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Abstract

The limit from an Euler-type system to the 2D Euler equations with Stratonovich
transport noise is investigated. A weak convergence result for the vorticity field and a
strong convergence result for the velocity field are proved. Our results aim to provide
a stochastic reduction of fluid-dynamics models with three different time scales.

1 Introduction

This work deals with the 2D Euler equations in vorticity form on the two-dimensional
torus T? = R?/Z? :

{ats+u-vs=o, n

£li=0 = &0,
where £ : T2 — R is the vorticity field and
u=K=x§& divu=0,

is the solenoidal velocity vector field reconstructed from & using the Biot—Savart kernel
K:

Kxt=-Vi-A)le
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Simulations of this ideal model, as well as observations of roughly two-dimensional
physical systems like certain layers of the atmosphere, show a superposition of vortex
structures of different size. The basic idea behind this work is that with a great degree of
approximation, one could describe the motion of large-scale structures by a stochastic
version of 2D Euler equations, where the noise replaces part of the influence of small-
scale structures on large-scale ones. This fits with the general idea of stochastic model
reduction (Majda et al. 2001; Franzke et al. 2005; Franzke and Majda 2006; Jain
et al. 2015; Franzke et al. 2019), but the precise formulation given here is new to our
knowledge.

Mathematically speaking, we present a convergence result from a system of two,
coupled, Euler-type equations to a single stochastic Euler equation with transport-type
Stratonovich noise. Behind the theoretical statement, there is a heuristic motivation
based on three time scales, carefully described in Sect. 2.

Let us start with the mathematical result. The system of two, coupled, Euler-type
equations we consider in this work is the following:

dgf +uj - VE At = —ug§ - V[ de,

d&§ + uf - VESdr = —e2E5dt + € 2dW,

up = K x&f, (E)
ug = K x &5,

Eflimo = £0.  ESli—0 = &5

Here, € > 0is a scaling parameter and (W;),> is a space-dependent Brownian motion
of the form:

Wi(x) =) 00y, )

keN

where the family {8%}ren is made of independent standard Brownian motions and
the coefficients 6y are solenoidal, periodic and zero mean, sufficiently regular and
decrease sufficiently fast with respect to k, in a suitable sense to be determined later.

The subscripts in the two components (Eﬁ &S ) refer to large scales and small scales.
For the sake of simplicity, we take the initial condition Eé) *“ to be distributed as the
invariant measure of the linear part of the equation for &5 (see Sect. 3 for details), but
a more general initial condition in the small-scale dynamics can be easily handled.

Our main result is the following, the precise meaning of solution to (E) being given
by Proposition 6.1:

Theorem 1.1 Let T > 0 and suppose we are given a zero-mean &y € L*(T?). Denote
B;(x) = —K * W;(x), and let &1, be the unique solution of the stochastic equation

d&; +up - V& dt = V& 0dB,
up =K *§, 3)
&Lli=0 = &o.
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Then, under suitable assumptions on the coefficients 0, the process & solution of (E)
converges as € — 0 to &, in the following sense: for every f € L' (T?):

]-o

as € — 0, for every fixed t € [0, T] and in LP([0, T]) for every finite p. Under the
same assumptions on the coefficients 6y, the velocity field uj = K x & converges as
€ — 0, in mean value, to uy = K = &1, as variables in C([0, T], LY(T?, R?)).

EH/ (1, x) f (x)dx —f EL(t, x) f (x)dx
T2 T2

Equations of fluid mechanics with Stratonovich transport noise like (3) received
great attention in recent years. Precursors already appeared several years ago, see, for
instance, (Brzezniak etal. 1991, 1992; Mikulevicius and Rozovskii 2004, 2005). Then,
it was observed, for particular models (see, for instance, Flandoli et al. 2010; Maurelli
2011; Flandoli et al. 2014; Barbato et al. 2014; Bianchi 2013; Beck et al. 2014; Flan-
doli 2010; Bianchi and Flandoli 2020 and others) that such noise has sometimes rich
regularizing properties, typically in terms of improved uniqueness results or blow-up
control. This also contributed to additional investigations on such random perturba-
tion. More recently, the problem of which precise Stratonovich transport-advection
noise should be considered was understood by Holm (2015) by the development of a
stochastic geometric approach based on a variational principle; concerning this impor-
tant issue, let us mention that the correct noise term for the vorticity equation in three
dimensions has the form V& odB — &, o dV B, which reduces in 2D to V& odB, the
noise used in the theorem above (see, for instance, Crisan et al. 2019 for a rigorous
result in the 3D case). Our result here, therefore, adds further motivation for the use of
this kind of random perturbations; see also (Cotter et al. 2017; Gay-Balmaz and Holm
2018) for a justification of this noise from a viewpoint that has certain conceptual
similarities with our one here.

In Sect. 2, we describe in detail why a system for (Sf, &S ) like (E) above may
arise in applications. It is not only a question of splitting the global vorticity field
in two parts; a central detail, responsible for the final result, is the precise scaling
e’2§§ dt + e2dW. It is not obvious, a priori, why this scaling should appear, since
the usual stochastic equations with a scaling parameter that appear in the literature have
the form e _2%'5 dr+e~'dW. But when there are three time scales in the system, with the
features outlined in Sect. 2, the special scaling of our model is natural. See Majda et al.
(2001) and subsequent works for similar arguments that were the basis of our research,
although other aspects are basically different—in particular the finite dimensionality
of the limit models in those works. As remarked in Sect. 2, one issue over others is
critical in the approximations: the inverse cascade is not properly captured by this
model. This is, however, a general open problem in the realm of stochastic model
reduction.

Our final result looks like a particular issue of the general Wong—Zakai approxima-
tion principle Wong and Zakai (1965). For the Euler system, it seems the first result in
this direction. In the case of Navier—Stokes equations, other forms are already known,
see (Hofmanova et al. 2019; Hofmanova et al. 2019) based on rough path theory; for
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different equations, we mention among others the results contained in BrzezZniak et al.
(1988), Twardowska (1993), Tessitore and Zabczyk (2006).

Our proof is based on a probabilistic argument for the Lagrangian dynamics
associated with the problem (E): in fact, the formulation itself—the meaning of
solution—adopted here is the Lagrangian one. For the deterministic Euler equa-
tions, the Lagrangian approach is classical, see, for instance, Marchioro and Pulvirenti
(1994) where it is also used to prove existence and uniqueness of a solution of class
g € L™ ([0, T], L> (T?)) for bounded measurable zero-mean initial vorticity. For
the stochastic case, we rely on similar results proved in BrzezZniak et al. (2016).

In the present work, we prove in the first place a convergence result for the
Lagrangian particle trajectories, or characteristics. Then, relying on the measure-
preserving property of characteristics, we are able to prove convergence of the vorticity
fields in the sense of Theorem 1.1. We would like to stress the following technical
issue: the equation of characteristics contains the velocity field itself as drift, and a
careful analysis of the Biot—Savart kernel is required to overcome this difficulty. We
hope that our method can be generalized to other equations in dimension two similar
to Euler, such as modified surface quasi-geostrophic equations Chae et al. (2011).
Three-dimensional models might also be included, possibly requiring a regularization
of the nonlinearity as in Cheskidov et al. (2005).

The paper is organized as follows. In Sect. 2, we present the main motivations behind
this work; in particular, we justify the interest in the asymptotics as € — 0 of system
(E). In Sect. 3, we introduce a rigorous mathematical setting and give a reformulation
of the convergence & — & in terms of the convergence of the characteristics, see
below for details; here, we introduce a simplified version of system (E), which is
more convenient to capture the main mathematical features of the original system
without obscuring them behind heavy calculations. Subsequent Sect. 4 is devoted
to the convergence of characteristics, which relies on an argument similar to those
contained in Ikeda and Watanabe (1989) as well as some classical estimates on the
Biot—Savart kernel K. In Sect. 5, we see how the convergence of the vorticity fields
(in the sense of Theorem 1.1) can be deduced from the convergence at the level of
characteristics. Finally, in Sect. 6, we transpose the results concerning the simplified
system introduced in Sect. 3 back to the original system (E). In the appendix, we prove
the equivalence between the Lagrangian notion of solution and the distributional notion
of solution to (E), in a sense to be specified later, thus further broadening the scope of
our results.

2 Motivations

In this section, we discuss the motivations that justify our interest for the asymptotical
behaviour as € — 0 of & solution to (E).

First of all, we clarify from the beginning that the theory illustrated in this work
applies to systems with three time scales, this sentence to be understood as explained
below.

We need a small time scale 7g at which we observe variations, fluctuations, of
the main fields (here the vorticity field). We need an intermediate scale 7y; at which
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the previous fluctuations look random, but not like a white noise, just random with
a typical time of variation of order 7g (small with respect to 7y). Then, we need a
third, large, time scale 7y, where, as a result of the theory, the small-scale fluctuations
will appear as a white noise, of multiplicative type in the present work. The following
relation will play a role:

7. Im 4
o T “)

We illustrate this framework of three time scales by means of an admittedly phe-
nomenological model. We think of a fluid which develops small-scale fluctuations at
the time scale of 1 s: think to wind, roughly two dimensional to fit with our mathe-
matical result, which flows over an irregular ground producing small-scale vortices
and perturbations. The small-scale 7g has the order of 1 s. The intermediate scale has
the order of 1 min: in a minute, the fluctuations we observe appear as random, with a
typical fluctuation time of 1 s. The large time scale will be of the order of 1 h: at such
scale, the fluctuations will look as a white noise.

An example, always ideal, may be the atmospheric fluid over a large region, limited
to the lower layer, the one that interacts with the irregularities of the ground (like the
mountains). Not aiming to a precise description of such a complex physical system,
but just to visualize certain ideas, let us idealize such fluid by means of 2D Euler
equations with forcing, written in vorticity form:

u=Kx§g, )

{ats+u~vs=f,
where f represents the production of small-scale perturbations by the irregularities of
hills and mountain profiles, for instance. For long run investigations, it is necessary to
include other realistic terms, like a small friction —«& and an even smaller dissipation
VA&, for some coefficients 1 > o > v > 0, in order to dissipate the energy introduced
by f, but it is not essential to discuss such facts here.

2.1 Human Scale: Seconds

By human scale, we mean the system observed by us, humans, who observe distances

in meters and appreciate variations over time spans of seconds. The key quantity here

is s = 1 s. Velocity u (¢, x) is measured in m/s and vorticity & (¢, x) in s~
Assume we split the initial conditions according to some reasonable rule (geometric,

spectral...), in large and small scales

£li=o = €L (0) + &5 (0).
Small scales describe the wind fluctuations at space distances of 1 — 10 m, and large
scales are those which impact at the regional level (national, continental), namely with

structures of size 10 — 1000 km. We assume this separation of scales at time ¢ = 0.
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Having in mind (5), and the previous splitting of the vorticity field in large and
small scales, we consider the following system for the evolution of &1, &s:

0L + (uL +us) - VéL =0,

6

0rés + (ur, + us) - Vés = fs, ©

where u;, = K *x &, us = K x &5 and fs incorporates the small-scale inputs due to

ground irregularities. We assume that fg includes variations at distances of 1 — 10 m,
with changes in time in a range of order of 1 s.

It is easy to check that the splitting (6) is consistent with (5), in the sense that if
(&L, &s) is a solution of (6), then & = & + &g is a solution of (5). We point out,
however, that (6) can not be deduced from (5) and the separation of scales at time
t = 0, but rather it is a modelling hypothesis.

2.2 Intermediate Scale: Minutes

Let us observe the same system from the viewpoint of a recording device which keeps
memory of the wind, but with a time scale of minutes: 7y = 1 min. At such time
scale, the fluctuations described in the previous subsection look random, the spatial
scale being the same as above: 1 — 10 m.

This motivates our main modelling assumption, see also (Penland and Matrosova
1994; Majda et al. 2001; Boffetta and Ecke 2012). We replace the small scales by a
stochastic equation, Gaussian conditionally to the large scales:

0L + (uL +us) - VéL =0,

(7
ds +uL - V&s = —%Es + & Ws
with
1
™= —
M= 60

in the unit of measure of minutes.

Remark 1 We cannot introduce this modelling assumption at the human scale, and it
is too unrealistic. If we could, the value of the constant T would be tg = 1, in the unit
of measure of seconds.

Heuristically speaking, in order to understand the phenomenology of the second
equation, let us drop the term uy - V&g, let us think to Wg as a one dimensional Brownian
motion, and realize that the stochastic process defined as

t
Bs (1) = ¢ M'Es (0) + [ W Ly (),
0 &

which is a caricature of the true process &g, converges very fast (on the time scale of
minutes) to a stationary process, and—similarly—it takes roughly o = 6]—0 min to
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go back to equilibrium after a fluctuation. Thus, at the intermediate time scale 7y,
the small-scale process looks random, with visible variations every % units of time.
Its intensity is (essentially) independent of ty; and given by o: the variance of the

stochastic integral in the previous formula is fot e_ﬁ([_s)%ds. When the noise is
space-dependent, the intensity is also modulated in space, so o is a sort of global,
mean order of magnitude.

The replacement just discussed of the true small-scale equation by a stochastic
equation has some natural motivations, discussed above, but it also has flaws. One of
them is related to the inverse cascade, which dominates the energy transfer between
scales in 2D, see Kraichnan (1967). Inverse cascade is mostly discarded in this model,
having replaced the transfer mechanism due to the term ug - V&s by a Gaussian
term with no Fourier exchange. We do not know how to remedy this drawback. Let
us only mention that generally speaking, the problem of a correct energy transfer
between scales in stochastic parametrization and stochastic model reduction theories
is the most important essentially open problem; our work is not a contribution to the
solution of this extremely difficult problem but only the description of a particular
stochastic model reduction procedure, different from others previously introduced in
the literature.

2.3 Regional Scale: Hours

By this, we mean the same system, lower atmospheric layer over a large region,
observed by a satellite. The unit of measure of time is 7, = 1 h, and the unit of
measure of space may be 10 — 1000 km, that is, now different from the spatial scale of
meters proper of human and intermediate points of view. We have chosen this scales
having in mind, for instance, weather prediction.

How does it look like the system above seen at this space-time scale? If there is no
noise term, the formulae are the same as above with

1

=60 %60

But this rescaling, correct for the term —%Ss, does not hold true for the stochastic
term %Wé Let us see more closely the correct rescaling.

Remark2 We start to see here how the final result depends on the precise procedure
described in this section. If we had imposed the stochastic structure of small scales
from the very beginning, namely at the human level, then the intermediate step would
be unessential, since a single rescaling to the regional level would give the same result.
But the result of this alternative procedure would not be the one described in this work,
it would be different. It is essential that the passage from human to intermediate scale
is based on the rules of deterministic calculus, while the passage from the intermediate
to the regional scales is based on the rules of stochastic calculus. Only in this way we
get the scaling factors characteristic of the theory described in this work.
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In order to avoid trivial mistakes in the rescaling from intermediate to regional
scale, let us formalize in more detail the change of unit of measure. The space and
time variables at intermediate level will be denoted by x, ¢ and those at regional level
by X, T'. Essential is that the unit of measure of ¢ is minutes and the one of 7 is hours,
differing by the factor

el = 60, t= e IT.

Less essential here is the role of the unit of measures of x and X. We assume they
differ by a factor e, !, namely

_ 1
x =€ X.

The only place relevant for applications where it will appear is in the modification of
the space-covariance of the noise, which, however, is not our main concern here.

Denote by u (¢, x) and U (T, X) the velocities in the intermediate and regional
scale, respectively, and similarly by & (¢, x) and E (T, X) for the vorticities. We adopt
the same notation for their large-scale components uy, UL, &1, E1, and their small-scale
components us, Us, &, Eg. We have

L (T X
U(T,X)=ee ul~, —

€ €

and thus

B(T,X)=¢ ¢ (g 5).

€x

Notice that the material derivative preserves its structure under unit measure change,

here up to the factor € ~2:

08 - o | 0§ T X
+U-VxE|(T,X)=¢ E_FM.VX;;- <?_)

aT €x

Similar identities hold for “mixed” material derivatives, like Us-Vx 1, and UL - Vx Es.
Now, let us write Eq. (7) from the viewpoint of the satellite:

[0rEL + (UL + Us) - VxELI(T, X) =0

1 T X
(07 Es + UL - VxEs] (T, X) = €2 [——Es +— Wé} (—, —) .
™ ~T™M € €y

Notice that we still have 7y in these equations. Let us elaborate the term on the
right-hand side of the second equation. First,
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_21 T X 1
és - 8s (T, X)
€ € ™eE

1
i ——Es (T, X)
L

having defined

1
60 x 60°

L = TM€ =

Second, working with finite increments which is more clear when we deal with
Brownian motion, we have

T X T X
AWS<T X) WS(:JFN’;)—WS(:’;)

At \ e e At
w5 2) (1)
=€ €At
o rens)-is(r.)
= Ve €At ’

for an auxiliary Brownian motion Ws, namely

w(n) v (nl)

29w (Z §> L 329 G (T 5)
Jm S \e e Jm S\ e

Hence, the equation for Usg reads

and therefore

1 X
[07Us + UL - VxUs(T, X) = ——us(T X) + \/—Ws< )

€x
The distance at which we still may feel a correlation of the noise Wé (T, g) is of the
X
order €,, rescaled with respect to the intermediate level.

Recall now condition (4). Translated into the new constant it corresponds to what
we have tacitly assumed, namely that € = 1. This implies 7, = 62, and thus

1 X
[0rUs + UL - VxUs] (T, X) = — ES(T X)+ = Ws( . )
X

which is the form of our starting model of the rigorous theory (with different notation).
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3 Notation and Preliminaries

For any p € [1, oo] denote Lg (T?) the space of p-integrable zero-mean real functions
on the two-dimensional torus T2. For the sake of a clear and effective presentation,
we decide to study in the first place the following simplified 2D Euler system:

dEF +uf - VESdE = — Y, oy ok - VES TS dt,
Ut = K % £€, (sE)
&€|i=0 = o,

where &) € Lgo(?l‘z) is the (deterministic) initial condition, K is the Biot—Savart
kernel on the two-dimensional torus T2, oy = K * 6 : T2 — R? and n°F is a
Ornstein—Uhlenbeck process:

t
ek = e s 4 /O e Uk, ke N,

The family g = { B¥}ken is made of independent standard Brownian motions on a
given filtered probability space (2, {F;}s>0, P), and the initial conditions {ng’k HeeN
are measurable with respect to F, so that the processes {7 };cny are progressively
measurable with respect to the filtration {F;},>0. Moreover, up to a possible enlarge-
ment of the filtration {F;};>0, to simplify our discussion we take independent initial
conditions {ng’k}keN, also independent of §, and distributed as centred Gaussian vari-
ables with variance equal to e ~2/2. In this way, the processes {n¢}xcny are stationary,
and n¢* is independent of 5" for k # h.

Remark 3 Notice that the process ), ok n¢* is nothing but a rough approximation for
the small-scale vorticity £, obtained by simply dropping the nonlinear term in the
second equation of (E). This simplified formulation of (E) clarifies why we expect a
Wong—Zakai result to be true for the large-scale vorticity: indeed, for every k € N
the process n°* formally converges to a white-in-time noise, because of the following
computation:

t t o t s o
/n§~’<ds:/ e € ng’kds+f <f e 2e € (S—”dﬁf) ds
0 0 0 0
t _2 t t .
:/ e € Sng’kds+/ </ e 2e € @—”ds) dpt
0 0 r

! -2 ek ! -2 k
:/0 e e ds+/0 (1—e—f (’_’)ds) dp!

= pF+ 0(e).

We make the following assumption on the coefficients oy:

(A1) oy € C*(T?,R?) forevery k € Nand Y iy [IV20r || oo (2 g8y < 00,
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where V2o is the second spatial derivative of o} and is understood as a vector field
taking values in RS:

(VZor ()., = 0,00 (x), x €T’ a B.yefl2}.
Assumption (A1) above is immediately translated in the equivalent assumption on the
coefficients 6; of (2):

(A1) 6 € L§(T?) N C(T?, R) for every k € Nand " o VOl oo (p2 g2y < 00.

As an example, one can take, for k € Z? \ {(0,0)} and ek (x) = exp(2mik - x),
1
Ok (x) = gkex(x), gk ~ M for some § > 0.

In order to study well-posedness of the system (SE), we first need to specify what
is the notion of solution we are going to study. We give the following definitions:

Definition 3.1 We say that a measurable map ¢ : Q x [0, T]x T? — T?is a stochastic
Sflow of homeomorphisms if:

e For almost every w € , ¢(w, 1) : T> — T? is a homeomorphism for every
tel0,T];

e Forevery x € T2, ¢(x) : Q x [0, T] — T2 is progressively measurable with
respect the filtration {F;};¢[0,7]-

Definition 3.2 A process £ € L™®(Q x [0, T] x T?) is said to be weakly progressively

measurable if for every test function f € L'(T?) the process

t / & (x) f(x)dx
'ﬂ*2

is progressively measurable with respect to the filtration {F;};>0.

The notion of solution to (sE) we adopt hereafter is the following Lagrangian
formulation:

Definition3.3 Let € > 0 and & e L°°(T?). We say that a weakly progressively
measurable process £€ is a solution to (sE) if it is given by the transportation of the
initial vorticity &y along the particle trajectories, in formulae:

£ =& o (¢, ®)

where ¢f : T? — T2 is a stochastic flow of homeomorphisms which satisfies for
every x € T%:

!dwf () = uf (9 (0) dr + Lyeny o (9 () ©

@5 (x) = x.
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We adopt the same terminology, mutatis mutandis, for equations and systems similar
to (sE).

In fact, we shall prove that in this setting there exists an unique triple (£€, u€, ¢°)
such that u¢ = K * &€, (8), and (9) hold simultaneously for every ¢t € [0, T'], see
Proposition 3.4.

The maps T2 5 x > @i(x), t € [0, T] are usually called the characteristics
associated with (sE), since they describe the trajectory of an ideal fluid particle with
initial position x¢p = x.

Proposition 3.4 Assume (Al). Then, for every € > 0 and &y € L™ (T?) there exists a
unique stochastic flow of homeomorphisms @€ such that (9) holds with u; = K = &f
and

& =600 (¥,

as variables in L (T?). In particular, system (sE) is well posed in the sense of Defi-
nition 3.3.

Moreover, for a.e. w € Q, the map ¢5 : T2 — T2 is measure-preserving with
respect to the Lebesgue measure on T for every t € [0, T:

/ F)ds = f FleEONdy.  forevery f € L'(T?).
T2 T2

The proof of the previous proposition is omitted, being easily reconstructed from
the proof of the analogous result for the characteristics of the full system (E), see
Proposition 6.1. Thanks to this proposition, we can finally define our notion of solution.

The presumed limit equation for &€ is

d& +u, - VEAE = =Y ok - V& o dBf,
ur = K x &, (10)

&li=0 = o,

where od ,B,k stands for the Stratonovich integral. In (BrzezZniak et al. 2016, Section
7), it is proved that for C 2 coefficients oy, equation (10) admits an unique weakly
progressively measurable solution given by

£ =& o (p)", (11)

as variables in L (T?), where ¢; is the stochastic flow of measure-preserving home-
omorphisms solution to the SDE

der(x) = u; (91 (x)) dt + 3 ok (1 (x)) 0 dBf,

12
@o (x) = x. (12
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3.1 Reformulation of the Problem

Recall that, since both ¢ and ¢; are measure-preserving maps of the torus T2, for
every test function f € L'(T?) we have the following identities:

/ EC() f (x)dx = / £ () £ (6f () dy,
T2 T2

/ & (x) f (x)dx =f §o (¥) f (¢r (y)) dy.
T2 T2

This motivates, in view of the meaning of convergence £¢ — & (in a suitable
sense), to investigate instead the convergence of characteristics ¢¢ — ¢, where the
characteristics @€, ¢ are stochastic flows of measure-preserving homeomorphisms that
solve:

def () = uf (pf () dr + Y ox (f (1)) nf*dr,
keN

dey (x) = u; (@1 (x)) dt + Y oy (1 (x)) 0 Y,
keN

keeping in mind, however, that u€ and u are not given functions, but they depend on

the other variables; in particular, they are random. Indeed, we do not know a priori that
u€ — u in some sense, but this information is part of the problem (cfr. Corollary 4.9).

3.2 Properties of the Biot-Savart Kernel
Here, we briefly recall some useful properties of the Biot—Savart kernel K. We refer
to Brzezniak et al. (2016) for details and proofs.

First of all, recall that the convolution K & is well defined for every & € L?(T?),

p € [1, 00] and the following estimate holds: for every p € [1, oo], there exists a
constant C such that for every & € L? (T?)

1K *&llLrr2r2) < ClENLP(T2)-

For p € (1,00) and & € Lg (T?), the convolution with K actually represents the
Biot—Savart operator:

Kx&=-Vi(=a)Tg,

which, toevery & € Lg (T?), associates the unique zero-mean, divergence-free velocity
vector field u € WP (T2, R?) such that

curlu = &.
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Moreover, for every p € (1, 00), there exist constants ¢, C such that for every & €
LP(T?)
0

cllElprer2y < 1K *Ellwirr2 r2) < CUENLr(T2)-
Let r > 0. Denote y the concave function:
y(r) =r(l —logr o< <i/e) + (r + 1/e)1p>1/e).

The following two lemmas are proved in BrzeZniak et al. (2016).

Lemma 3.5 There exists a positive constant C such that:
[ 1K G =)= K6 = )] dy = Cy =)
T

for every x, x' € T2.

Lemma3.6 FixT > Qandlet A > 0, zg € [0, exp(l — 2¢*T)] be constants. Denote z
the unique solution of the following ODE:

t
= Zo-H»/ v (zs)ds.
0

Then, for every t € [0, T], the following estimate holds:

exp(—At
z < ez p(=a1)

Hereafter, the symbol < will be used to indicate an inequality up to a multiplicative
constant C which depends only of the data of the problem (e.g. T', &, 6 etc.). However,

for the sake of clarity, we always try to show in the calculations where assumption
(A1) comes into play.

4 Convergence of Characteristics

For a given y € T2, denote | y| the geodesic distance on the flat two-dimensional torus
of the point y from (0, 0) € T?. To keep the notation as simple as possible, we define,
for a measurable map ¢ from T? to itself, the following quantity:

||<P||LI(T2,11*2) Z/ lp(x)] dx.
T2

We adopt this notation because of the similarity with the norm of the Banach space
L'(T?, R?), although ||-]| 11¢p2 12 is not a norm on the space of measurable maps

@ Springer



Journal of Nonlinear Science (2021) 31:24 Page 150f38 24

T? — T2; in particular, it is not positively homogeneous. In a similar fashion, we
define |||l poo (T2 72) a8

@l oo (T2, 12y = ess sup |@(x)].
x€eT?

In this section, we prove the following result, concerning convergence of the char-
acteristics ¢¢ of the simplified system (SE) towards the characteristics ¢ of system
(10).

Proposition 4.1 Assume (Al). Let ¢¢ be the solution of (9), and let ¢ be the solution
of (12). Then, for every T > 0, the following convergence holds as ¢ — 0:

E |:sug les — o5 ||L1(T2,T2)i| — 0. (13)
s<

The strategy of the proof is the following and is taken from Ikeda and Watanabe
(1989), see also Assing et al. (2020). The idea is to discretize the time interval [0, T']
into subintervals of the form [né¢, (n + 1)3], for a suitable choice of the mesh &.
Then, we adapt an argument in Ikeda and Watanabe (1989) that gives a control of the
noisy part of the equations for the characteristics ¢, ¢ in the regime 862 Je3 — 0,
8¢c/€* — oo. The nonlinear drift is controlled by Lemma 3.5. Finally, Lemma 3.6
gives the convergence (13).

4.1 Estimates on the Increments

In this paragraph, we give some preliminary estimates on the increments of the char-
acteristics ¢, ¢. We will make use of the following lemma on the supremum of the
Ornstein—Uhlenbeck process, which can be found in Jia and Zhao (2020).

Lemma4.2 Let T > 0, p > 1. Then, for every k € N:
E| sup |n§’k|p ge_plogpﬂ(l +e7).
s€[0,7T]

Hereafter, we absorb every factor log(1 4+ €~2) coming from Lemma 4.2 in the
symbol <. Since we are only interested in the limit ¢ — 0, the reader can readily
check that doing so does not affect the correctness of our next computations.

The first lemma we prove is the following: it permits to control small-time excur-
sions of the characteristics ¢€, in terms of the time increment A and the parameter €.

Lemmad43 LetT >0, p > 1, A > 0. Then,

p

p
E sup ||(pt€+8 - 9016 ”Loc(']rz TZ) §
t+86<T !
§<A

er’
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Proof The increment ¢y s(x) — ¢ (x) can be written as:
t+6 t+4 ‘
Ofy5(0) — ¢f (x) = / u$ (pf (x))ds + f > orlpf () Fds:
! ! keN
therefore, since [|u§ || ;oo (12 R2) < 10l oo (12)> We have

sup [y — 0 ooy S8 (14D llokllpeergey sup &)
1+8<T s $€[0,T]

The thesis follows by Lemma 4.2. O

The previous lemma can be slightly improved by the following:

Lemma4.4 ForeveryT >0, p > 1 and fixedn =0, ...,T /5 — 1, we have

2p
8
p € 2
E |:||90(6n.:,.1)56 - ‘pfnée”Loc(’]rZ,TZ)] N 2 + 55/ + €?.

Proof The increment <pfn 15, (x) — o, 5, (X) can be written as:

(n+1)8¢
0 s, () — 955, () = / € (9 (0))ds
née

(n+1)d¢
+ / ™ (00 (0 () — ou (9, (2) ks
nde keN

(n+1)d¢ '
T / > ox (g, (DS ds.
n

8 keN
The first term is easy and can be controlled as in Lemma 4.3. The second one is
bounded in L*°(T?, T?) uniformly in n by
8 .
| 00uiemeny sup tois, — ol sup Instids
0 keN t+s<T s€[0,T]

and by Holder inequality with exponent ¢ > 1

5e p
E[(/ D IVorlpe gy sup l9fs, — ¢f loecr2 72y sup |n§’k|ds) }
0 t+s<T s€[0,T]

keN
p—1 Se
—1
<! (Z||V0k||L°°(T2,R4)> / 2 IVl 2 et
keN 0 ken
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1/q 1/q'
X E |: Sup ”@te«l»s - W;“iZO(Tz -]1*2):| E |: Sup |’7§’k|pq :| dS
t+s<T ’

5€[0,T1]

3¢ op 2p

s

St Seds S 5
0o €-P €=p

The third term is bounded in L> (T2, R?) by

(n+1)8¢
/ n?’k ds
née

where B; * stands for the integrated Ornstein—Uhlenbeck process:

€,k €.k
= Z ||Uk||L°0(T2,R2) ,3(,,4_1)55 - ﬂnae ’
keN

> Mokl r2 re)

keN

t
,Bf’k =/ nékds, te[0,T) keN.
0
Using
€,k €.k k k 2 (., €k €,k
Blens, = B = Blusn, = B, = € (nkers, = )
and Lemma 4.2 we get

P
k k
E [(Z lowll Lo (2 2 |Blatys. — B, ’) } SO el

keN
O

Next, we move to the analogous estimate for the limiting characteristics ¢. Denote by
c:T?2 - R2, the following Stratonovich corrector:

c(x) = %ZVok(x) -or(x), xe€ ']I‘z,
keN

which allows to rewrite (12) in the following Ito form:

do, (x) = u; (@ (x)) dt + ¢ (g (X)) dt + 3 0% (¢, (x)) dBE,
@o (x) = x.

Lemmad4.5 LetT >0, p > 1, A > 0. Then, for every fixedn =0, ..., T /5 — 1:

E [sup @nsc+5 — @nse ||’L’OO(T2’T2)} < AP,

§<A
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Proof The increment ¢,,s, +5(x) — @u5, (x) can be written as:

née+48 née+4
G435 (6) — gnp, () = / s (3 () + / ey (1))ds

née

née
née+4
+ / D I ACHEN S

keN

The first two terms are easy and can be handled as usual. On the other hand, using
Burkholder-Davis—Gundy inequality, for fixed n and k, the last term is controlled by

p

née+4
/ o1 (s () d B

de

E | sup S APP o7, :
|:8§A :| L°(T2,R?)

hence, for fixed n and for « = 1 — 1/p, Holder inequality with exponent p gives

L>°(T2,R?)

n8ec+8 . P
E|sup | / ok (s (x))d
§=A keN nde L°(T2,R2)
N8 +38 L p
=E | sup | > 10wll} s o g2y 0k 1% o 2, / 0% (5 (x))d B}
§=a keN nde L°(T2,R2)
p
2
= (Z ||0k||LOO(1r2,R2)) APP2,
keN

4.2 The Nakao Method

The argument presented in this paragraph is due to Nakao and can be found, for
instance, in Ikeda and Watanabe (1989). Roughly speaking, it allows to exploit the
discretization of the equation to show the closeness, in a certain sense to be specified,
between the Stratonovich corrector and the iterated integral of the Ornstein—Uhlenbeck
process.

First, we need some preparation. For any n = 0, ..., T /6. — 1, consider the fol-
lowing decomposition:

(n+1)8¢ '
/ > ot o hds
née

keN
(n+1)8¢
- / 3 (00 () — 0wy, (1) 1 Kds

de keN
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(n+1)8c )
+ / 3 o (g, ()nEHds
ne keN

(n+1)5c s
B / 2 (/ , Vor@r (o) ur(g; (x))dr> netds

de keN

(n+1)é8¢ K A ‘
DS ( [ voutesion - antscoms dr) nhds
n k,heN N7

Se S

(n+1)8¢
+ / D SRS
noe

keN

(n+1)é¢ 2 K
[ S ot e
nde keN

= If(n) + I5(n) + I5 (n) + I (n).
We further decompose
(n+1)é¢ s
I5(n) = / > ( f (wk(qoﬂx))ooh(qoﬁ(x))
nde kheN e

— Vor(gy, (1) - onlely, (x)))nﬁ’hdr>n§’kds

(n+1)é¢ K
+ / 3 ( / 8 (Vo(es, () - o (g, ()

8 k,heN

~ Vo (s, (X)) - o (s, (x)))nf’hdr>n§’kds

(n+1)8¢ s N .
+ / > ( / Vo (@us, (X)) * 01 (@us, (X)) dr) ngtds
n k,heN

Se née

= I5,(n) + I3, (n) + I5.(n).
Regarding the limiting Stratonovich integral, we can rewrite:

(n+1)de (n+1)d¢
/ > orlps () o dpf = f ) D (0w(es () = 0w (s, (x))) dBE

de keN keN

(n+1)d¢
+f O Y s et

keN

(11"1‘1)86
+ /5 (c(ps () = c(gns, (x))) ds

(n+1)éc
+ / c(@ns. (x))ds
née
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= Ji(n)+ J5(n) + J5(n) + J5 (n).

Lemma 4.6 The following inequalities hold:

m—1 s
E| sup | I S =5
m=l1,..., T /8¢ n=0 LI(TZ,RZ)_ €
m—1 7 32
E sup [ I5,(n) <=5
m=1,....,T /5¢ =0 LI(TZ,RZ)_ €
m—1 7 2
8 € €
E| swp o |} I SE A+t te
m=1,..,T /8 € 5 S
(A € [ n=0 LI(TZ,RZ)_ €
- . z
E sup | Y I <812,
_m:l ..... T/é¢ n=0 LI(TZ,RZ)_
- . z
E sup > I <812,
| m=1eT /o ||, 50 LR |

In particular, all the quantities above go to zero as € — 0, under the condition
562/63 — 0, 8. /€2 — 0.

Proof Consider first I§ (n). Using [lu || oo (12 g2) S 160l oo (12) for every r € [0, T,
we get

E

m—1
> If ()
n=0

sup
m=1,....,T /b¢ LI(TZ,]Rz)

T/c—1

(n+1)8¢
SE| > / D VOl o q2 gy (s — nde) | ds
n=0 ¢nde keN

1)
S D IVl mydE | sup In$* | < =
keN s€l0,T] €

For the term /5, (n), Lemma 4.3 gives:

E sup
m=1,....T /8¢

m—1
D 15y
n=0

= X (190wl mylowlloecre 2y + IVt ooz )| VOl ovre )
k,heN

L1(T2,R2)
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T/‘Se*‘ (n+1)8e .
X E / / I0E — 0, e czz o l1E P InS* L drds

<y (||vzak||Lm(Tz,Rs>||ah||Lm(Tz,Rz> + 10kl e, ey IV ol o, e

k,heN
(n+1)d¢ _ 2
/ f r nB ds < 8_6

T/B -1
The term I (n) is treated after a discrete integration by parts, in order to have a better
control of the time increment: indeed, Lemma 4.4 gives

E Z I5(n)
----- T/Se L1(T2 RZ)
k
<E Z Zak((Pna (x))e (77(,1_;.1)56 77;86)
=t T/Sg n=0 keN L1(T2,R?)
B m
k
<E Y3 <Uk(<ﬂf,,se () = ok (@11, (x))> €,
_m=1,...,T/85 n=1keN L1(T2,R2)
k
+E| | Y oulgfx)eng
| lken LI(T2,R?)
+E Y oklgy et
_m=1,‘.. ,T /8¢ keN L1(T2,R2)
T/5.
2
<E Z Z ”VUk”LOO(’]I‘Z R%) (,0,156 Qﬂ(n 1)5e Loo(T2,T2) |77nag| +€
n=1 keN
T/é¢
S D IVorll oo er ey ( +8? +6> €+te
n=1 keN
8 + © + ¢ +
— — €.
572 s,

For the remaining terms J; (n) and J5 (n), we have by Lemma 4.5

Z J§ (n)

----- e

L(T2,R2)
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1/2
T/oe=l nm+1)se ) /
S o IVorlpemenE | | D / 105 = @us 17 oo (g2 72,4
keN n=0 YN
[T/5=1 mt1yse ) v D
S IVl rnE | D / s = @us oo qeyds | S 872
keN | n=0 “nd
and similarly
E ZJ3(n)
""" T/‘Sé LI(TZ,RZ)

< Z <||V20k||Loc(11‘2,R8)||ffk||L00(1r2,R2) + ||V0k||Loo(1r2,R4)||V0'k||L00(1r2,R4))
keN
T/8c—1

(n+1)8c 0
x E Z f s — @ns. Nl oo (12, 12)ds < 86/ .
n=0 vnde

Lemma 4.7 (Nakao) The following inequality holds:

m—1

Z I5,(n) = J§ (n)

L1(T2,R2)

Proof By the very definition of /5 (n), J; (n), one has

(n+1)8¢ K
I5.(n) = Y Vor(pus, (x)) - on(¢ns, (x)) / ( / 5 iﬁhdr) ngtds,

k,heN

5
JE ) =Y Voulgns, () - 0(pns, () =+

keN
Therefore, one can decompose the quantity under investigation as follows:

m—1

> L5 — T ()
n=0

Z Voi (gns, (X)) - on(@ns, (X)) (cf B, €) — E [cft 1 (8c. €) | Fus,])
n=0 k,heN
-1

1)
- Z > Vor(@ns, (%)) - o (@us, (x)) (]E [ch kG €) | Fus,] — %8)

n=0 k,heN
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where §j, x is the Kronecker delta function and

(n+1)6¢ s
Chi(Be,€) = / (f ni’hdr> neds.
née née

Notice that cZ «(O¢, €) is measurable with respect to F;+1)5. and has conditional
expectation

E[c] G, ) | Fs.]
(n+1)8¢ K p ‘ ‘
=/ (/ ]E[ni”nﬁ’ Iﬁlag]dr) ngds
née née
(n+1)8¢ K B
= s o / ( / e 2(r+s_2”5‘)dr> ds
née n

de

(n+1)68¢ s 8_2 ) -
+ (Sh,k/ (/ c <e—s (s—r) _ et (r+s—2n85)) dr> ds,
née née 2

where we have used the mild formulation of n€:

’

=20 9 20

nf’hze e (r nég)nfl,éhe_'_/ € 28 e (r r)dﬂf/,
née

s
20 _ 200
n;,k:e € (s nae)n;5€+/ € 26 € (s S)d,Bf/-
nde

An elementary computation gives:

n e eh ek ( —e2s 2
E [Ch,k(fsea €) | Fan] = ?”nlﬁe M, (e e _ 1)

8 3 = 1 »
+ % ((Se + 62 <—§ + 26_6 266 — 56_26 236)) . (15)

Since the quantity

m—1

n=0 k,heN

Mu(x) =YY" Vor(pas, (x)) - on(gns, (X)) (ch 1 Bc, €) —E [} 1 (Bc, €) | Fus.])

is a L2(T?, R?)-valued martingale with respect to the filtration (F,s,)nen (crf. Pisier
2016), by Doob maximal inequality and martingale property we have the following:

E[ sup ||Mm||iz(Tsz)]SIE[IIMmE
m=1,....,T /8 ’

. €

2
L2(T2,R2)
T/5c—1

2
D Mgt = M7 270 o)
n=0

SE
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The conditional expectation is a L2(£2)-projection, thus for every n, h, k € N
2 2
B[l 16 ) = E[cf 1 6c ) | Fas, '] S E[|eh 6 o .

and therefore

T/8c—1

E| Y IMus1 = Mull 720 go,
n=0
T/8c—1
S 0 DD Vol oo me Hlonll oo r w2y
n=0 h,keN
" 27\ < %
x| 2 1Vl g llonll e 2 [ |6 O] | S 5+
h,keN
Moreover, the process
m—1 ahk
Np(¥) =Y " Vor(gs, (X)) - on(@ns, (X)) (E [chkGe. ) | Fas ] = = 85)
n=0 k,heN

satisfies

64

E| sup [INnl; < 5
|:m_l R Gl

.....

which is an easy consequence of (15). By (14) and Holder inequality, we get

m—1
E sup Z I5.(n) — Jg (n)
m=1,..., T /¢ =0 L1(T2.R?)
<E |: sup ([ Mullpir2 g2y | +E |: sup ||Nm||L1(T2,R2):|
m=1,...T /8 | m=1,.... 5

2
5 E [ Sup ”Mm ”Lz(TZ R2)
m=1,....T /8¢ ’

.....

We conclude this paragraph with the following result.
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Lemma 4.8 The following estimates hold.:

m—1

> 5y — J5(n)

n=0

L1(T2,R2)

sup ”905186 — ¥nése ||L1(T2’T2)i| )
n=l1,...m

m—1
PAD
n=0

.....

L1(T2,R2)

Proof The first estimate is an easy consequence of Burkholder—Davis—Gundy inequal-
ity. For the second estimate, one can argue as in Lemma 4.7 to replace the quantity

I3, (n) with:

de

()5
/ (c(@ps.) — clpns,)) ds = 8e (c(9s,) — c(ns,)) »

up to a correction that is infinitesimal as € — 0. For the latter quantity, the desired

inequality is immediate.
4.3 Proof of Proposition 4.1

We are ready to prove the main result of this section. Recall

dos (x) = uf (gof (x)) dr + Zak (gof (x)) nf’kdt.
keN

Since ¢¢ : T> — T2 is measure-preserving, for Lebesgue a.e. x € T?:

o) = [ K@@ = g 080y,

and therefore, we have the following integral formulation for (9)

! t
¢ () = x + fo ( /T K@) = (y»so(y)dy) ds + / D ow(g (ot s,

0 ren

m}
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and similarly for (12)
t 1
@ (x) = x + / (/ K (¢5(x) — @5 (y))éo(y)dy> ds + f ZOk(ws(X)) o dpf.
0 \JT2 0 jen

Proof of Proposition 4.1 For the difference Z; (x) = ¢f (x) — ¢;(x), we have:

t
0= /0 (/1; (K (g5 () = 95 (0)) = K (g5 () = 95(1))) Eo(y)dy) ds
t
* /o (/T (K @£ () — 0,(0) — K (05 (0) — 95 (»)) so<y)dy> ds

t t
+ [ Cawsmstas - [ Y oapt.

keN keN

Using the estimates given by Lemma 4.3 and Lemma 4.5, we can approximate the latter
two integrals in the expression above with their discretized versions, computed in a
pointné, suchthatt € [nd., (n+1)d), up to acorrection thatis infinitesimal ase — 0.
Then, in the regime 862 /63 — 0, 6 /e2 — 00, using the results of subsection 4.2,
Lemma 3.5 and the concavity of y, we arrive to

t
B[ 178l ) 5 [ 7 (B [0 1Ziim, | &
s<t 0 r<s

[2/8e]
s+ Z 5.E [Slip |z ||L1(T2,T2)i|
r<n

n=1

t
<[ Lzl ) oo

where r§ is a remainder coming from the discretization procedure, Lemma 4.6 and
Lemma 4.7, and it goes to zero as € — 0. By Lemma 3.6, we conclude that

E [fgIT’ |Z¢ ||L1(']1'2,']1'2):| -0,

and therefore Z¢ — 0 in mean value as a variable in C([0, T'], L' (T2, T?)). O

Lemma 3.5 and the same calculations as above yield the following convergence at
the velocity level:

Corollary 4.9 Assume (Al), and let u® = K % &€ (resp. u = K % &) be the velocity field
associated with the characteristics o€ (resp. ¢). Then, as € — 0:

E |:SUP | — us ||L1(’]1‘2,R2):| Sy (E |:sup o5 = os ’|L1(T2,T2)i|> =0
s<T s<T
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5 Convergence of the Vorticity Process

In this brief section, we discuss the consequences of the convergence of the charac-
teristics at the level of the vorticity process. Recall that we have proved:

E [Sup ||€0SE — ¥s HL](TZ,TZ):| -0,
s<T

as € — 0. We have the following:

Theorem 5.1 The vorticity process &€ solution of the simplified system (SE) converges
t0 & solution of (10) as € — 0 in the following sense: for every f € L'(T?):

]-o

as € — 0, for every fixed t € [0, T] and in L? ([0, T]) for every finite p.

EH/ %f(x)f(x)dx—/ £ () f (¥) dx
T2 T2

Proof By (8) and the fact that ¢¢ : T> — T? is measure-preserving, a change of
variable leads to

/ EF(x) f (x)dx :/ & ) f (¢f (»)dy,
T2 'H‘Z
foreveryt € [0, T] and f € Ll(']I‘Z). Similarly,
/ & (x) f (x)dx =/ &0 (y) f (g1 (y))dy.
T2 T2

Since f € L'(T?), then by Lusin theorem (Rudin 1970, Theorem 2.23) for every
8 > 0, there exists a continuous function f5 € C (']Tz) and a compact set Cg such that
f coincides with fs on Cs and meas(T? \ Cs) < §. Therefore,

’ / £0 () £ (6f () dy — / £ () f (o (7)) dy
T2 T2
< léoll oo, /C @) = F@()]dy
F)

+||§0||Lw(1r2)/ c | f(of )] dy
8

T2\

+ ||€0||Loo<1r2)/ c Lf (e ()l dy.
8

T2\

Since |f| € L'(T?) and @, @; are measure-preserving, absolute continuity of
Lebesgue integral gives: for every 8 > 0 there exists § > 0 such that, for every
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€>0,te[0,T]and a.e. w € Q:

/ !f(wf(y))!dy+/ |f (@) dy <&
T2\C; T2\C;s

It remains to study the quantity

/(; | flof ) = f@(»)]dy < /Tz | f3(0f () = fs (@i ()] dy.

Since fs is continuous, one can argue as in (BrzeZniak et al. 2016, Proposition 6.2) to
get

E [/Tz | fs(0f (1)) = fs(@r ()] dy] -0

as € — 0, for every fixed t € [0, T] and in L? ([0, T]) for every finite p. Putting all
together, the proof is complete. O
6 Back to 2D Euler Equations

In this section, we focus back to the full 2D Euler system (E)

dgf +uj - VE At = —ug§ - V&£ de,
dE§ + uf - VESAt = —e2£5dr + €7 2dW,,

0,¢
& li=0 = &0, &Sli=0 = &g

Recall that the Brownian motion W (¢, x) is given by

W(t,x) = 0(x)pf,

keN

where the coefficients 6y satisfy assumption (Al):

O € L3(T* N CY(T?, R),

D VO oo cr2 w2y < 00
keN

Let (1, x) = D pen Ok (x)nf’k be the Ornstein—Uhlenbeck process solution of
dO¢ = —e20°dt 4 e 2dW,,

with initial condition ég . For simplicity, take f;‘g "¢ as in Sect. 3, so that ®€ is a
stationary process, progressively measurable with respect to the filtration {F;};>0, and
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n©* is independent of <" for k # h. Notice that the regularity of ©€ is the same of
W. In particular, under assumption (A1), ©€ takes a.s. values in C ([0, T'], W1 (T?))

and

E| sup ||V®E||L°0(T2R2) SCE_I.
1€[0,T] :

Define the difference process:

which solves the equation

de€ 4 uf - Veedr = —e2¢dr — uf - VO©dr,
g =0.

We consider also the following auxiliary process
~ -2
é.tE — e€ lctf’
which solves the same equation without damping:

dZ€ 4 uf - Viedr = —uf - VO©dr,
& =0.

(16)

By (Kunita 1997, Theorem 6.1.6) the problem above admits formally an unique

solution:
£t x) = — /Otwi VO (s, (¢ )7 (x))ds,
where ¢ is defined by
e, (x) = ui (1, ¢, (x)de, @S (x) = x.

. . ~ -2 .
Recalling the equality ¢ = € '¢f, the equation above becomes

t
e, x) = —e_(zt/(; (ui, - VO©)(s, d);tl (x))ds.

a7)

By difference, we recover the small-scale vorticity £§ and we can plug it into the

equation for the large-scale vorticity & to obtain:
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&€ + uf - VESdr = —(K * ©F) - V& dt

t
T K « <f (uf, - VOO )(s, ¢§,}(-))ds> -Véfde - (18)
0

This is a (highly nonlinear) transport equation with random coefficients. It is worth
noticing that we have obtained equation (18) above by a formal application of (17),
somewhat in the same spirit of formal integration-by-parts performed when dealing
with weak solutions of certain PDEs. Well-posedness, in the Lagrangian sense—that
is, the analogous of Definition 3.3—of (18) is the content of the following:

Proposition 6.1 For every € > 0, equation (18) admits a unique weakly progressively
measurable solution &} , given by the transportation of the initial vorticity & along the
characteristics V€ defined below. Moreover, the characteristics W€ of the full Eq. (18)
converge to the characteristics (12) as € — 0 in the following sense:

E [Sup s — os ’|L1(T2,T2)i| — 0.
s<T

Proof Consider the following system of characteristics:

dwf x) = ui(t, wf (x)dr + (K * ©%)(z, 1/ff (x))dr
+(K # £, Y (o))de,  Y§(x) = x,

£, x) = Eo((Ye) ™' (x)),

up (t,x) = (K * &) (1, x),

A5, (¥) = ui (1, 65, (¥)dt, - ¢7(x) = x,

CE(t,x) = —e~C [ uf - VO(s, (¢5,) 7" (x))ds.

©)

Notice that the only unknown of the system above is the characteristic €, the other
quantities being uniquely determined w-wise by the former, see (BrzeZniak et al. 2016,
Section 3). We prove path-by-path well-posedness of the system (C) in the class of
flows of measure-preserving homeomorphisms. The argument is similar to that of the
proof of (Brzezniak et al. 2016, Theorem 3.4).

Let M7 be the space

Mrp = {w . [0, T] x T?> — T? measurable ,

Y, is a measure-preserving homeomorphism for every ¢ € [0, T]}.

The proof relies on a Picard iteration with fixed w. Let G : M7 +— Mt be the map
that at every i associates the solution G (¥) of the equation:

t
G (x) = x +[0 u(s, G(¥)s(x))ds
t
+/ (K % ©) (s, G()s(x))ds
0
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t
+/0 (K % 8)(s, G(¥)s(x))ds,

where u = uV, . = g”” are computed from ¥ and not from G (y), so that the G ()
is well defined for every ¥ € M7 (see Brzezniak et al. 2016, Lemma 3.1 for the
analogous result for Euler equations). For any v/, ¥/ € M7, a computation similar to
that of the proof of Proposition 4.1 yields the key inequality

||G(w)t - G(w/)t “LI(TZ,TZ) 5 (1 + SEI; ||V®§ ||L°°(']1‘2,]R2)>
s<
t
x /0 7 (|6 = G 1o e, ) ds
+ <1 + Ss:g |ves ||L°°(’]I‘2,]R2)>

<[ (1= ) 05

which guarantees the a.s. convergence of the Picard iteration towards a solution of the
system (C) on the time interval [0, 77], where 0 < 77 < T may depend on w. However,
for any fixed w, one can iterate this procedure with the same time step 77, to obtain
existence on [0, T'] after N = N(w) iterations of the argument. In addition, having
care to initialize the iteration scheme with a Fy measurable random element of M7
(take for instance w,o (x) = x for every t), we also obtain progressively measurability
of the solution so constructed with respect to the filtration {F;};¢[0,7]. Uniqueness is
obtained applying the same Picard scheme to two solutions v, ' € M7. We omit
the remaining details, which are contained in BrzeZniak et al. (2016).

Let us now investigate the convergence of characteristics ¢ — ¢. The proof is
the same as Proposition 4.1. We do not repeat it here, and we limit ourselves to notice
that since sup, ¢, 77 167 ()| oo (12) < 160/l oo (2)» We have

vSEIT) les | iy S II«‘EollLoo(TZ)fzSS‘SlIT’ [VO5 | oo e ) -

By (16), the expected value of this quantity is infinitesimal as € — 0 and therefore
does not affect the argument of Proposition 4.1. O

In virtue of the previous proposition, we deduce the analogous of Theorem 5.1 and
Corollary 4.9 for the full 2D Euler system (E), that is Theorem 1.1 in Introduction,
whose precise formulation is the following:

Theorem 6.2 Assume (Al), and let & be the large-scale process solution of (E) in the
sense of Proposition 6.1, &, be the solution of (10). Then, & converges as € — 0 to
&1 in the following sense: for every f € L'(T?):

:| -0

EW szu,x)f(x)dx—/ EL(t ) f (0 d
T2 T2
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as€ — 0, forevery fixedt € [0, T]and in L? ([0, T]) for every finite p. Moreover, the
large-scale velocity process u; = K x & converges towards up, = K % & ase€ — 0,
in mean value, as variables in C ([0, T], L1(T?, R?)).
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Appendix A. Convergence of Weak Solutions

Throughout the paper, we have used the Lagrangian formulation of Euler equations
and, more generally, of transport-type equations. This point of view turns out to be
really effective to investigate the convergence of the large-scale component of the
system (E) as ¢ — 0, since the nonlinear term in the equation of characteristics has
been widely studied before.

In this section, we aim to link the Lagrangian point of view on Euler equations and
other equations of transport type with the analytically weak point of view.

To fix the ideas, take first 2D Euler equations in vorticity form (1). Both Lagrangian
formulation and weak formulation aim to give a notion of solution to (1) which does
not require the regularity needed for classical solution. In the case of Lagrangian
formulation, the space derivative of the solution is formally cancelled out by the
composition with the characteristics:

0:& (g (x)) = 0.

In the weak formulation, the derivatives of the solution are formally eliminated
by an integration-by-parts formula for the product of the solution against regu-
lar test functions: to be precise, a weak solution of (1) is given by a function
& e L%([0, T, L°°(T?)) such that, for every test function f € C'(T?), it holds
foreveryt € [0, T]:

/;I 500 f0dx = A () (0 + /0 ( /T B #E)(0) Vf(x)dx> ds.

In the case of 2D Euler equations in vorticity form, the Lagrangian point of view and
the analytically weak point of view are equivalent, that is, every Lagrangian solution of
(1) is also a weak solution, and every weak solution of (1) is given by the transportation
of the initial datum &( along characteristics. The proof of this classical fact under the
assumption &y € L8° (T2) can be found in Marchioro and Pulvirenti (1994).
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In Brzezniak et al. (2016) a similar statement is proved for the limiting process
(10):

dg +u, - VEdt = =) op - Vé o dff,
keN

with u; = K * & In this case, for every initial datum &y € L8°(T2), the Lagrangian
formulation of (10), which has been used in the present work, is equivalent to the
following distributional formulation (see Brzezniak et al. 2016, Theorem 2.14 and
Proposition 5.3).

Definition A.1 A weakly progressively measurable process £ € L™ (2 x [0, T] x T?)
is said to be a L distributional solution to (10) if for every test function f € C*® (T?)
it holds P-a.s.: for every ¢ € [0, T']

t
/ &) f ()dx = / £o(x) f(x)dx + / ( / sx(xxK*ss)(x)-Vf(x)dx) ds
T2 T2 0 T2

+ X [ [ awonco - vrwar) apt

keN

1 t
-3 Z/O </qu & () [(ox(x) - V)or (x)] - Vf(X)dX) ds

keN

1 ! .
3 Z/O </T2 & (x) div[(oy, - V)Gk](x)f(x)dx> ds

keN

13
+ % Z/O </].1'2 %-S (X) tr[akalfvzf](x)dx> ds.

keN

Following BrzeZniak et al. (2016), we define an analogous notion of L distribu-
tional solution to (18). Recall the definition of the Ornstein—Uhlenbeck process:

Ot x) =) Bl ™.

keN

Definition A.2 A weakly progressively measurable process &€ € L™ (Q x [0, T]x T?)
is said to be a L™ distributional solution to (18) if for every test function f € C*(T?)
it holds P-a.s.: for every t € [0, T']

t
/ E€ () f () dx = / £0(0) £ (0)dx + / (/ Ef(X)ui(X)-Vf(x)dX>ds
T2 T2 0 T2
t
+ / (f Sf(X)(K*®§)(X)-Vf(x)dx>ds
0 T2
t
+/ (f éf(x)(K*éi)(x)-Vf(x)dx)ds,
0 T2
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where u€(f, x) = (K % £€)(z, x) and ¢€ is given by

t
) = —e / W - VO (5. ¢ (0)ds,
0
dog ,(x) = us(t, ¢5 ,(x))dt, @5 ((x) = x.

As for equations (1) and (10), the notion of L°° distributional solution to (18) is
indeed equivalent to the notion of Lagrangian solution used throughout the paper. This
is the content of the forthcoming:

Proposition A.3 The unique Lagrangian solution &€ to (18) given by Proposition 6.1
is also a L distributional solution. Conversely, every L distributional solution to
(18) is also a Lagrangian solution.

Proof Step 1. We first prove that the Lagrangian solution to (18) is also a L™ distribu-
tional solution. Let € be the unique stochastic flow of homeomorphism solution of
the system of characteristics (C). By the representation formula & = &yo (¢)~ I one
immediately has €€ € L®(2 x [0, T'] x T?). By the a.s. measure-preserving property
of %€, one gets, for any f € L' (T?) :

/ E€(x) f (x)dx = f £0(0) £ (Y ())dx. (19)
T2 T2

Since for every x € T? the process ¢ > ¥ (x) is progressively measurable, one can
deduce from (19) that &€ is weakly progressively measurable.
Let now f € C®(T?) be a given test function. Define

Vi (x) = uf(x) + (K * O (x) + (K * £ ().
Using

df (i () = vf (7 () - V f (¥ (x)dt,

multiplying per &, integrating in time and space, and using (19) one obtains that &€
is a L distributional solution to (18).

Step 2. We prove that every L°° distributional solution to (18) is also a Lagrangian
solution, i.e. it is given by the transportation of the initial vorticity & along character-
istics.

A weakly progressively measurable process £€ € L>®([0, T] x T? x Q) being a
L distributional solution to (18) corresponds to: for every test function f € C*(T?)
it holds P-a.s.: for every ¢ € [0, T']

t
fff(x)f(X)dx:/ Eo(X)f(X)der/ (/ $§(x)v§(x)~Vf(x)dx>ds.
T2 T2 o \Jr2
(20)
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Let p € C oo(Rz) be a non-negative even function, supported in [—1, 1]2, with
Jg2 p(x)dx = 1. For every § € (0, 1/2), denote ps(x) = §2p(x/5) and

£ () = ]ézpm<x — DES()dy.

In the integral above, the function & : T? — R is interpreted as a periodic function
& R? — R on the full space. The mollified vorticity Ef’a is smooth and periodic in

space; therefore, the process £€° has a.s. trajectories in
% € L>([0, T1, C>(T?)).
Using that &€ is a L® distributional solution to (18) in the equivalent formulation

(20) with f = ps(x — -), one has for every fixed x € T? the a.s. property: for every
tel0,T]

t
£0°(x) = (E0 * ps) (x) +/O (/Tz(éf(y)vﬁ(y) - Vps(x — y)dy) ds.

Notice that, by a.s. space regularity of the process £, one can find a full-measure
set Q' C € such that for every w € Q' the property above holds simultaneously for
every x € T?. Arguing as in Brzezniak et al. (2016), for ¥ € solving

Ay (x) = v, ¥ (x)de, Y5(x) =x,

one can prove a.s. the following: for every x € T? and ¢ € [0, T']

t

£ (0 () = (60 % ps) (x) +/O [vs - V., #ps] & (Y5 (x))ds. 21

The commutator above is defined for fixed divergence-free v € WI’P(’}I‘Z, R2), p €
[1,00), and w € L°°(T?) by

[v-V,*ps]lw =v-V(ps *w) — ps * (v Vw),
and satisfies (see Brzezniak et al. 2016, Lemma 5.2)

lim[v - V, xps]w =0 in L (T?), (22)
§—0
v -V, xpslwll L2y STVUILe 2 Wl Loo(r2)- (23)

By measure-preserving property of ¥ ¢, integrating (21) in space yields
5 t
/Tz 1677 (W (X)) — (€0 * ps) (x)|dx 5/ /Tz | [v§ - V., %p5] &5 (x)|dxds.
0
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Using (22) and (23) with p = 1, the bound
IVUSLrer2y SIS I Looer2) + 195 oo (r2y + 185 [l oo (m2).

and Lebesgue dominated convergence theorem, one obtains a.s. the convergence: for
every fixed r € [0, T],as § — O:

O (YE()) — (& % ps) — Oin L(T?).

By the fact of &€ being a.s. with trajectories in L°°(T?) and %€ being a.s. measure-
preserving, one also has a.s. the convergence: for every fixed r € [0, T'], as § — O:

COWPEE) — ES(WE()) — 0in L(T?),
and similarly
(80 * ps) — &0 — 0in L'(T?).

We remark that the previous statement asserts the possibility of finding a full-measure
set Q" C € such that for every @ € Q" the convergences above hold for every
fixed ¢ € [0, T]. Putting all together, we finally obtain a.s. the identity: for every
t €[0,T], & (Y7 (-)) = &y as variables in L'(T?), that is for Lebesgue-a.e. x € T?.
By boundedness, the identity can be understood as variables in L>°(T?) as well. O

Proposition A.3 gives well-posedness of (18) in distributional formulation: indeed,
the Lagrangian solution given by Proposition 6.1 is a L distributional solution, giving
existence; for uniqueness, it suffices to invoke uniqueness of characteristics and the
fact that every L distributional solution is also a Lagrangian solution. In terms of
convergence, one can therefore restate Theorem 6.2 with the L°° distributional notion
of solution.
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