the last term in (2.12) vanishes as N — oo.
It remains to treat the third term on the rhs of (2.12). By (2.3) and Lemma 2.7,

—2&n = (&N ® N, G) — E{@n ® dn, G).
Therefore,
E[((w ® ion, Gn) + 2?:N)2]
E[((wN ® N, Gy — G) - E{on ® N, Gy — G) + E(on ® (i)N,Gn))Z]
<2E

[((wN ® @on, G — G) — By ® o, G — G))z] +2[E{éon ® o, G-

By (2.11) and Lemma 2.6,

J. Math. Phys. 61, 013101 (2020); doi: 10.1063/1.5099359 61,013101-10
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IE[((&)N ® N, Gn — G) — By ® on> G — G))Z]

=2 Z G,, Gek®el)r<2/ (x,y)dxdy
kleAy
Hence,
]E[((&;N ® N, Gn) + 2€N)2] <4 Tz(Gn - G)*(x,y) dxdy + 2[E{@n ® @, G,,)]Z.

As aresult of (2.14),

N—oo

lim E(on ® &N, Gn) = E(w ® w,Gy) = /Tan(x,x) dx =0,
where the second step is due to Lemma 2.1(ii). Thus,

lim sup E[((wN ® WN, Gu) + ZE'N)Z] < 4.[J1‘2 TZ(G,, - G)Z(x,y) dxdy.

N—oo

Combining the above inequality with (2.12)-(2.14), letting N — oo in (2.12) yields

lim supIE[((w@ w,G)+2 :H:) ] < 24f G)*(x,y) dxdy.

N—oo

We finish the proof by sending n — oo. O

I1l. PROOF OF THE MAIN RESULT

In this section, we first show that the Hamiltonian H{y converges weakly to the renormalized energy : H :, by making use of the weak
convergence of the random point vortices wy to the white noise w. Thanks to the fact that the law of : H : has a density, finally we are able to
prove Theorem 1.1.

First of all, we prove the following intermediate result.

Proposition 3.1. The Hamiltonian Hy defined in (1.3) converges weakly to the renormalized energy : H .

By (1.6) and Theorem 2.8, it suffices to prove that (wny ® wn, G) converges weakly to (w ® w, G), where wy is the random point vortices
and w is a white noise on T2. This result seems to be obvious, thanks to the weak convergence of wy to w; see Ref. 10, Proposition 21. However,
since the idea of its proof is very helpful for understanding the arguments below Corollary 3.3, we give the details here.

The following equality will be very useful in the sequel: if f € L*(T* x T?, R) is symmetric and f(x, x) = 0, then

Ef{ox ® ox, f)7] = 2 fT Sy dxdy. 3.1)
To show this identity, we recall that the random point vortices wy have the form
1 N
=—=) &odx,
VPR

where the random vector ((El,Xl), cees (EN,XN)) has the law Ay defined in (1.4); in particular, all the random variables &; and X; are indepen-
dent. Note that there is a slight abuse of notation with respect to formula (1.5): there wy is used to denote the point vortices on the state space
H™'7(T?), while here it is a random variable defined on some probability space ®. We have

N
Bflox @ wn /)] = 5 3 EIGGEETEL (0 X006 X))
ijkl=1

Again by the Isserlis-Wick theorem (see Ref. 23, p. 9, Proposition 1.2), it holds that
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E[&i§8k&1] = 01Okt + 0101 + 010 k-

Combining this identity with the properties of the function f, we immediately get (3.1).

Recall that uy is the law of wy on H™7(T?) and that the sequence {yn }ns1 converges weakly to the enstrophy measure y. Thus, by the
Skorokhod representation theorem (see Ref. 4, p. 70, Theorem 6.7), there exists a new probability space (@, 7, IF’) and a sequence of random
variables @y : ©@ — H ' (T?), and @ : ® > H™ 1 (T?) such that

. L . L
(@) @n~pvand @~y
(b) P-a.s., n converges to @ as N — oo.

In particular, @ is a white noise on T2,
By Ref. 4, p. 16, Theorem 2.1, it is sufficient to show that for any bounded and uniformly continuous functiong : R - R,

lim Eg((wN ® wN, G)) = Eg((w ® w, G))

N—oo

We have

Eg((wy ® wn, G)) - Eg((w ® w, G)) =Eg((on ® an, G)) - IEg((&) ® @, G))

From the next result, we deduce that the above quantity vanishes as N — oo.

Lemma 3.2. We have

lim £ [(@n ® @n,G) - (@ ® @, G)|= 0.

N—oo

Proof. Denote the expectation by Iy. Let G, be the approximating functions given at the end of Sec. IT A. By the triangle inequality,

Iy <E [{(on ® dn, G) — (on ® n, Gu )|+ E [(dn ® @n, Ga) = (@ ® @, G|

. (3.2)
+E|(®® @,Gu) - (0 ® @,G)|.
We denote the three terms by Iy, i = 1,2, 3. Cauchy’s inequality yields
. 1/2 , 1/2
IN,l < (E |<d)N ® N, G> - <d)N ® W, G")r) = (2‘[’]1‘2 . (G - Gn) (x,y) dxdy) N
X
where in the second step, we have used (3.1). Similarly, by (2.1),
1/2
2
Ins < (2 fT (GG (x) dxdy) .
Next, for any fixed n > 1, the family {((Z)N ® wN, Gn )} Na1 is bounded in L? (]f”) by (3.1); hence, it is uniformly integrable. Moreover, P-as.,
((Z)N ® WN, Gn) — ((Z) ® @, Gn) asN — oo,
due to the a.s. convergence of @y to @. Therefore,
lim IN,z =0.
N—oo
Summarizing the above discussions, we first let N — oo and then n — oo in (3.2) to deduce that limy— o In = 0. O
As a consequence, we can prove
Corollary 3.3. For any nontrivial interval [a, b], one has
J. Math. Phys. 61, 013101 (2020); doi: 10.1063/1.5099359 61,013101-12
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l\llin;> P{Hn € [a,b]}) = P({: H :€ [a,b]}). (3.3)

Proof. We will use the Malliavin differentiability of the renormalized energy : H :; see, e.g., Ref. 19, Chap. 1 for the definition. By Ref.
18, Theorem 8.3 (see also Ref. 8, Theorems 3.2 and 3.3), the renormalized energy : 7 : is infinitely differentiable in the sense of Malli-
avin and it is nondegenerate, which implies that, as a real valued random variable, the law v of : /{ : has a density with respect to the
Lebesgue measure on R. Thus, any interval [a,b] is a v-continuous set, that is, the boundary of [a,b] (i.e., {a,b}) is v-negligible. On
the other hand, Proposition 3.1 tells us that the laws on R of Hy converge weakly to v as N — co. Therefore, the desired limit holds
true. O

Finally, we are ready to prove the main result.

Proof of Theorem 1.1. Taking into account Proposition 2.4 and Corollary 3.3, it is sufficient to show that, for any bounded and uniformly
continuous function F : H17(T?) - R, one has

Nlin; E[F(wn) 105 (HN)] = E[F(@)10p1(: H 2],

where wy and w denote the random point vortices and the white noise, respectively.
We follow the idea of the Proof of Proposition 3.1 and use the Skorokhod representation theorem. Then, adopting the notations given
there,

E[F(0n)11ap(HN)] = E[F(@)110p1 G H )] = E[F(@on) 11001 ()] = E[F@) 10001 7 )],

where the notations with a tilde denote quantities on the new probability space (@, F, IP’). Denote by Jy the difference on the right-hand side;
then,

Ul < E|F(@on) ~ F(@)| + [Fll oo B [L ) (HN) = 1oy F 2.

The first term tends to zero by the dominated convergence theorem and the P-a.s. convergence of @y to @. To show that the second one also
vanishes as N — oo, we take a sequence of bounded continuous functions such that

1, tea,b],
fat)=40, te(—o0,a-1/n]u[b+1/n,+0),

linear function, te€[a—-1/n,a]u[b,b+1/n].

Then,

B [l 01 (FN) = 10y H )| (3.4)
B oy (Fn) = FulFo) [+ B faln) = e O+ B|fuG ) = 1y 79, |

By Lemma 3.2, we know that Hy = -1 (@y ® @n, G) convergesin L' (P) to: L : =
with || fu || Lip = n; therefore,

-1(@ ® @,G).For fixed n € N, f, is the Lipschitz continuous
NILIEOIEU;«(?:[N) — faGH :)|: 0.
Next, let vy be the law of .y and thus also of . We have

B ap)(FN) = fu(FN)| < vw(a = 1/n,a] U [b,b+1/n]),

and hence, by Corollary 3.3,
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lim sup E[l (51 (Hn) = fu(Fn)|< v((a - 1/n,a] U [b,b+1/n)),

N—oo
where v is the law of : H : which is the same as that of : # :. Finally,
ElfuC H 2) = 1papy ¢ 7 )| < v(a—1/n,a] U [b,b+1/n]).

Recall that v is absolutely continuous with respect to the Lebesgue measure. Therefore, first letting N — co and then n — oo in (3.4), we
complete the proof. O

IV. TRIVIALITY OF CLUSTER POINTS

In this part, following the discussions at the end of Ref. 17, Sec. 5.4 (see also Ref. 21), we study the limit behavior of the correlation
functions (i.e., marginal distributions) of the energy conditional measures /\?\;b on the “flat space” (R x ']I‘Z)N .Here, fora,beR, a<b,

a,b 1
M= g L@, el AN (4.1)
N

where Ay is defined in (1.4) and Zf\}b is the normalizing constant,
a,b
o= f(RxTzw1{HN«shxl>,...,<5N,xw>>e[a,b]} dv =P({Hy € [a,0]}).

Note that the measure y?\;b defined in the Introduction is the image measure of /\?\;h under the map T : (R x THY — H17(T?) defined as
(@) Lo S s, 2)
VNS

To simplify the presentation, we introduce the notations &; = (&, x;) € R x T2 and Xy = (%1, ...,%n). Denote by dx; = dxiN(d¢) and
dXy =dx;...dxn. Let

a,b
PN (Xn) = Liaoxwelab]} /28

be the density function of the conditional probability measure A%” on (R x T?)N. The correlation functions p]N (1 <j < N)are defined as follows:
pN=pY,andfor1 <j<N-1,

N/~ ~ N ~ ~
Pj (xl, e ,Xj) = [RXTZ)AV—jP (XN) de+1 e dJCN.

Each function is a probability density (for the first j point vortices) and is symmetric in (%i,...,%), thanks to the symmetry of p" in
(%1, . ..,%n). To simplify the notations, we introduce

Xj= (&1, 0%)s XN = (®pns .. oqN), 1<j<N-L

First of all, we have the following simple result [see Ref. 17 (22) or Ref. 21, Proposition 6].

Lemma4.1. Foranyl1 <j<N-1,

N N N N v N N 1N
f(RXTZ)Np logp dXNZ/(]Rx’JrZyPJ log p;’ dX; + (RXTZ)N_JPN_J log py—;dX™ .

Proof. We include the proof for the reader’s convenience. It is well known that tlogt > t — 1 for all ¢ > 0. Therefore,
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N
N (X) log( p(XN)

___F AN Nx)oN_(xNTy— pN
P;\](AXJ)P%_](XNJ)) +P] (X])pN—](X ) P (XN) 20)

which implies

N
N P (Xn) )
XN)logl ——————]dXy > 0.
f(RxTZ)NP () g(P}V(Xj)P%j(XNJ) N

This is equivalent to the desired inequality. O

Next, we prove

Proposition 4.2. For any fixed j > 1, {pﬂl\w is weakly compact in L' (R x T?Y, dX;).

Proof. Forany N > j, there exist m = m(j, N) e Nand r = r(j, N) € {0,1,...,j — 1} such that N = mj + r. By Lemma 4.1,
N N N N N N
[RXTZWP logp™ dXu = m/(RxTZ)fpj log £ dX; H/Rxnrzp‘ log pi dXi.

Using the inequality tlogt > t — 1(t > 0), it is clear that fRXsz{V log p} dX; > 0. Thus,

N N 1 N N 1 1
N .d_Xls—f logp" dXy = — log —,
f(RxszP’ 08P = Jmampf 08P AN = 08 z%b

where the last step follows from the definition of p". Note that 2= O(%), thus by (3.3), the right-hand side vanishes as N — oo. In particular,
we conclude that {pjl\’ log pﬂ Naj is bounded in L' ((R x T?Y, de). The proof is complete. O
We say that a family {p;}>1 of probability densities is a weak cluster point of {p}\’}jZ | if there exists a subsequence {Nj }i»: of integers

such that, foranyj > 1, p]Nk converges weakly to p; in L' ((IR x T2, dX]) Now, we prove the main result of this section.

Theorem 4.3. Any weak cluster point {p;}j>1 of {DJN}J_Z1 is trivial, that is, for any j > 1, pj = 1 almost surely on (R x T*Y. Consequently,
for any j > 1, the whole sequence {ij}sz converges weakly to 1.

Proof. Fixanye>0andj> 1;let
Ce = {ueLl((RxTZ)/’de) : uzO,[R TZ)}ulog udX; <£}.

Let { N }x»1 be the subsequence such that p;\]k converges weakly to p; in L ((]R x T2, dXJ) By the Proof of Proposition 4.2, we have p]Nk eCe
for all k big enough. Therefore, p; is a weak cluster point of C¢, which is a convex subset of L! ((R X ’]I‘z)j, dXJ) Since the weak closure of Ce

coincides with the strong one, there exists a sequence of functions {u,} c Cc which converges strongly to p; in L' ((]R x T2, de). Along a
subsequence, u, converges to p; almost everywhere. Therefore, by Fatou’s lemma, we have

f(RXTZ)_pj log p; dX; < 1igigff(Rxwun logu, dX; < e.

y

The arbitrariness of ¢ > 0 leads to j(]RxTZ)/pj log pj dX; = 0, which implies p; = 1 almost surely. The last assertion follows from the weak
compactness of {ij} Naj and the uniqueness of the weak limit. O
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The above theorem implies that, in the limit, the joint density function p; of the first j point vortices is identically equal to 1; that is,
the energy constraints on the vortices disappear and the vortices are mutually independent. Hence, Theorem 4.3 is a propagation-of-chaos
type result: as N increases, the first few point vortices tend to be less and less correlated with each other and, in the limit, they become totally
independent. The limiting behavior of the vortices is chaotic; it is not possible to deduce the information of one point vortex from those of
others. Based on the propagation of chaos, some formal argument (cf. Ref. 17, pp. 15-16) yields that the weak cluster point obtained above
gives a trivial solution to the mean field equation,

p(E,x) = ﬁEU (x) BeR,
ﬁ
where Zg is the normalizing constant and U, is the averaged stream function,

Up) = [ EGpE NN @Oy xeT.

In our case, p = 1 a.s. and U, = 0 a.s. The corresponding free energy F(1) = S(1) + BE(1) = 0, where the entropy

S(p) = [ p()log p) i
and the energy

E(p) = [R o Mo 22)plEnp(i) didis,

We conclude this section by showing that, under the measure 1% = p(Xi) dXy, the empirical measure %Z,{il&q converges weakly to
the trivial measure d% = A/(d€)dx on R x T>.

Corollary 4.4. For any ¢ € Cy(R x T?),

li

N—»rlgo BxT) [N Z ¢( i) —

A%t =o.

Proof. We denote the integral by Iy. Expanding the square in the integral leads to

In = N2 Z /RXTZ)V *)9 (%) dl\N (/ ¢( )dx)

ij=1

2 b
-— %) dAY

N( R ),ZE fR - N

Note that )L?gb = pV(Xn) dXn. Using the marginal densities ij ,j=1,2,wehave

N-1 . N o\ 1s g 1 - N
I = [ OG08RN G ) dindie [ oo i) i
( e ) - 2( JIRE ) [ #Cep () dn.
Now, we finish the proof by letting N - oo and using Theorem 4.3. O

V. ENERGY CONDITIONAL SOLUTIONS TO 2D EULER EQUATIONS

In this part, we show the existence of solutions to 2D Euler equations whose renormalized energy is confined in an interval [a, b]. First,
we give the precise meaning of the solution.
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Definition 5.1. Let a,b € R,a < b be fixed. A stochastic process {w: }1c[o,] defined on some probability space (®, F,P) with trajectories in
C([0, T), H™'"(T?)) is called an energy conditional solution of the 2D Euler equations if for any t € [0, T], w; has the law u™? defined in (1.7),
and for any ¢ € C* (T?), P-a.s.,

(wr, @) = (wo, ¢) + fot(ws ® ws,Hg)ds forallte[0,T]. (5.1)

The above equation is called the weak vorticity formulation of the 2D Euler equation (see Ref. 22). Here, for any ¢ € C=(T?),
1
Hy(6,9) = SK(x =) (V9(x) = V9(), xyeT,x+y,

in which K is the Biot-Savart kernel on T>. We shall set Hy(x,x) = 0 for all x € T*. Note that ™" is absolutely continuous with respect
to the enstrophy measure y, with a density function bounded by 1/2%%, where Z** = u({: H : [a,b]}) > 0. Thus, in a similar way, as
in Proposition 2.2, one can show that the nonlinear term (ws ® wS,H¢) is well defined; see Ref. 10, Theorem 10 and Definition 11 for
details.

Remark 5.2. We recall that Cipriano showed in Ref. 8, Theorem 4.1 the existence of solutions to 2D Euler equations with given energy a € R,
as long as the density function of : H : is positive at a. It is interesting to prove the same result by letting b — a in the above definition. The key
ingredient is to show uniform estimates (independent of a and b) of the type proven in Lemma 5.6 (without the parameter N). For the moment,
we do not know how to do this.

Now, we state our main result in this part.

Theorem 5.3. There exists a probability space (®, F,P) with the following properties.

(i) There exists a stochastic process w : [0, T] x ® — H™'"(T?) such that it is an energy conditional solution of the 2D Euler equations in
the sense of Definition 5.1.
(ii) On (®,F,P), one can define a subsequence of random point vortex systems which converges P-a.s. in C([O, T], H_l_(Tz)) to the solution
of point (i).
(iil) On (®,F,P), one can define a subsequence of functions w(”)(G, t,x), (0,t,x) e ® x [0, T] x T2, such that for P-a.s. 0 € O, the functions
(t,x) = 0™(6, t, x) are L -solutions of 2D Euler equations and converge to w.(0) in C([O, T], Hilf(']l‘z)).

Recalling that u* = (z**)~'1 {H:e[ab]} b it may seem that the above result follows from Ref. 10, Theorem 25. However, the initial density
function in the present case is not continuous, thus our result is not a direct consequence of Ref. 10, Theorem 25. A careful investiga-
tion of the proof in Ref. 10, Sec. 5, reveals that the continuity of the density function was only used there to show that the normalizing
constants Cy tend to 1 as N — oo (see the arguments below Ref. 10, Lemma 29). Since we have already shown in (3.3) the convergence
va’b - 7™ we can follow the ideas in Ref. 10 to prove Theorem 5.3. In the sequel, we introduce the main preliminaries needed in the
proof.

Let N > 2 be fixed, we consider the point vortex dynamics on T?:

N N . .
X _ 1 S arxN -xN), i=1,...,N, (5.2)

d¢ NS

with the vortex intensities (aj,...,an) € (R\{O})N and initial positions (X(l)’N,. .. ,X(I)\I’N) € (TZ)N\AN, where Ay = {(xl, ..xn) € (THY

: 3i # jsuchthatx; = xj} is the generalized diagonal. It is well known that, for Leb%’zN -a.e. initial condition (Xé’N e ,X(I)V N) € (T2 )N \An, the
above system of equations has a global solution, that is, the vortex points do not collapse, cf. Ref. 20, Sec. 4.4. Therefore, we can define the
vorticity field

N 1Y
wy = 726116 N, t2>0,
VNia %

which satisfies, for any ¢ € C*° (T?),
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t
(wﬁ",qs): (wg],qﬁ)+ / (wfl ® wy,Hy)ds, forallt > 0. (5.3)
0

We mention that an interesting model involving the creation and damping of point vortices is studied in the recent work.'*

We shall consider the point vortex dynamics with random intensities and random initial conditions. Thus, on a probability space
(©, F,P),let {&}i>1 be an i.i.d. sequence of random variables with the standard Gaussian distribution N(0, 1), and {Xj } i>1 be an i.i.d. sequence
of random variables with uniform distribution on T?; assume the two families are independent. Note that the measures Ay and yn defined in
Sec. I are the laws of ((fl,X(l)),. . (EN,X(I)\I)) and of w} = ﬁzﬁlaaxa, respectively.

We recall the following result which is the same as Ref. 10, Proposition 22.

Proposition 5.4. Consider the point vortex dynamics (5.2) with random intensities (1, . . ., &n) and random initial positions (Xé,. .. ,XéV)
distributed as An. P-almost surely, the dynamics (X,I’N,. . ,XfV’N) is well defined in (T*)N\An for all t > 0, and ((El,th"\ﬁ, ces (EN,XtN’N)) has

the invariant law An. The associated measure-valued vorticity w! is a stochastic process with the invariant marginal law uy; moreover, P-a.s.,
w satisfies (5.3) and

Hy(wr) = Ho(E XY, @ XYY) = Hi(wp),  forallt > 0. (54)

Proof. The first assertion follows from the discussions below (5.2) and those in the paragraph containing the formula (1.4). The second
assertion is a direct consequence of the first one and of the definition of w!, while (5.4) is due to the invariance of the Hamiltonian Hy under
the point vortex dynamics (5.2). O

Next, we confine the point vortex dynamics to those initial configurations with energy belonging to the interval [a, b]. To this end, we
introduce the conditional probability measures on (®, F),

1 N 1 N
a. {Hn(w))e[ab]} {Hy(w))e[ab]}
Py = 0 P= 0 P.

N P({Hn(w)) € [a,b]}) zab

The measure /\?\;h defined in (4.1) is the law on (R x T2V of ((fl,Xé),. co (fN,X(I)\’)) under P?\;b, and we have ,u?\;h = (TN)#)L?\;b, where Ty is
defined in (4.2). From Proposition 5.4, we deduce the following result.

Proposition 5.5. Consider the point vortex dynamics (5.2) with random intensities (&1, . .., &n) and random initial positions (Xé,. .. ,Xév)
distributed as Aji;h. Then, P?\;b—a.s.,for all t > 0, the dynamics (X}’N,. .. ,Xf\”N) is well defined in (’IFZ)N\AN, and ((fl,X,I’N), C (fN,XﬁV’N)) has
the invariant distribution 1%’ . The associated measure-valued vorticity ) is a stochastic process with the invariant marginal law u%’; moreover,
]P’?\}b—a.s., wy satisfies (5.3) and

HN(wf’) = HN(wéV) €[a,b], forallt>0.

Proof. Since the conditional probability measure Pﬁ}h is absolutely continuous with respect to P, the properties that hold [P-a.s. also hold
almost surely with respect to P4’ It remains to show that A%’ is the invariant distribution of (. xN),. .., (En> XYY)). Once this is proved,

we deduce that @ has the invariant marginal law [u}‘\;h since
law(wr) = (Tw)elaw((EL XN, G XEY)) = (Tw)eAy” = .

To simplify the notations, we write & = (&,...,&y) and X} = (X,I’N b XN N) For any bounded measurable function F : (R x TN - R,
by the definition of P%’ and (5.4),

1
z%b
__ b
z%b
_ b
z%b

fQF Ex) dpy’ = feF X)L 34 (@efas)) AP
feF (6 X0) 134 6x0)e b)) AP

N
feF (& X0) 1 ipyextyefan)y AP

where the last step is due to the fact that, under P, (f, Xf\’) has the invariant distribution Ay. Therefore,
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[ pexdyaey - [ pexs)aey,

which implies that, under the conditional probability measure IP’K;L’, (f, Xf\] ) has the same law as (E, Xg’), ie., )Lﬁ}h. O

To emphasize the dependence on the parameters a, b, we denote by wﬁ{ »(+) the associated measure-valued vorticity field obtained in
Proposition 5.5. The next lemma gives useful estimates on wfz » ().

Lemma 5.6. Let Ny be large enough such that Zy := ianZNDZI‘f,‘b >0and f: T? x T?> - R be symmetric, bounded, and measurable. Then,
forallp >1and 8 > 0, there are constants Cp, Cp 5 > 0 such that for all N > N,

Epes [0y () ® @i, )] < Col 12/ Z0s Epae [l ®r-1-e] < Coo/Z.

Moreover, if f(x,x) = 0 for all x € T, then

2
Epos [{was (1) ® wap (1), )] < 7 o y)* dxdy.

Proof. First, we mention that similar results hold for the unconditioned point vortices w} under the probability measure . Namely, for
every p > 1 and § > 0, there are positive constants Cp, C, 5 > 0 such that

B[] (wis(®) ® was (), /)] < Gl s Epfli[[-1] < Cpo
and if f(x,x) =0 forall x € T2, then

EP[@?’ ® wf],f)z] = Z[ql‘zxwf(x,y)2 dxdy.

The proofs of these results are based on the expression of w} ; see Ref. 10, Lemma 23 for detailed computations. In particular, the first inequality
can be proved using the Isserlis-Wick theorem and a combinatorial argument, while the second one follows from the fact ||8x||-1-s < Cs. The
last equality is the same as (3.1).

Now, by observing that

1
Epes [{wan() @ @iy (0, £Y] = ﬁEP[@’y ® ), f flmwsve[u,b]}]’
N

we immediately get the first estimate. The proofs of the others are similar. O

With these preliminaries in hand, we can complete the Proof of Theorem 5.3. More precisely, let Q" be the law of the process
{wfi b(t)} ef0.1] 01 X = C([O, T],H '~ (T? )). Using Eq. (5.3) and the estimates in Lemma 5.6, we can show that the family {Q" } x»n, is tight on
X; see the beginning part of Ref. 10, Sec. 4.2 for details. By Prohorov’s theorem (Ref. 4, p. 59, Theorem 5.1), there is a subsequence {Nj } i1
such that QY converges weakly to some probability measure Q on X. Skorokhod’s representation theorem implies that there exist a proba-
bility space (@, F, ]f”) and processes @™ and @, with trajectories in X, such that their laws are QNk and Q, respectively; P-as., @™ converges to
@ in the topology of X. Moreover, the processes @* can be represented as a sum of Dirac deltas,

Nk
N1 7
@ = ﬁigfiaj{:w, te[0,T],

where ((&-’ 1,5(f’Nk),. . (E Nk,f(ka’N")) is a random vector with the invariant law )Lla\}kb for all ¢ € [0, T], and it solves the point vortex dynamics
(5.2); see Ref. 10, Lemma 28 for the detailed proof.

Next, we prove the law of @ is the energy conditional measure u*’ for all t € [0, T]. For any F € C,, (H™'~(T?)), since @"* converges P-a.s.
to @ in the topology of &,
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- Ny a,b _ ab
[ F@)db = tim [ F@))dP = lim oy F0 460 = /. oy P @),

k—oo JH-

where in the last step, we have used the weak convergence of y;}b to u®® proved in Sec. I11.

Finally, using again the estimates in Lemma 5.6 and repeating the arguments below (Ref. 10, Lemma 28), we can show that {@ }c[o,1]
satisfies the weak vorticity formulation (5.1) of the 2D Euler equation. Summarizing the above discussions, we have proved the first two
assertions of Theorem 5.3. The last assertion is proved in the same way as the end of Ref. 10, Sec. 4.2.

VI. STRUCTURES AND INTERMEDIATE REGIMES

In the classical Onsager theory, the microcanonical measure is defined as the uniform measure on configurations (x1, . . ., xy) such that

> & 10g| ~ N'a, (6.1)

i#f |

for some value of a > 0 (in this section, we heuristically write a instead of [, b] since, for a > 0, it is the value of a which plays a practical role,
independently of b). For typical configurations (xi, . .., xn), when N is large, the empirical measure

1 N
N; gi(sx,

is close to the solutions of a certain mean field equation (Onsager theory). There is a natural explanation, for a > 0: in order to have (6.1), we
need roughly N* terms in the sum Y.; with value &; log = close to a (this argument is very rough). The “only” way to reach such result
is to group positive vortices together, all very close to each other, and similarly for the negative ones, with the two clusters not so close to each
other: roughly (N/2)* terms will be positive and close to a (those corresponding to positive pairs), other (N/2)* terms will be positive as well
and close to a (those corresponding to negative pairs), and the remaining pairs, composed of vortices of opposite signs, have small values of
&¢& log = ] because the two points belong to clusters which are relatively far from each other.

In our “white noise” model, the microcanonical measure corresponds to the constraint

Z glf] 10g ~ Na. (6.2)
= Jxi — x|
The typical configurations (xi, . . ., xn), for large N, have the renormalized empirical measure

1 N
ﬁ le Eiax,

close to white noise conditioned to renormalized energy equal to a. In Fig. 1, we show the histogram of the interaction energy of 200 point
vortices (its features do not change by increasing the number of vortices). It shows the typical values of “a” in formula (6.2). They are very
small, and the corresponding configurations are quite disordered, as opposed to the structures of the Onsager theory and consistently with the
white noise limit. The theoretical energy spectrum of the free white noise ensemble (not constrained by the energy) decays as k™", as oppose
to the predicted decay k> of the inverse stationary 2D turbulence. The question then is the decay of the spectrum for the microcanonical
ensemble, especially for large values of a, when we expect some degree of clustering of the vortices and then, potentially, the emergence of a
more interesting spectrum.

o -
3
> @ (SN
e 2
o [=] ° -
s ¢ 2
9] 2 ©o _|
cog 5
N - -
o 2 —
L L O B | ! T T T T T T
-04 00 04 08 0 2 4 6 8 10
Energy log(k)

FIG. 1. Left: histogram of the interaction energies of 200 uniformly distributed point vortices over 10 000 samples. Right: the curve is the spectrum function computed from
the 11 samples with largest interaction energies, while the straight line shows the reference slope —5/3.
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FIG. 2. Left: the configuration of (most of) vortices after 120 000 steps of evolution. Right: spectrum functions before and after running dynamics.

It is very difficult to compute theoretically the spectrum function of the microcanonical measure (1.8); thus, we do some numerical
simulations. We generate 10000 samples of uniformly distributed point vortices; each sample consists of 200 vortices, half of which have
intensity 1/1/200 and the rest —1/1/200. We single out the 11 samples which have the largest interaction energies (a = 0.51 in this case) and
compute their average spectrum function. The results are shown in Fig. 1. It shows that the slope of the spectrum is still very close to —1 like
in the case of the free ensemble, far from —5/3.

Deviations of the spectrum slope from the flat value —1 are due to the clustering of point vortex configurations. To prove this claim
numerically, we proceed as follows: we produce artificially an initial condition with small clusters and then let it evolve by point vortex
dynamics. We do not have a theorem of convergence to equilibrium but hope that after some time, the configuration is more typical for the
microcanonical ensemble. Precisely, we generate a point vortex configuration which, apart from some uniformly distributed point vortices,
contains small clusters with 2, 4, and 8 vortices (these numbers are chosen for convenience). The clusters have uniformly distributed centers,
and their diameters are of the order 0.01. To get a smoother spectrum function, we produce 10 such samples (with average energy 1.364 966)
and compute the averaged spectrum function, which is shown by the thin solid line on the right of Fig. 2. We see that it is close to the line with
slope —5/3 in a certain range of log(k). We take these special configurations as initial conditions and run the dynamics (use Heun’s method,
cf. Ref. 25, p. 266), with a small time step & = 0.0001. In Fig. 2, we show the vortex distribution of one of the samples after 120 000 steps of
evolution: + and o represent vortices of positive and negative intensity, respectively. The graph of the final spectrum function is shown by the
dashed line on the right of Fig. 2, which, on the range log(k) € [1,3], has the approximative slope —1.775. Compared to the cases considered
in Fig. 1, here we find a slope considerably different from —1 and in the direction of —5/3.

The question then is how to obtain spontaneously some degree of local clusterization from an invariant measure and, in particular, from
a microcanonical ensemble. Compared to turbulence, it seems that the two regimes of the Onsager theory and the conditional white noise
are two “extremes.” Turbulence is in the middle: typical configurations are not so uniformly distributed as in the white noise case, and they
have locally a great degree of clustering, but only locally, at small scales, not globally as the two big clusters of the Onsager case. Thus, in the
turbulence regime, we expect that each vortex interacts neither with all those of the same sign [as in (6.1)] nor only with very few of the same
sign [as in (6.2)] but with an intermediate amount.

A natural microcanonical condition is therefore

1
> & log —— ~ c(N)e

i% lxi — x|

for some
N « ¢(N) < N

The mathematical question then is whether it is possible to study the limit as N — oo of this intermediate regime. For finite N, the micro-
canonical measure with normalizing constant ¢(N) is invariant for Euler dynamics, but we do not know a corresponding invariant measure
obtained as N — co. We leave this question open but hope the clarifications of this work help address the question.
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