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ABSTRACT

A new noise, based on vortex structures in 2D (point vortices) and 3D (vortex filaments), is introduced. It is defined as the scaling limit of a
jump process, which explores vortex structures, and it can be defined in any domain, also with boundary. The link with fractional Gaussian
fields and Kraichnan noise is discussed. The vortex noise is finally shown to be suitable for the investigation of the eddy dissipation produced
by small scale turbulence.

© 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0128120

I. INTRODUCTION

The theory of Stochastic Partial Differential Equations (SPDEs) is nowadays very well developed (see, for instance, Refs. 8, 20, 29, and 31,
with many contributions on fluid dynamics models, like).””'"'***** However, with the exception of the literature making use of Kraichnan
noise, which is motivated in fluid dynamics by its invariance and scaling properties, in most cases, there is no discussion about the origin of
noise and its form, in connection with the fact that it is part of a fluid dynamic model. The purpose of this work is to introduce an example
of noise based on vortex structures, both in 2D (point vortices) and 3D (vortex filaments). We discuss its motivations and interest for the
understanding of fluid properties.

Some preliminary forms in 2D have been introduced in Refs. 13 and 19, but the noise defined here is different and goes much beyond, in
particular, because we treat the 3D case on the basis of the theory of random vortex filaments (see Sec. 111 B).

Usually, in general or theoretical works on SPDEs, the noise is either specified by means of its covariance operator or by means of a finite
or countable sum of space-functions multiplied by independent Brownian motions. Here, we start from a different viewpoint. Motivated
by the emergence of vortex structures in turbulent fluids, we idealize their production/emergence process by means of a sequence of vortex
impulses, mathematically structured using a jump process taking values in a set of vortex structures. This is described in Sec. II. A suitable
scaling limit of this jump process gives rise to a Gaussian noise in a suitable Hilbert space. Different examples of such noise depend on different
choices of the vortex structures and their statistics, at the level of the jump process. A heuristic picture then emerges of a process that fluctuates
very rapidly between the elements of a family of vortex structures. The realizations of this noise are made of vortex structures, which idealize
those observed in turbulent fluids—point vortices in 2D and vortex filaments in 3D.

This noise is motivated by turbulent fluids. In the physical literature, the most common noises related to turbulence are the Fractional
Gaussian Field (FGF) and Kraichnan noise (see, for instance, Refs. 1, 5, 9, 10, 21-23, and 26). In Sec. IV, we show that on a torus in two
and three dimensions, the vortex noise covers FGF and Kraichnan noise by a special choice of the statistical properties of the regulariza-
tion parameter and the vortex intensity. The vortex noise is thus a flexible ensemble—it may cover also multifractal formalisms (see also
Ref. 14)—and its realizations are the limit, as described in Secs. 1T and 111, of localized-in-space vortex structures similar to those observed in
turbulent fluids.

Finally, another main motivation for this investigation has been the recent results on eddy dissipation, showing that a transport type
noise depending in a suitable way on a scaling parameter, in a transport-diffusion equation, in the scaling limit gives rise to an additional
diffusion operator.1 #17 These results require that the covariance function of the noise, computed along the diagonal, Q(x, x), is large, but the
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operator norm of the covariance is small. We check when the vortex noise satisfies these conditions. Heuristically speaking, they are satisfied
when, in the scaling limit, the vortex structures defining the noise are more and more concentrated at small scales. This confirms the belief
that eddy diffusion is a consequence of turbulence but only when it is suitably small scale.

II. JUMP NOISE AND ITS GAUSSIAN LIMIT
A. Why jump vortex noise in fluid modeling

When a fluid moves through the small obstacles of a boundary (hills, trees, and houses for the lower surface wind, mountains for the
lower atmospheric layer, coast irregularities for the sea, and vegetation for a river) or it moves through small obstacles in the middle of the
domain (like islands in the sea), vortices are created by these obstacles, sometimes with a regular rhythm (von Karmadn vortices) or sometimes
more irregularly. In principle, these vortices are the deterministic consequence of the dynamical interaction between the fluid and structure,
but in very many applications, we never write the details of those obstacles when a larger scale investigation is done. Hence, it is reasonable to
re-introduce the appearance of these vortices, so important for turbulence, in the form of an external perturbation of the equations of motion.

Assume that the velocity field at time ¢ is u(#,x). We may idealize the modification of u(t,x) due to the emergence of a new vortex near
an obstacle as an event occuring in a very short time around time ¢ so that we have a jump,

u(tﬁx) = u(tf,x) +0(x),

where o(x) is presumably localized in space and corresponds to a vortex structure. Continuum mechanics does not make jumps; we idealize
a fast change due to an instability as a jump for a cleaner mathematical description.

We may develop the previous idea in two directions. The simplest one is suitable for investigations, such as the effect of turbulence on
passive scalars,” where a simple model of random velocity field is chosen: we consider a stepwise constant velocity field with jumps such as
those described above; later on, we shall take a suitable scaling limit and get a Gaussian velocity field, delta correlated in time, with space
correlation of very flexible form. A more elaborate proposal is to consider the Navier-Stokes equations with an impulsive force given by a
process with jumps,

8,u+u‘Vu+Vp:vAu+ZZS(t—t,k)ak.

keK i

Here, K is an index set, and for each k € K, we denote by tF<th <. . the sequence of jump times of class k and by oy the vortex structure
(described at the level of velocity field) arisen at time ¢f. This way the fluid moves according to the free Navier-Stokes equations between two
consecutive jumps times. In Sec. I1 B, we formalize the noise Y ;.x >; § (t - t,l‘)ok, or more precisely, similarly to what it is done for white noise
and Brownian motion, we formalize the time integral of this distributional process,

W)= 1{t > t,’-‘}ok. 1)

keK i

In this first heuristic formulation, it is natural to introduce an index set K, but below, we shall avoid this.

B. Jump vortex noise

0o

Given an open domain D c R%, d = 2,3, denote by CC,SOI(]D), Rd) the space of smooth solenoidal vector fields with compact support in D
and denote by H the closure of Cgy (]D), Rd) inL? (]D), ]Rd). One can prove, under some regularity of the boundary, that u € H is an L* (ID), Rd)—
vector field, with distributional divergence equal to zero, tangent to the boundary.”” The norm |u|, is given by | uH?i =/ |u(x)[*dx.

The following scheme is taken from th work of Métivier,” first three chapters. The main tightness and convergence results for
martingales, as described in Ref. 28, are due to Rebolledo.*

Let P be a Borel probability measure on H. Assume that

JRIBLCORE o)
for some nondecreasing ¢ : Ry — R, that grows faster than quadratic, i.e.,
. n
lim <P(2) = oo, 3)

n—oo pn

Denote by Qp the trace class covariance operator defined as

Q= fH h® hP(dh).
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Assume that P has zero average,

mp = f hP(dh) = 0. (4)
H
We may also define, a.s. in x, y € D, the covariance (matrix-valued) function,
Qo) = [ h(x) @ h(y)P(ah)

Indeed, f,, [h(x)|"P(dh) < oo for almost every x € I, thanks to Fubini-Tonelli theorem, since [}, ( ;, |A(x)|*dx)P(dh) < co.
Consider the continuous time jump Markov process in H with law of jumps,

p(v,v+A) = %P(A)
[v € H, A € B(H)], namely, with the infinitesimal generator,
(LF)(v) = = [ (F(o+h) ~ F(v))P(dh),
H

for all bounded continuous functions F : H — R. Here, 7 > 0 is the average interarrival between jumps. Denote by W{ the corresponding
Markov process with the initial condition Wg = 0. The Dynkin formula

t
F(W}) - F(0) = f (CF)(WY)ds + My
0
gives us the decomposition in a finite variation plus a martingale term. Consider first the case when F;(v) = v (here we do not write down

classical details, namely, that the computation should be done for a continuous bounded cutoff of each component (v, e;), where (e;) is a
complete orthonormal system; see Ref. 28, p. 14). One has

(LF)(v) = %fH(v+h—v)P(dh) -0

because mp = 0. Hence, W; = MtF ', namely, the process WYisa martingale. Let us compute its Hilbert-space-valued Meyer process ((W°)>
We use the function F,(v) = v ® v (again one has to do the computation first for a cutoff of the functions (v, e;){v, ¢;)),

¢

(LF)(v) = %fH((v+h)®(v+h)—v®v)P(dh)

=1f(v®h+h®u+h®h)p(dh)
TJH

-1qn.

T

Therefore, W) ® W = ﬁQp + MtFZ. The Meyer process (<W0>>t is thus (see the definition in Ref. 28, pp. 8-12)

(W), = - @

C. Convergence of the rescaled process to a Brownian motion

Let us now parameterize and rescale the previous process. We take average interarrival between jumps given by

and we reduce by - the size of jumps by considering a probability measure Py on H with zero average mp = [,, hPy(dh) = 0 and covariance
Qp, given by

1
QPN = VQP
Consider the associated process W;', a martingale with the Meyer process

(W), = = = 1@
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Definition 1. Given Qp, denote by (Wt)tZO a Brownian motion on H with incremental covariance Qp.
Theorem 2. The process (Wf\’)tzo converges in law to (W) .o, uniformly on every compact set of time, as processes with values in H.

Proof. Using the classical theorem of tightness for martingales [cf. Ref. 28 (Chap. 2) and Ref. 30], we have that the family of laws of the
processes (WN ) is tight in the Skorohod space (because the family of laws of (( wh )) is tight), and every convergent subsequence has limit
given by the law of a martingale W; with W, = 0 and Meyer process,

(W), =tQp.
If we establish that W has continuous paths, then it is a Brownian motion with incremental covariance Qp. One can prove that
lim P[ sup ||ASWNHH >el=0, (5)
N=oo \ se[0,1]

N

where ”AS WNHH is the size of the jump (if any) at time s (W" is cadlag). Since the set {supss[O,T] HAszHH > e} is open in the Skorohod

topology, from the Portmanteau theorem, we get

P| sup [AsW],;>€e]=0
s€[0,T]

for every € > 0, and hence, W is continuous. To show (5), denote by {s,»}f.\i % € [0, T] the Poisson (T{,l) arrival times, and then, we have that

IF’( sup ||ASWNHH > e) = I—IF’( N {||As,.WN||H < e})

se[0,T] {si}e[0.1]
-1 _E[ [T P(aswh], <e| {Sf}ﬁwo)]
{si}elo]
=1-E[[1-P(Jaw"],, > o)]"];

where we used that given the Poisson arrival times, the laws of each jump size HAS, wh H 5 is independent of it, and identically distributed as

what we simply denote by HAWN H 4 By the elementary inequality (1 - y)" > 1 — ny, for any y € [0, 1] and n € N and Markov’s inequality, we
have that

IP’( sup [AWY], > e) <E[Nr]P([aW™],, > e)
7]

sefo,
TN
< E AW
TN’
= h| . )P(dh),
sve) Sl P
which is finite by (2) and converges to zero as N — oo by (3). [ |

D. Reformulation as a PPP

This is a side section, which, however, may help the intuition [see also (1)]: we reformulate the jump process W? as a Poisson Point
Process (PPP). On a probability space (Q, F,P), let P be a PPP on [0, 00) x H with intensity measure ALeb ® P, where ALeb is Lebesgue
measure scaled by A > 0 and P is the probability measure introduced in Subsections IT A-II C. Heuristically,

P(dt,du) = Z 6(t,,a,v)(dt’ du)

where (t,0;) is an i.i.d. sequence with #; “uniformly distributed on [0, 00),” ¢; distributed according to P, and t; and o; independent of each
other. Define the vector valued random field, defined on (Q, F,P),

Wi (x) = 0i(x) = > ai(x)1{t: < t}.

fi<t i
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Compared to (2), we may think that K in that formula was a finite set, and we have simply reordered the jump times (tf‘ ) in a single sequence
(#i) and we have renamed the jump velocity fields. This definition is slightly heuristic because it makes use of the representation as infinite
sum, which is true only in a suitable limit sense; a rigorous definition of W(t,x) is

WO (x) = f[ oy O < EYP( )

However, in the sequel, for the sake of interpretability, we shall always use the heuristic expressions.

The intuition is that eddies 0;(x) are chosen at random with distribution P, with exponential inter-arrival times of rate A. Condition (4)
asks, heuristically speaking, that both an eddy and its opposite are equally likely to be chosen.

Rescale WY (x) as

W (x) = %Z oi(x)1{t; < Nt).

Let us compute the expectation and the covariance function of this process. One has [E denotes the Mathematical expectation on (Q, F,P)]
N
E[W, (x)] =0

from the independences and condition (4). Moreover,
1
E[w) (x) @ W' ()] = WZ E[oi(x) ® ai(y)1{t: < N*t}],
having used the independence when i # j and property (4) again; hence,

- LPI(\’XZ’)/) 3 P(t < N*t).

Proposition 3.
> P(t; < N°t) = N°At.

i

Hence,
E[w! (x) @ W' ()] = AtQp(x,y).

Proof. We note that

> P(ti<N*t) = E[Z 1{ti < Nzt}] =E[m(N*t)] = N*At,

i

where 7, (-) denotes a Poisson process on R, with intensity A.
This is another way of seeing the link between the noise with jumps and the covariance of the limit Brownian motion. [ |

lll. EXAMPLES IN 2D AND 3D

The mathematical object discussed in Sec. II B and C, although initially motivated by vortex structures, was completely general: given
any probability measure P on H with covariance Qp, the previous construction and results apply and defines a Brownian motion W; in H
with covariance operator Qp. Note that P is not necessarily Gaussian: P and W have both covariance Qp, but only W needs to be Gaussian.
In a sense, we “realize” approximately samples of the Brownian motion W; by means of samples of a possibly “nonlinear” (non-Gaussian)
process wi.

In this section, we give our two main examples of the measure P, highly non Gaussian. It is inspired by vortex structures.

Common to both descriptions are a few objects. First, given § > 0, we define

Ds := {x eD: dist(x,D) > 6}.

Second, we have a filtered probability space (Q, F, F;,P) and several Fy-measurable r.v.’s: (a) X, with law po(dx) supported on Ds, which
will play the role of the center of the vortex in 2D and the initial position of the vortex filament in 3D; (b) I, real valued, with the physical
meaning of circulation, with
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E[T] =0, E[[Tf’] < oo for some p > 2,
o= E[Fz];
(c) L, positive valued, randomizing the size of the mollification, with the property
P(Le(0,6/2)) =1

(d) U, positive valued, randomizing the length of the vortex filament. Moreover, in 3D, we also have (e) a Brownian motion on (Q, F, F,P)
with values in R>. In the 2D case, we just take F = Fo and do not need the filtration.

For sake of simplicity of exposition, we shall always assume that Xy, T, L, and U are independent, but most of the results can be extended
to more general cases.

The last common element of the theory is a smooth symmetric probability density 6 supported in the ball B(0,1) and its rescaled
mollifiers,

0(x) = £70(¢ "), (6)
with support in B(0, £).

A. Point vortices and definition of P in the 2D case

In 2D, by a point vortex, we mean a vorticity field of delta Dirac type, 8y,; its use in 2D fluid mechanics is manifold (see, for instance,
Ref. 27). If the vorticity is assumed distributional and equal to 6y,, with xo in the interior of DD, then the so-called stream function yp,, is given
by the solution of

—AI/ID,XU = (Sx(, in ]D),
II/D,x0|6]D =0,

and the associated velocity vector field is given by
Up,xo (X) = VL YD.x (X),

where V* f = (8, f, -0 f). One has

1
Yo.x (x) = E lOg + hpx, (x)’

|x = xo|
where hp,, is a smooth function, solution of the problem
_Axh]DJ,xO =0in ]D),

1
hpx, (x) = I log|x — x| forx € AD.

In the sequel, as it is customary, we shall denote upx, (x) simply by K(x, xo). Hence,

1 (x-x0)"

K(%,%0) = -
(%, %0) oy |x—x0|2

+ V' hpg (%), ™

where x* = (x2, —x1).
Recall that 6, (6), as £ — 0 is an approximation of the Dirac delta function. Expressions of the form 6, (x — xo) are idealized smoothed
point vortices, at the vorticity level, and the associated velocity field is

Ke(xnxo) = [ K(x9)00(y - x0)dy:

With these preliminaries, let us define P.

Definition 4. In the 2D case, the probability measure P on the space H is the law of the H-valued r.v.,

#pd'0Z18210°S L~ L0LES0/999GEY L L/0Z18210°G/€901 01 /1op/pd-ajoie/dwl/die/Bio-die sqnd)/:dpy woy papeojumoq

IK; (x,Xo) = rfDK(x,y)eL(y ~ Xo)dy. ®)
For future reference, the spatial covariance matrix of the vortex noise in 2D is given by
Qvortex(xx xl) = E[FKL(X;XO) (%9 FKL(XI,X())], X, x' eD. (9)
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Proposition 5. The random vector field of Definition 4 takes values in H. If
E(|TfL™) < oo,
for some p > 2, then it satisfies (2) and (3). Moreover, it satisfies (4).

Proof. Fixing any p > 2, we compute by independence between X, I, and Holder’s inequality [with p, = p/2,p, = p/(p — 2) such that

Upy+1/py = 1]
Jymean == [iocesota)”

:E(\rff‘fKL(x,y)GL(y—Xo)dy de)P/z

[\FI” |D‘771E‘/“/‘KL(?C,)/)9L()/ Xo)dy‘ dx,

where recall that

_ 1 (x—p)
K(xy) = 271 o=y + hpy (x).

Per fixed x € D, we perform the following analysis. Since Xy € Dy and |y — Xo| < L < 8/2 for any y contributing to the above integral, we have
y € Dsy,. Therefore, the part Vi hp,y (x) of the kernel K(x, y) is smooth as a function of x € D for every y € Dy/,. Due to continuous dependence
of hp,y(x) on boundary conditions, hence on the variable y, the following constant is finite:

C(D,d) := sup suE|VihD,y(x)|.

yeDg, xeD
The contribution of Vy hp,,(x) to the above integral hence is finite, i.e.,
L P
| [ Viho, ()61~ Xo)b| s
p
< [|viho, ()]0 - X))

< C(D, 8)PIE(fD9L(y7Xo)dy)P < C(D,s),
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where we used that [, 61 (y — Xo)dy = 1 for any realization of Xo. It suffices now to focus on the other part of the kernel (27) " Ca y‘)z . We
have that
PR P
Bl [ =20~ xo)dy
o -yl
1 p
_E( | — eL(y—Xo)dy)
p
9 -L7'Xo)d
( | T 007 - L7 Xo)dy )
1 P
< |05 E( L o
(L x,1) [L 7' — Y]
1 p
< loie(e” [ )
B (=x0).0) [y”]

ol ]E( )

[ o |y,,|
< Cp 9E L P

J. Math. Phys. 64, 053101 (2023); doi: 10.1063/5.0128120 64, 053101-7

© Author(s) 2023


https://scitation.org/journal/jmp

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

where we use the fact that the integral of [y”'|™" over a unit ball centered anywhere in R? is maximized when the center is the origin, and
nonrandom constant C, g is independent of x. Hence, we get that

14 —
| InlE;P(dh) < CoolDIE(TPL),

Finally, it satisfies (4),

E[r [K(.)80 - Xo)dy] = EITIE[ [ K000y~ Xo)dy| =0

because the second expectation is finite and the first one is equal to zero, by assumption. [ |
The case when L = 0 is outside the previous definition and result. The velocity field K(x, xo) is not of class H. Nevertheless, it is of class
LP(]D), ]Rz) for p < 2 or of class H_s(]D), ]RZ) for s > 0. Therefore, we may consider the random field,

TK(x,Xo),

taking values in these spaces and call P its law. We shall see below that it satisfies certain special properties.

B. Vortex filaments and the definition of P in the 3D case

»

In 3D, by vortex filament we mean a distributional vector valued field (a “current,” in the language of Calculus of Variations'®), given by

UAT
[ e ax,
0

where X; is a function or a process such that the previous expression is well defined. We have already introduced a possibly relevant stopping
time 7 because it may help to cope with the presence of a boundary. Stochastic currents have been introduced and investigated in some
works.”*'>!° We do not need, strictly speaking, that theory here since we shall always deal with mollified objects, except in one section where
we explain what is necessary. In this work, we shall always assume that (X;) has the law of a Brownian motion, but it is interesting to investigate
also other processes, for instance, directed polymers, such as in Ref. 25.

The following construction of a vortex filament in 3D is due to Ref. 14 (which we slightly modify). Let (T, U, £) € R2 be a triple whose
joint distribution is given by some probability measure v(dy, du, d¢) (assumed to be a product measure for simplicity). Let (X;):>0 denote a
3D Brownian motion starting with X, distributed with a probability density p,(x) supported in D5, where p,(x) € [p c (0,00). We
call Wits law, which we assume to be independent of v(-). Define the first exit time from D; of (X;) by

min’pmax]

=77 :=inf{t>0: X, e D} € [0,00).

We consider random vorticity fields defined as

UAT UAT
f (6% 8x ) (x)dX; = f 0(x - X,)dX..
0 0

Let A(x) be the vector potential defined path by path by the solution of the equation
Unt
“AA(x) = fo 8(x - X;)dX; inD,
Alop =0
and extend A = 0 outside of D, when necessary. Then, the associated velocity is given by
u(x) = curl A(x).

Concerning the Biot-Savart kernel, here we have
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1 1
X) = ———— + hpy(x),
WDJCO( ) 4 ‘X — X()| D’Xo( )
where hp,, is a smooth function, solution of the problem
_Axhﬂ),xo =0 in ]D),
hom (%) = -~ — forx e aD
x)=-——— forx .
o 47t |x — x|
J. Math. Phys. 64, 053101 (2023); doi: 10.1063/5.0128120 64, 053101-8
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As usual, we shall denote curl yp,x, (x) simply by K(x,xo), which now is vector valued and its action on a generic vector v is given by

1 (x—x0) xv

K(x,x0) xv:=— |3 + Vihp, (%) x 0. (10)

. |x-xo
Definition 6. In the 3D case, the probability measure P on the space H is the law of the H-valued r.v.,

TKp(x,X.) := F/DK(x,y) x ([;UATGL(y—Xt)dXt)dy. (11)

Remark 7. We use the killed BM, not the normally reflected BM, in the definition of the filament because the latter is not a local martingale,
only a semimartingale due to the boundary push term, which leads to difficulties in integration against dX;.

For future reference, the spatial covariance matrix of the vortex noise in 3D is given by

Quortex(%,x") = E[TK; (%, X.) ® TK (x',X.)],  x,x" e D. (12)

Proposition 8. The random vector field of Definition 4 takes values in H. If
E(JrfUsL™) < oo,

for some p > 2, then it satisfies (2) and (3). Moreover, it satisfies (4).

fHHhIIZP(dh) _E[(fmm(x)lzdx)p/z].

Fixing any realization of (T, U, L) according to measure v, we take expectation with respect to the Wiener measure W first. By Holder’s
inequality and p/2 > 1 and Burkholder-Davis—-Gundy inequality, we compute

w[( fD |u(x)|2dx)P/2]
_ W[( i

UAT
< ]D)|§‘1W[fm‘f0 fDK(x,y)GL(y—X,)dyde,
()

Proof. Fix any p > 2, then we compute

UAT
/(; /H; K(x,y)00(y — X¢)dy x dX;
5

2 \P/2
dx)
4
dx]
r_y UAT 4
=l faew ‘fo [ KGptuly-X)dy x dx,
()

Py Unt /2
< |D|? fde ‘/ 2‘/ K(x,y)0u.(y - X;)dy .
D 0 D5

Since Xiar € Ds, we have that any y that contributes to the above integral is supported in y € D /25 hence, Vihp, (x) part of the kernel K(x, y)
is uniformly bounded, i.e.,

2

dt

sup sup|Vxhp,y (x)| < C(D, ).

yeDs, xeD
p/Z]

[ P
<U: fo dt W[|/Dvth,y(x)9L(y—Xt)dy| 1{ts,}]

Hence, its contribution in the above integral can be computed, as for any x € D,

2

UAT
W[‘fo |fDVth,y(x)9L(y—Xt)dy dt

J. Math. Phys. 64, 053101 (2023); doi: 10.1063/5.0128120 64, 053101-9
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U 4
< U‘%*C(D,S)P/O dt WHfDGL(nyt)dy’ 1{&}]
< U C(D, )

using that [ 6, (y — X;)dy = 1 for every possible realization of X;ar € Ds.

It suffices to focus on the other part of the kernel (47) ™" ‘;‘__yylj . We can do an explicit calculation: by Holder’s inequality and then a change
of variables, we have that for any x € D,

Unt P2
i
0
ey (U xX-y ’
<U: f dt W fﬁGL(y—Xz)dy Li<ry
0 D |x -y
=Ly e (U L_Z(L_lx—y,) ’ -1 ’
= Uz/dtwfie -L X;)d
0 [ 'n |[L7'x-yP o )y
U
v ol [ W[
0

A —

BLX,) L -y 4
U

- UL 6|k, fo dt w[

]

2
dt

[ he0-xa
o -yl

P
1{!51}]

4

IA

1{t<r}]

[ 1 dyll
B =x0) [y

f 1l
B(O,l) |yll‘2 y

where C,g is a non-random constant independent of x. Indeed, we used the geometric fact that the integral of the function |y”’|~* over a unit

<USL?|0)%, W[

<Cpp UI%L?ZP,

ball centered at anywhere in R? is maximized when the center is the origin.

Thus, we can conclude that
5 \P2 13 bl 2
E (/|Fu(x)| dx) < GpolDIFE(IrP Ut L)
D

with the finiteness of the RHS providing a sufficient condition.

Finally, it satisfies (4),
Unt
]EI:[‘AK(,y) X ([; GL()/—Xt)dXt)dy]

:EUjELéKcJ)X(lf“hdyfxgd&)@i:o

because the second expectation is finite and the first one is equal to zero, by assumption. [ |

IV. VORTEX NOISES REPRODUCE FRACTIONAL GAUSSIAN FIELDS AND KRAICHNAN NOISE

In this section, we analyze the covariance operators of our vortex noises constructed above in 2D and 3D and show that our vortex noises
are instances of Fractional Gaussian Fields,” which is a broad class of Gaussian generalized random fields that includes Gaussian Free Field
(GFF) and Kraichnan noise. We show that by choosing the statistical parameters of our model suitably, we can reproduce a large class of FGF.
It may also reproduce multifractal vector fields, which was the main motivation of study in Ref. 14.

For simplicity, our fields are defined on the torus ']I‘d, d=2,3.

In the scalar case and on the torus T¢ = R? /Zd, the classical d-dimensional FGF of index s € R is the Gaussian field with covariance
(-A)", where A is the Laplacian in on T (see Ref. 26). The case s =1 is called Gaussian Free Field (GFF). Similarly, let us introduce a
Gaussian measure on solenoidal vector fields. Let H be the space of mean zero periodic L solenoidal vector fields. The Stokes operator is
defined as

A:D(A)cH—H,

D(A) =H2(Td,Rd),
Av = Av

J. Math. Phys. 64, 053101 (2023); doi: 10.1063/5.0128120 64, 053101-10
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(no projection of L2 (Td, ]Rd) to H is needed here, opposite to the case of a bounded domain with Dirichlet boundary conditions). The Lapla-
cian Av is computed componentwise. The operator A is invertible in H (see Ref. 32). With these definitions at hand, we call Solenoidal
Fractional Gaussian Field (SFGF) of index s € R the Gaussian measure with covariance (—A) . The case s = 1 will be called Solenoidal
Gaussian Free Field (SGFF).

A. Covariance of 2D vortex noise

Let us first consider the 2D case, and recall the definition of the noise based on point vortices (8).
The covariance operator of our noise is given by

(Qu, w) [ /KL(x,Xo) v(x)dx/ KL x Xo ( ')dx'].

Call Qvortex (x, x') its covariance function (matrix-valued) such that

(Qv,w) = fz /zU(X)TQvonex(X,x’)w(x')dxdx'.
JT
It is clear (and proved below) that it is homogeneous,
Qvortex (-x> ) Qvortex (X X )

for a matrix function Qortex(x). In the sequel, we denote by Zg the set Zd\{O}.

Proposition 9. Assume 0 symmetric and Xo independent of (T, L) and uniformly distributed. Then,

Qvortex(x) = Z E[r |0(Lk)| ]7Pkelkx. (13)

keZ?
Proof. We may rewrite
fTZKL(x,XO) ~o(x)dx = szszK(x,y) (%) 0Ly - Xo)dydx
= (0L % K v)(Xo).
Therefore,
(Qu,w) =E[I* (0, K * v)(Xo) (0 * K * w)(Xo)]
- E[rszZ(GL « K % v)(x) (61 *K*w)(x)dx].

By the Parseval theorem,
(Qu,w) = [F > 6 % K x v(k)6; *K*w(k)]

-y Er |9T(k)|] (P, (),

#pd'0Z18210°S L~ L0LES0/999GEY L L/0Z18210°G/€901 01 /1op/pd-ajoie/dwl/die/Bio-die sqnd)/:dpy woy papeojumoq

keZ]

recalling that

= k*

K(k)=i—

0=
and calling Py = 1“32 is the projection on the orthogonal to k. Therefore,
Qvortex(-x) = Z ]EI:F |6L (k)| ] ik~x.
keZ] |k|
Since B, (k) = 6(¢k), we get the result. [ ]
J. Math. Phys. 64, 053101 (2023); doi: 10.1063/5.0128120 64, 053101-11
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Corollary 10. In addition, assume 6 is a smooth function with 8(k) = 6(|k|), let fi be the probability density of L, and assume T is a
function of L: T = y(L). Assume

Y (r)fi(r) = Cr®
for some C > 0 and
a>-—1
Call -
D::fo B(n[*y*(r) fu(r)dr,

which is a finite constant. Then,

Qvortex (X) D Z Ik ,

keZ2 |k|3+a

This is the covariance function of a SFGF of index,
3+«

2

S=

Proof. Since 6 is smooth, §(r) has a fast decay, which makes 8(r)r" integrable at infinity for every a; it is also integrable at zero because
a > —1. From the assumptions,

E[PR o[ ] = E[y*(mP()[]
= [TY @B (o)
= Ik f B (K)o

= k[~
Note that a > —1 corresponds to [ ]
s>1,

so the SGFF (s = 1) is a (just excluded) limit case.
Recall that the solenoidal Kraichnan model with scaling parameter { is defined, on the torus T¢ by the covariance function

zkx

QKralchnan (X ) D Z

d
i K +‘

We see thus that the vortex noise, in dimension d = 2 (see Sec. [V B for d = 3), covers the Kraichnan model with scaling parameter,

(=1+a>0

(any positive { is covered).
The space-scale £ of the vortices is free in the previous results. If we restrict ourselves to small vortices, namely, we take f1(r) = 0 for
r> k', we get the following corollary:

Corollary 11. Under the same assumptions of the previous corollary except for

P (D fL(r) = Oy

for some C, ko > 0 and o > —1, we get

1 D(|k|/k ex
Qvarfex(x) = k3+,x Z Mpkek +Rk0(x):
0

i (KI/ko)™

where
lim D(x) = D,
K— 00
c’ log ko
R (x)| <
IR (< o 5 e
J. Math. Phys. 64, 053101 (2023); doi: 10.1063/5.0128120 64, 053101-12
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for some constant C' > 0.

Proof. As above,

E[[0 (1) ] = (K™ D(lK| ko).

The first limit property is obvious. Moreover (using also H’é“m <),

sz+1
D <C ,
(%) a+1
and hence,
1 D(|k|/ko) C - 1
< ko.
k3+lx ‘klzgko (‘k|/k0)3+a a+1 kl-Hx |k‘z<:k0 | | kl+(x g 0

We thus see that, up to lower order terms, the vortex model with cutoff corresponds to the Kraichnan model with infrared cutoff kg
[cf. Ref. 10, Eq. (2.3)].
Finally, we remark that the model has the flexibility of multifractality. To explain it in the simplest possible case, assume

Y (nf(r) = Z Cir®
D;:= f |A(r)| Cir"dr.

Then, we get
Qvortex(x) = Z D; Z 3+zx, x.

Clearly, one can do the same with a continuously distributed multifractality in place of the finite sum (we void to introduce additional
notations to explain this point).

Remark 12. An intriguing but extremely difficult question (we thank an anonymous referee for it) is whether we may infer the value of the
scaling exponent { of the Kraichnan model, or a multifractal version of it, from the similarity with the vortex noise. It was the main aim of the
outstanding book,” which—as admitted by the author—remained open at the time of the book and it is still open now. Two examples of attempts
in this direction have been Refs. 14 and 25; in the latter work, a multifractal formalism based on vortex filaments was developed. However, it
must be stressed that no one of these works deduced K41 or other scalings from vortex models; they could only reproduce scalings chosen a priori.

B. Covariance of 3D vortex noise

Next, we turn to the 3D case, and recall the definition of the noise based on vortex filaments (11). The covariance of the noise is given by

(Qu,w) [ fKL(x,X) v(x)dxf KL X, X ( ')dx'],

where

fTsKL(x,X.) ~v(x)dx = A3fTsv(x) -K(x,y) x /OUQL()/—X,) dX; dxdy.

For simplicity, we set from now on the time-horizon U = 1, and assume that the 3D Brownian motion (X;) starts from uniform distribution
on T?, and hence, for any time ¢ > 0, the distribution of X; remains uniform. (X) is also independent of (T, L). Using vector identity, we may
rewrite

[TSKL(x,X.)-v(x)dx = /TafT3/019L(y_X‘)v(x) x K(x,y) - dX;dxdy

= /OI[GLT*(fT3v(x) xK(x—-)dx)](Xt) - dX:.

For the 3D kernel K (10), we still have the property that K(x,a) = K(x — a) = —-K(a - x).

#pd'0Z18210°S L~ L0LES0/999GEY L L/0Z18210°G/€901 01 /1op/pd-ajoie/dwl/die/Bio-die sqnd)/:dpy woy papeojumoq
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Our first result is that in 3D, the vortex noise has the same covariance structure as in the 2D case.

Proposition 13. Assume 8 symmetric and (X;) independent of (T, L) and starts from uniform distribution on T°. Then,

Quortex(x) = E[r F(Lk)l ] Pre™.

kez}

Proof.
(Qu,w) :E[rzfol[eL*(fTsv(x) ><K(x—~)dx)](Xt) - dX;

fol[em (fTaw(x') xK(x'—-)dx')](X,) -dXt]
=E[r2f01[eL*([T3v(x) xK(x—-)dx)](Xt)~[6L>e(fT3w(x') xK(x'—-)dx')](Xt)dt]
= E[szsz[GL * (‘[Tzv(x) x K(x - ~)dx)](z) . [HL * (—/Tgw(x') x K(x' - ~)dx')](z) dz],

where we take conditional expectation with respect to (X;) first using its time-stationarity and uniform distribution, whereas the randomness
of (T, L) remains.
By Parseval theorem and vector identities, we may rewrite

(Qu,w) [r 3 QL(k)(/:EBv(x) XK(x_.)dx)A(k).é‘L(k)(fTiw(x) xK(x—.)dx)A(k):|

keZ}

= 3 E[F18 ()] (90 x R(K) - (D) x R(K))]

73
keZj

-3 E[rﬂa(k)yz@. (R(1) x (k) x R(K)) ) |

3
keZ;

By properties of the triple cross product, we have that

R(k) x (9(k) x R(k)) = 5(k) (R (k) - R (K) ) - R (1) (R (k) - D(K)),

and hence,
D (k) - (R(k) x (9(k) x R(K)))
=[R20 - @) - (2(K) - R(k) ) (R (k) -2(k))
- |f<k>|2(ﬁ<k) 1) ~w 1) (R © K(k) Jo(k)
(70 T00) - 70 (550 g o
1 k k) . —~
- e (1 g Jrw-70)
recalling that in 3D, y
K(k):iw.

Thus, we may conclude that

(Qu,w) = 3 B[]0 (1) ] s (P00, (1)),

keZ;
where P =1 — rt‘ ® % is the projector on the orthogonal to k. This yields, in turn, that the covariance matrix of the noise is given by [ |
Quorex(6:%) = Y. B[ |61 (80)| ]—P 3=,
keZ}
J. Math. Phys. 64, 053101 (2023); doi: 10.1063/5.0128120 64,053101-14
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This formula agrees with formula (13) obtained for 2D; hence, Corollary 10 applies in 3D without change (except for summation over
keZ?).
Our result in 3D covers Kraichnan noise with parameter

(=a>-1

We can also restrict the vortices to small scales by introducing a cutoff ko, as in Corollary 11. Here, we need to restrict to & > 0 in its statement
so that the remainder Ry, (x) is of lower order,
c 1
Ri,(x)| £ —— =%
RIS S

V. THE EFFECT OF VORTEX STRUCTURE NOISE ON PASSIVE SCALARS
A. Introduction

Regarding eddy diffusion enhancement in domains with boundary, we recall the following theorem proved in Ref. 13 (Theorems 1.1 and
1.3). Here, we have a passive scalar 6 driven by the white-in-time, correlated-in-space noise 0; W produced by our vortex structures, where
W (t,x) is the limit Gaussian process obtained via the invariance principle in Theorem 2,

0:0 + O;W o V0 = kA0,

o denotes Stratonovich integration, and scalar x > 0. We denote the smallest eigenvalue of the matrix Q(x, x) by

T
q(x,x) := min ¢ Qxx) Q(;c,x)f
I
and the squared operator norm | Q'/? ”iz(D)ﬁ 2(0) by
corm sup Jolo? (DQey(y)dxdy

0=veH Jpo(x) v (x)dx

Theorem 14 (Ref. 13, Theorems 1.1 and 1.3).

(a) Forany 6y € H measurable and any t > 0, we have that

E[( fD |6(t,x)|dx)2] < (%Q + 2|D\e_m“"‘Q)E[H90Hil],

where Ap,«q is the first eigenvalue of the elliptic operator —Aq for
Aqg = kA + % div(Q(x,x) V).

(b)  There exists a constant Cp 4 > 0 such that

Apseq > Cpamin (o7, x/9)

for every Q such that

inf q(x,x) > o™
x€Djy

In view of this theorem, our aim is to show that the noises based on vortex structures in 2D and 3D that we constructed in Sec. 111,
for small L, enjoy the property that they have small eq and large g(x, x), simultaneously, once the other parameters of the model are tuned
properly. Here, we assume that I, U, L, X. are independent.

For technical reasons, we demonstrate this only for the torus D = Td, d = 2,3, in this section. The same conclusions should be true for
any regular domains D, but the corrector part of the Green function is difficult to handle; hence, we prefer to state in the simple case of torus.
Note in this case, we do not have a boundary, and hence, Ds = I, § = 0, and we can put the stopping time 7 = oo in the 3D case.
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B. The 2D case

The following theorem applies to any realization £ of L. For fixed £ > 0, we shall use [recall (8)]
Qe(xy) = ]E[FZKg(x,Xo) ® Ke(}/,Xo)]-

Therefore, for & € R?, we have

Qe (% x)E = E[T*|K, (x, Xo) - €],
while for v € H,

(@v.0) = [, [0 Qulxy)v(r)dady - E[r( RS 'Ke(x»XO)dx)z]-

In the next statement, we set o* = E(I?).

Theorem 15. (i) There exists a finite constant C such that for everyv € Hand £ € (0,1),

(Qev,v)

2
lol

2
< Co".

(ii) For every x € T, let qo(x) > 0 be the largest number such that for any v € R* and £ € (0,1),

vTQp (x,x)v
Jof?

2qe (x)
Then, there exists some positive constant ¢ such that
inf g¢(x) > ¢ | log /.
xeT?

Remark 16. We can choose * = E(T?) to be small and then choose £ small enough such that o*|log f| is large to fulfill the conditions in
Theorem 14.

Proof. Since ID = T, the function Vihp(x,y) is bounded above uniformly and does not affect the computations on K(x, y), which will

1 (=)t
2 o

be based only on the term Thus, we use the approximation for all x € T2, as.,

1 1
Ke(xX0) < [ [K(x9)[0 —Xd~—/76 —~ Xo)dy.
|Ke (x 0)|<fTZ| (6)10e(y = Xo)dy ~ - 2] o (y — Xo)dy.

Let Ck, be the random variable defined as

Cx, = [T Ko (%, Xo ) |dx.

Under our approximation, we have

1 1
Ko(x, X ds—ffie — Xo)dyd
fqu' o(xXo)ldx s —— Y M vy o(y — Xo)dydx

1 1
=— ——dx |0y (y — Xo)d
277]1#( T |x — | x) e(y = Xo)dy
SC/ZBg(y—XO)dy:C,
T

and hence, Ck, is finite a.s. and even uniformly bounded above. Then,
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(Qew,v) < E—Fz(szv(x)|Kg(x,Xo)|dx)2]

[ 2
<E FZC%Q(‘/'Jv(xﬂwdx) :|
T CK@

<E FZCIZQ fzv(x)2|KZ(x’X0)|dx:|
L T CK

'3

~E[rcx, |, \u(x)\zuq(x,xo)mx].
Let Cx, be the deterministic constant defined as

Cx, = sup E[FZCKAKg(x,XO)” < 00

xeT?

We have proved
{Qev,v) < Cr, |0l

Concerning the size of Cx,, under the assumptions that p, has a bounded density, we have

Ck, < Csup E[F2|Kg(x,X0)|]

xeT?

— supIE[ | 93 (r- Xo)dy]

[ ff| 6@()’ xc)Po(xo)dxody]
CPmax [ f L y:|

xe’JI‘2

< C(pmax, T E(I)

N

2

I
3|0
E
=)
ﬁ

IN

since

sup_/Z dy < Cpa.
™ Jx -] '

TZ

Therefore,
(Qev,v) < CE(T?) o]

This quantity is small if E(T?) is small.

Concerning v’ Q(x, x)v, v € R?, using again the simplified asymptotics, we have

v Q)0 = (1 [ [Ke(x30) - o polcdn) |

2
~E .
(2m)
Given any x € T? and unit vector v € R?, there is a cone C(x,v) c T (a set of the form x + rw, r € [0,10], jw| = 1, w - e > a for some |¢| = 1
and a € (0,1)) such that

2

% po(dxo))

=y

e (y — x0)dy

1
(x-x0)" 0> E|x— xol|v| for every xg € C(x,v)

and
|C(x,v)| 275 >0.
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Moreover, assume po(dxo) is bounded below by p_. Leb for some constant p_. > 0. We then have

T I‘mein (x—y)l % 2
v Qe(x,x)v 2 E (2n)’ /c(xv) f(xoé)izee(y—xo)dy dxo |-

=
Taking £ > 0 very small, reduce the cone C(x, v) to the set

Ce(xv) € C(xv)

of points xp such that
dist(x0, 0C(x,v)) > 2L

We then have
y € C(x,v) ify € B(xo,¢) withx € C¢(x,v),

and thus,

1—‘mein
(27‘[)2 Ce(xv)

Ly
[ Mg pay

o) (xx)v>E
B(xt) |x — |

2
de )
dX() )

szmm ‘U|2 / 1
4 x0)d
4(2m)? Jeuwo) | Ity [x -y Be(y = x0)dy

T2 P 0] ’

=g —Lmnl d
4(2m)* Jeu(xo) || (= x0)dxo
2. 12

=E M (g l) (x0)doxo
4(2m)* Jeu(ow) H

2 C(Pmim”l)|v|2E(r2) f (68 * ﬂ) (x0)dxo.

=K

The last inequality is because the quantity xo — (94 * ) (x0) is rotationally invariant; hence, the integral ng(O’U) (Gg * T ) (x0)dxo does not
depend on v. Since |C(0,v)| > 7, we have that

A{(O,v)( o * ||) (x0)dxo > cn~ / (02* ) (x0)dxo.

2
Let us investigate the problem of the scaling in £ of the quantity [ (Gg * ﬁ) (x)dx. Given the mollifier 8, (x) = £72 6(671x) that we assume

the best possible one (non-negative, smooth, symmetric), let us introduce the smooth symmetric pdf, compactly supported in B(0,2),

67 (2) = [ o(z-)0(z')dz.
Then,
6 (2) = 207 (¢x) = [ 0(e2-2)o(2 )
[ - w))6(¢ w)e
:/Gg(z—w)ﬂg(w)dw
= (6, %6¢) (2).

Below we shall use the formula,

07 (y=5) = [ O(x=y)8e(x ' )ax

J. Math. Phys. 64, 053101 (2023); doi: 10.1063/5.0128120 64, 053101-18
© Author(s) 2023

#pd'0Z18210°S L~ L0LES0/999GEY L L/0Z18210°G/€901 01 /1op/pd-ajoie/dwl/die/Bio-die sqnd)/:dpy woy papeojumoq


https://scitation.org/journal/jmp

Journal of
Mathematical Physics

true because

ARTICLE

62(r-y) = [ 8e(y-y - w)oe(w)dw

wezy f 00(y — )0, (x -y )dx

(recall 0 is symmetric). After these preliminaries, we have

f(@g*%)z(x)dx:/(/ Gg(x—y)bl}dy)zdx

= // Gg(x—y)@g(x—y')wl|

1
|

11
-Jf o0 Y

1 1
= 0(2) — — dyd
I O y—a9*

_ 1 1 ©)
-/ ( b |y—z|dy)9f (e)de.

11
e [ L1 4
Wl ly -zl

Now, we have to understand first the behavior of

We can prove that for || < 1,

1 1
————dy > |log]|
J. Mly—o="8

Indeed, since [y — 2| < [y| + |z},

z||.

dydy' dx

11 11
R A (F S s
fRZ Wl ly - 2] Iyl 1yl + |zl

1 1
z/ L L 4 =log(1+4) -logle]
s oo Pl g

> ~log 2| = [log .

Then, [ ( J blTI Iyizl dy) 922) (z)dz can be bounded below by

JEROITE:

> f‘ | 0912 loglelldz
z|<

—2 £
> —col f r log rdr
0

72 r=¢
= c@(—Z_ZI: log r] + é_zf
2 0

r=0

L0 L
ce(—z Zzlogmz 25)

= ca(|log {+ %),

where without loss of generality

co= zeér(l()f:l)G(Z)(Z) >

0.

2421
rdr)
2r
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This yields that
vTQ (x,x)v

5 > c E(T%)|log /|
[0l
for some ¢ > 0 and any £ € (0,1).

C. The 3D case

Recall that we take ID = T>; hence, the computation below can be based solely on the --

= Ix ‘3 x part of the kernel K(x,y) (10), with the

other part from Vyhp,x, (x)x uniformly bounded. We also set 7 = co. The following theorem applies to any realization ¢ of L. We shall use the
notation Q(x,y) and Q; for fixed ¢, similarly to what is done in the 2D case, while recalling (11).
In the next statement, we set o> = ]E(l"2 ).

Theorem 17. (i) There exists a constant C < oo such that for every v € H and £ € (0,1),

(Qev,v)
2

<CE(U)d".
lvly

(i)  There exists a constant ¢ > 0 such that for all x € T?, v e R?, and £ € (0,1),

’UTQg(X,x)’U

3 > cE(U)d (!
o]

Remark 18. We can choose the distribution of (T, U) such that E(U)o® is small and then choose £ small enough such that E(U)a*0™" is

large to fulfill the conditions in Theorem 14.

Proof. Taking any v € H, we consider

(@ov.v) = [, [0 Quny)v(y)dsdy

- E[Fz(fTsv(x) . A}K(x,y) x (fOUM@z()’—Xt)dXt)dydx)z:.

For any fixed realization of (T, U), we take expectation over W first

(Qev,v) ~T W[(/ f f Oe(y - Xt)v(x) ﬁ ><dXtdydx)2
- 2w (/ / f 0e(y — Xi)v(x) x —| |3dydx dXt)2:|

2

dt

f Oe(y — Xe)v(x) x —‘ }13 dydx

where the last step is due to Itd isometry. We further bound it above by moving the norm inside the integral,

- -
e [ ffeg(y—x,)|v(x)|i L dydx) dt
0 T J1 47 |x - y|

[ f Cu f o(x)] f 8.(y - X, |2dydxdt]
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where the random constant C,, is
G [ [t icc
-

for some deterministic finite constant Cs (integrate first dx then dy). Set

C, = supW[/ f Oe(y-X | y| ——dydt|.

xeT?

Recall that Xy has density p;,(x), which is bounded above uniformly by p__ . Since the heat semigroup is an L -contraction, the density of X;
at any later time ¢ is bounded above by p_ ., and thus, we have

Cu < Upmax Squ / IZ()’ | dde < UCT3

xeT?

(integrating first dz then dy) for some deterministic finite constant CJ. We conclude with
2 2 r2 2
(Qu,v) <E(I*Cy) o] < Ca®E(U) o3
Taking now any unit vector v € R?, for any x € T, we consider the quantity

v Q(x,x)v = E[F2|v . u(x)|2]

We again fix any realization of (T, U, £) and take expectation over W first,

W[F2|v . u(x)|2]
el 0,y 1 x-y ’
='W (/ﬁ—/() Oe(y — Xi)v i le—yP detdy)
2 [ U 1 x-y 2
- 2W (f /Gg(nyt)vx—l |3dy-dX¢)
x-y
2
vy / ’/ 0e(y — Xt )v x | |3dy dt],
-y
where the last step is due to It0 isometry.

Since D = T° is compact, the density of X;, denoted pt(z), converges to the uniform distribution, and hence, it is not hard to see that
there exists some p_. > 0 independent of ¢ such that

pi(2) 2 pmin,  z€ T, te[0,U].

Then, we can continue to bound below W[F2 |v-u(x) |2] by

pt(z)dz

x—
g(}l Z)v x —ﬁ dy

>FpmmU/‘f94(y z)vx—l de

For any x € T°, there exist a cone C(x,v) and a ball B = B(x*,£/2) c C(x,v) of radius £/2 with center x* with |x — x*| = 2 such that provided
z € B, we have all the y that contribute to the above integral be contained in B(x*,3¢/2) and ¢/2 < |x — y| < 7¢/2, and on the other hand, the
orientation of the cone is chosen such that v x (x — y) are roughly in the same direction for all the y. This implies that for some absolute
constant ¢ > 0 and any z € B,

2
dz.

‘f 0e(y — z)v x 1 | |3dy >c|v|f Oe(y—2)0 dy—cﬂ
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Thus, we have that upon squaring and using |B| < £°,

UTQg(x,X)U > cpminE(Fsz€_4dz) = cpminE(FzU)é_l.
B

This completes the proof. [ |
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