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Chapter 1

Introduction

1.1 Motivations

Nowadays, it is widely accepted among the scientific community that a rigorous under-
standing of turbulence in fluids is one of the most important open problems in Mathe-
matics and Physics.

Suppose we are given a fluid, injected into a pipe at sufficiently high speed. Experience
suggests that, as we observe the fluid farther and farther downstream, the state of the
fluid becomes more and more independent of its initial conditions at the inlet. The final
flow will display universal characteristics, and we use the word turbulence as a label for
these characteristics.

What are then the properties of a turbulent flow? First of all, following [Panl3|, a
turbulent flow has irregular, unpredictable, intermittent and self-sustaining fluctuations
of velocity in all directions; it displays eddies at several length scales, ranging from
that of the entire region where the fluid is turbulent, to one for which viscous forces
become so strong that the eddies themselves are destroyed. Also, a turbulent flow is
diffusive, because turbulent eddies transport fluid parcels across different regions of the
fluid, resulting in an effective mixing of the fluid itself; and it is dissipative, meaning that
kinetic energy is dissipated much faster than usual, due to the steepness of the velocity
gradient. Finally, fully developed turbulence (in dimension three) manifest energy cascade
from large to small scales [Val06] (the direction is the opposite in dimension two [BE12]);
and consequentially, a sustained turbulent flow has a very peculiar energy spectrum, at
least across some portion of scales.

However, none of the properties above has been deduced directly from the Navier-Stokes
equation, that is the equation governing the evolution of the velocity field of an incom-
pressible fluid:

QU+ (U -VYU+VP=vAU+F, divU =0.

In addition, most flows of real life practical interest are too complex to be amenable to
direct numerical simulations. As a consequence, there has been a huge amount of efforts
towards turbulence modelling, aimed at finding simplified constitutive equations that
predict the statistical evolution of turbulent flows. To this purpose, it proves convenient
to split the actual velocity field U into resolved large-scale, slow-varying and unresolved
small-scale, fast-varying components

U=u+w,
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and seek closures with respect to the resolved component u only; the effect of the unre-
solved scales on the resolved ones must therefore be modelled. In the previous example
of fluid passing through a pipe, for instance, we may be interested only on the average
velocity u of the fluid across the whole pipe, neglecting local fluctuations v that shall
remain unresolved.

Besides other approaches, in the last decades many mathematicians have tried to study
these problems using tools from stochastic analysis; namely, by modifying the equations
adding a noise term, heuristically due to fluctuations of v. Much has been proved, but a
key question arises: how to properly choose the noise?

1.1.1 Why do we study stochastic PDEs?

Let us start from a preliminary question: what ultimately is randomness?

Ancient Greeks distinguished between the phenomena that obey natural laws, established
once for all, and those unpredictable phenomena they attributed to chance, which are not
subject to any law. During 18th century, in Europe, the notion of chance was put aside in
favour of a totally deterministic point of view on the world: it was believed that a mind
infinitely powerful and infinitely well-informed about the present state of the universe -
the Laplace’s demon - could predict the future using only the laws of classical mechanics.
Although some ideal classical system are in fact indeterminate under extremely particular
conditions (think of a ball balanced on the tip of a cone), the demon could appreciate the
slightest asymmetry in the system and restore determinism. But this conception is not
ours anymore: quantum mechanics postulates indeterminacy as a fundamental property
of nature. An observer measuring the spin of an electron would measure +1 or —1 with
certain probabilities, depending on the state of the system; and this indeterminacy cannot
reflect any prior unknown condition of the system, as a consequence of various no-hidden
variables theorems.

Returning to the initial question, we can definitely say that randomness is not chance,
as entailed for instance by spin measurements in quantum mechanics. Fluid dynamics is
deterministic, and there is no chance involved in the evolution of a system. Rather, we
put randomness in the equations to take into account our incomplete knowledge of the
system. Randomness is the name we give to our ignorance.

The hope is that: i) the addition of randomness makes it easier to establish a link between
abstract equations of fluid dynamics and phenomenological laws of turbulence, somewhat
in the same way statistical mechanics links the microscopic dynamics of molecules in a
gas to the macroscopic laws of thermodynamics; ii) lack of uniqueness and singularities
formation in fluids require very particular conditions that never happen in nature, and
noise can reintroduce asymmetries and restore well-posedness (as in the previous example
of the balanced ball); and #ii) numerical simulations of the resolved variable u become
more feasible for the reduced stochastic turbulence models, when compared with direct
simulation of U solving the Navier-Stokes equation.

1.2 Content of this thesis

In this thesis I have collected a series of results mainly oriented towards the understanding
of three intimately connected questions, detailed separately in the present section, and



1.2. Content of this thesis

motivated by the discussion above. In order to ease the reading of what follows, I have
gathered some frequently used notation in Section 1.4.

1.2.1 Stochastic model reduction

In applications to geophysics and climate studies, especially when one is interested in the
simulations of complex turbulent flows like weather forecast, one necessarily has to deal
with the fact that limited computational power often implies an under-representation of
the real physical processes with spatial or temporal scale smaller than a certain threshold,
typically the length of the grid parametrisation and the time discretization step. However,
these small-scale processes may have a non-trivial impact on the large-scale ones, and thus
it is important to take this impact into the account in order to obtain accurate description
of the evolution of the simulated process.

Therefore, the first topic discussed in this thesis (more specifically in Chapter 2) is stochas-
tic model reduction of fluid dynamics systems. This line of research finds its theoretical
root in the seminal work [MTVE(1] by Majda, Timofeyev and Vanden-Eijnden, and it
consists in the following. Rewrite the Navier-Stokes equations (or any other equation of
fluid dynamics relevance) in abstract form as an evolution equation in a Hilbert space H

U= AU+ B(U,U) + F; (1.1)

then, it is assumed that resolved and unresolved variables u, v are identified via some
orthogonal decomposition H = Hy & H, so that (1.1) splits in

{u = Alu + Alv + B} (u,u) + Biy(u,v) + Bi,(v,u) + By (v,v) + F*,

1.2
b= Aut Ao+ B2 (u,u) + B2 (u,0) + B (0, u) + Bly(v,v) + FP. (12

At this point, the second equation in (1.2) is replaced by a simplified stochastic equation,
in the spirit of turbulence closure (taking into account also a certain degree of scale
separation € < 1), and convergence of the solution u of the first equation in (1.2) is
investigated as ¢ — 0. It is worth of mention that, for numerical applications, the
space Hy corresponding to resolved variable u is often supposed to be finite dimensional:
dim H; = d < oo, whereas dim H,, = oo in most cases, since in general (1.1) describes
a PDE (although for practical purposes a finite dimensional H., may be sufficient, for
instance replacing (1.1) with a sufficiently accurate Galerkin approximation).

In [MTVEO01], under suitable rescaling of the coefficients (so that quantities involved are
expressed with respect to large-scale coordinates) the simplified model takes the form

W = Ajut + Agve + By (u, ut) + Biy(u,v) + By, (v, u) + /2 By (v, v°) 4 F*,
0¢ = e LA2uS 4+ V2 AZ0¢ + e B2 (uf, u) + € V2 B2, (uf, v) + e V2 B2, (ve, uf)
+e 1 f2 — eyt 4 1YW,
(1.3)

where f? = Ff,l s2, and QY 21}/ is a Gaussian noise, white in time and coloured in space,
with trace-class covariance matrix ().
Motivated by this construction, in [AFP21] Sigurd Assing, Franco Flandoli and I have
studied the following fast-slow system

{Xﬁ = F(t, X) + ot, XY + /2B(Y*,Y°),

. . 1.4
Vo= —e Y 4 e QYW (14)
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where X§ equals some deterministic zg € Hy, Y€ is stationary, F' : [0,7] x Hy — Hy,
o:00,T] x Hy — L(Hw, Hy) for some T' < o0, and § : Hy, X Hy — Hy. In [AFP21,
Section 5] we have shown how to recover the asymptotic behaviour as € — 0 of u¢ solution
of (1.3) from that of X solution of (1.4).

As for the latter, next we introduce the limiting equation for X = lim,_,o X¢ (in some suit-
able sense, to be specified later). Let {ei,...,es} and {f},f, ...} be orthonormal bases
of Hy, Hy respectively, and assume @ is diagonal with eigenvalues ¢, = (Qf,., ) ..
First, define the so-called Stratonovich correction term C : [0,T] x Hy — Hy by

d
C'=(C,ei)u, = 5 g Gm E Dio""a?™, i=1,....d,
meN 7j=1

where o™ = (of,,,€;)p, fori = 1,...,d and m € N is matrix notation for the linear map
o € L(Hs, H;) with respect to our chosen basis vectors; second, let

bZ,m =1/ % (B(fe,£n), €)m,, t=1,...,d, €,meN.

Then, our limiting equation reads

X =F(t,X)+Ct,X) + ot )W + > by W™, (1.5)

£,meN

where W is the same Wiener process used to define Y¢, while {WW5™},, cy is a family of

independent one-dimensional standard Wiener processes, which are also independent of
W.
In this setting, we have proved:

Theorem 1.1. Assume the coefficients of (1.4) satisfy:
e FeC(0,T) x Hy,Hy), and F(t,-) € Lip,,.(Hg, Hy), uniformly in t € [0,T];

o 0 € CY(0,T] x Hy,L(Hy, Hy)) for some v € (0,1) and its space-differential
D0<t7 ) € Liploc(Hda‘C(Hdaﬁ(Hooa Hd)))7 umformly nte [OaT];

e 3:H, x Hy — Hy is a continuous bilinear map;
° ZeeN<5(f€7f€)7ei>Hd g =0, foralli=1,...,d;
e both equations (1.4) and (1.5) admit global solutions on [0,T].

Then X¢ converges to X in law as € — 0. Moreover, if B = 0 then the following stronger
convergence holds true:

limIP’{supHXf — Xillu, > 5} =0, V§>0.
t<T

e—0

The proof of Theorem 1.1 is carried out in multiple steps. Let us discuss the strong
convergence first. By a localization argument, we can restrict ourselves to | X5|, | X;| < R,
for some large R, leading to Lipschitz continuity of the coefficients of (1.4) and (1.5);

4
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second, it is possible to discretize the problem, thus reducing the desired convergence to
its discrete version:

li_E%P{Sllip 1X; — X, > 5} =0, V>0,

for only finitely many t; € [0,7]. Finally, the simplified version is proved following the
lines of [IW14]. The weak convergence then comes from this preliminary result and a
careful study of the quadratic term (Y, Y ) in the limit ¢ — 0.

Notice that the limit equation (1.5) contains both additive noise by, W™ and multiplica-
tive noise o (t, X )W, coming respectively from terms quadratic and linear with respect
to Y€ in the equation for X¢. In particular, the multiplicative noise (in the sense of
Stratonovich, because of the corrector C') has theoretical consequences on the justifica-
tion of transport noise in fluid dynamics, that is the next pivotal topic of this thesis.

1.2.2 Justification of transport noise in fluid dynamics

By the theoretical point of view, model reduction has always played a primary role
in geophysics and, more generally, in fluid mechanics; here model reduction is meant
in the broad sense, as the operation of reducing the complexity of a model in order
to conveniently describe certain phenomena. For example, if one is interested in the
evolution of a certain geophysical flow on a relatively small portion of Earth’s surface,
then the spherical geometry of the problem is usually not so important and the use of
spherical coordinates is an unnecessary complication: it is way more convenient to study
the problem in Cartesian coordinates. The dynamical effects of Earth’s rotation are
therefore captured with the so-called f-plane approximation [Val06] (and more generally
with the -plane approximation), which constitutes a nice simplification of the problem
yet capable of describing very interesting phenomena, like the motion of cyclonic flows
at geostrophic balance and the Taylor-Proudman effect.

That being said, in the series of works [FP20, FP21, FP22] Franco Flandoli and I have
proposed a splitting of (1.1) alternative to (1.3), in the sense that it does not come with
a decomposition H = Hy & H,, but rather we impose a priori the evolution for u and v
separately as the following system of PDEs:

v = Av + B(u,v) + B(v,v) + F. (1.6)

{u = Au+ B(u,u) + B(v,u),
This of course is a modelling choice; as described in details in [FP20], it is consistent
with the heuristic idea that the two components of the system model the dynamics of
large and small structures separately. As far as this is concerned, the splitting above is
substantially equivalent to what done in the research trend called location uncertainty
[Mé14].
Nevertheless, the variables u, v need not to represent respectively the resolved and un-
resolved velocity of the system under investigation. For instance, considering u, v as
variables representing the vorticity of the fluid we recover something equivalent to the
so-called stochastic advection by Lie transport scheme [Holl5, CGH17, FL19, GBH18].
After suitable stochastic modelling and rescaling of (1.6) (as for the stochastic model
reduction paradigm, but keeping quadratic self-interaction in the second equation) we

5
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end up with the system

. 1.7
v¢ = Ave + B(u,v¢) + B(v,v) — e o + e QYW (.7

{if = Au + B(uf,u) + B(v, u),
It is worth of mention that, even if the abstract system (1.6) is completely general, the
validity of this modelling assumption requires proper justification that depends on the
particular system described by (1.6). For instance, in [FP20, Section 2] we showed this
is the case when u describes continental-scale velocity structures and v describes human-
scale fluctuations (and the units of measure in (1.7) are macroscopic); for equations in
vorticity form, a justification based on different time-scales is provided in [FP21, Section
2].
This motivates the study per se of abstract systems of the form (1.7) and variations
thereof, thanks to the plethora of potential applications. Moving to our specific contri-
butions to the topic, I decided to present in this thesis the works [FP22] and [DP22] (the
latter in collaboration with Arnaud Debussche), which are detailed in Chapter 3 and
Chapter 4 respectively. Here I just give a summary of the results and ideas contained
therein.
In [FP22] we have studied the following system on the two-dimensional torus T?, describ-
ing the coupling between large-scale Navier-Stokes (v > 0) or Euler (v = 0) equations
and small-scale stochastic Euler equations:

0= + (u + v°) - VEC = vAE® + ¢,

DE+ (u+0°) - VE = —e 1+ e > vk Wk,

ut = _vL(_A)flze’

v = _VJ.(_A)—I%‘E.
The unknowns are the vorticities Z¢, £¢ (as in the stochastic advection by Lie transport
scheme) and the velocities u, v are reconstructed from the vorticities using the Biot-
Savart law. The quantity ¢¢ is a zero-average source term, and ), g W* is just a more
explicit expression for the additive noise Q'/20,W (g : T? — R? is divergence-free and
zero-average for all k& € N, and the family {WW*}cy is made of i.i.d. standard Brownian
motions), introduced in order to have convenient assumptions on the noise detailed below.

In this setting, we proved that =¢ converges towards the solution of the limiting Navier-
Stokes or Euler equations with Stratonovich transport noise:

{8tE+u~VE+Zk€NUk VE oWk = vAE + ¢,
u=—-V+(-A)"zZ,
where o, = —V4(—A)71g, as stated in the following:
Theorem 1.2. Fiz T > 0, and assume:
o & =0 and =5 = Zg € L=(T?) is deterministic and zero-average;

e there exists { > 1 such that g, € W5=(T?) with zero-mean for every k € N, and
moreover » . |k || weoo(my < 00;

o for every x € T? it holds Y, (0% - Vi) (z) = 0;

6



1.2. Content of this thesis

e there exists a constant C' such that for every e > 0 it holds ¢¢,q € L*([0,T], L>=(T?))
T T
and [ 15| e myds < C, [ [1gsll e ryds < C;

e ¢° — q converges to zero in L'([0,T], L°>°(T?)).

Then Z¢ converges towards = in the following sense: for every f € L'(T?)

?|

for every fizedt € [0, T] and in L*([0,T)) for every finite p. Moreover, if ¢ € L*([0,T], Lip(T?))
then the previous convergence holds uniformly int € [0,T] and f € Lip(T?) with Lipschitz
constant [f]pipr2y < 1 and || f||peo(r2y < 1.

| @@ [ Zres

']1‘2

]—>0 as € — 0,

The previous result generalizes those in [FP21] by the same authors, where it is proved a
similar convergence for the inviscid (v = 0), unforced (¢ = 0) system with no quadratic
self-interaction at small-scales, that is without the term v - V&¢ in the second equation.
The strategy of the proof consists in proving in the first place the convergence ¢¢ — ¢
for the Lagrangian particle trajectories, or characteristics:

bi(e) = + / (95 () ds + / V565 (2))ds + V3w,
o) o+ [ woyis+ Y [ o) o awk+ Vo,

keN

where w is an auxiliary R? valued Brownian motion. This can be done with techniques
similar to those of [AFP21], although there are some differences. The main difficulties in
the proof consist in the equation of characteristics containing the velocity field itself as
drift (that requires a careful analysis of the Biot-Savart kernel) and the equation for £
having quadratic self-interaction (which is the reason we introduced the third assumption
of the theorem, corresponding to a sort of isotropy of the noise).

Then, relying on the measure-preserving property of characteristics and representation
formulae

[1]

‘_E {: o () + / £ o d o <¢§>—1ds} |

1]

o = E |:EO o) (¢t>—1 + /0 Qds © ¢s e} (¢t)_1d8:| s

(E denotes the expectation with respect to w) we are able to prove convergence of the
vorticity fields Z¢ — = in the sense of previous theorem. In particular, when testing
against test function f € L'(T?), it holds

/T Ei(@)f(«)da — / =, (2) f(x)da

']F2

B | [ 2oriman- [ Zwrem

+E U;/T qi(cbi(y))f(cbi(y))dyds—/Ot/w 4s(0s(y)) f(D(y)dyds |
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and the convergence in expectation to zero of the right-hand-side of the equation above
can be shown invoking some measure theoretic arguments, see Section 3.4 for details.
Being the method in [FP22] strongly reliant on the Lagrangian formulation of the equa-
tions (that is the main reason the previous approach was limited to two space dimensions),
together with Arnaud Debusche I have developed in [DP22] a completely new strategy
that allows us to overcome this issue and consider more general systems, in particular
three-dimensional systems in velocity form that are notoriously difficult to study in the
Lagrangian formulation.

Let us illustrate the main arguments of [DP22] in the particular case of three-dimensional
Navier-Stokes equations (generalizations to Surface Quasi-Geostrophic and Primitive
equations are contained in [DP22, Chapter 7]). A thorough discussion is postponed
to Chapter 4. Denote H := {u € [L?(T®)]3,divu = 0} the space of periodic, zero-mean,
square integrable velocity fields u with null divergence in the sense of distributions and
I : [L*(T*)]* — H the Helmotz projector. We have studied weak solutions (uf,v¢) with
suitable bounds on the energy (cfr. Definition 4.1 for a precise definition) of the system

Ot = vAu® —I(uf - V)us — I (ve - V)us,
Ot = vAvVE — TI(uf - V) — II(v - Vvt + e 1Ov° + e 1QY20,W,

where C' is a general hypodissipative term and v > 0, and we have proved the following
theorem:

Theorem 1.3. Let T' < 0o be fized. Suppose ug,yo € H be given and deterministic, and
assume:

e the operator C' : D(C') C H — H is self-adjoint and negative definite, with principal
eigenvalue —\g < 0;

o there exist I' > > 1/4 such that ||z, s, S [[(=C)P22|| 30 S ||2]|%0ier for every
seR, f>0;

e () is symmetric, positive semidefinite and commutes with C, and the operators
e“'Qet and Qs = (—C)7*Q on H are trace-class for every t > 0;

o denoting N(0,Qs) the Gaussian measure on H with covariance Qs and sy =
max{5/2 +6,2I'}, § > 0 arbitrary, it holds [, ||w||71:dN (0, Qoo )(w) < 0.

Let u denote the unique invariant measure on H of the linearized equation dv = Cv +
QY20,W, that exists by our assumptions on C and Q. Then for every f > 0 the laws
of the processes {u}eeo,1) are tight as probability measures on the space L*([0,T], H) N
C([0,T], H?), and every weak accumulation point (u, QW) of (uc, Q2W), ¢ — 0,
1s an analytically weak solution of the equation with transport noise and [to-Stokes drift
velocity r = [,(—=C) " (w - V)w dp(w):

Ou = vAu+Tl(u- V)u + I((=C) QY2 0 O, W - V)u + II(r - V)u.

The Ito-Stokes drift velocity r, usually defined as the difference between Lagrangian and
Eulerian average flows, has important consequences in wave-induced sediment transport

!The Wiener process W€ may depend on € since we are dealing with probabilistically weak solutions.
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and sandbar migration in the coastal zone, and well as transport of heat, salt and other
natural or man-made tracers in the upper ocean layer [vdBB18].

Our result justifies and motivates the interest in transport noise (and It6-Stokes drift) in
fluid dynamics, and, to the best of our knowledge, this is the first rigorous derivation of
a stochastic fluid model of this kind.

In fact, the transport noise in the limit equation comes from a diffusion-approximation
argument, which in our case can be seen as a Wong-Zakai type result; on the other hand,
the Ito-Stokes drift is due to an averaging phenomenon. As already mentioned above, the
approach is very general and amenable to generalizations to different systems (in [DP22]
we applied the same method also to the Surface Quasi-Geostrophic equations and to the
Primitive equations, but other applications are surely possible).

Roughly speaking, the strategy of the proof consists in studying the generator .Z¢ of
the renormalized process (uf,y°), y¢ = €'/?v¢, and finding for every suitable test function
¢ : H — R correctors ¢, ¢5: H x H — R such that

Lep(u) + LG (ul YY) + e L5 (u ) = L0 (u) + o(1), (1.8)

for some effective generator £ (correctors are needed because £ “p(u¢) contains diverging-
in-e terms). In order to do so, a careful analysis of the Poisson equations (Cy, D,¢) +
TT(QDZ(ﬁ) = and ((C —veA)y, Dy¢) + T'r’(QDi(b) = 1 (in the unknown ¢) is required,
as well a Sobolev estimates on (bilinear functions of) u¢, y¢, as detailed in Chapter 4.
Among the main novelties of the paper, there is the fact we are able to replace the
small-scale process 3 in (1.8) with its linearized version

dYf = LY dt + e V2QY2dW,,  YE =0,

which enjoys better space regularity than y¢ because of the absence of the non-linear term
b. This facilitates the construction of correctors ¢{ and ¢%, since some expression defining
the correctors are just formal expression, rigorously defined in sufficiently smooth regimes
only.

1.2.3 Mixing and dissipation of Ornstein-Uhlenbeck flows

The last work discussed in the main body of present thesis (more specifically in Chapter 5)
is [Pap22b], where I have studied mixing and dissipation enhancement of the stationary
Ornstein-Uhlenbeck flow

€ __ €7j 'G,j_ -1 €7j 71.]
U—Evjn, N’ =—e n +e W/,

jedJ

where J is a finite set and v; is smooth, time-independent and divergence-free vector field
for every j € J, advecting a passive scalar p with molecular diffusivity £ > 0 via

Op +v° - Vp = kAp.

Introducing the eddy diffusion operator £ given by

(L) =5 D uyle)- oy V()

jeJ



Chapter 1. Introduction

and the limiting equation
atﬁ - Aﬁ?
A = kA + L, we are able to prove mixing on finite time intervals, as stated in the next

Theorem 1.4. Let py € L*(T%) with zero mean, d > 3, and T < oo be fized. Then, for
every v € (0,(d—2)/6) and s > 0 there exist coefficients 0, >¢,¢ > 0 such that for every e
sufficiently small

E [HP - ﬁ”ce([o,T],H—s(Td)) < Clipoll L2 (ray (04 + E%MHv)g,
where o, p are finite quantities depending on {v;}je; (in particular, o can be made

arbitrarily small choosing the family {v;},c; properly) and C € (0,00) is an unimportant
constant.

In the statement of the theorem, by e sufficiently small we mean more precisely: there
exist positive numbers pq, po > 0, depending only on the parameters 7, # and &, such that
the thesis holds for every e satisfying €' log”(1 + ¢~ !) < 1. The coefficients p;, p» can be
computed explicitly, cfr. the proof of Proposition 5.4 in Chapter 5.

It is well-known [MK99] that dissipation enhancement for advection-diffusion equations
occurs for the average field E[p], when the fluid is sufficiently turbulent, and therefore
E[p] is indeed expected to solve the same equation as p — which can be rigorously proved
when u€ is delta-correlated in time, interpreting £ as a Stratonovich-to-1to corrector. On
the other hand, it is important to quantify the error made when approximating the ideal
model (that with transport noise, as also emerges in the infinite scale separation limit
by previous discussions) with an actual non-delta-correlated model. Thus, the interest
in this result is totally justified, and moreover it would be important to understand
whether similar quantitative results can be established for the general convergence results
discussed above for non-simplified model, where small scales are modelled with solutions
of actual fluid dynamics equations as Navier-Stokes and Euler’s.

The mixing property stated in the previous theorem has many consequences, among
which transfer on energy to high wavenumbers stands out. This mechanism is the main
responsible for the enhanced dissipation of the L*(T¢) norm of p. The second main result
of [Pap22b] permits to estimate the rate of decay of the L?(T?) norm of p, when the
molecular diffusivity « is strictly positive.

Theorem 1.5. In the same setting as above, assume in addition x > 0. Let ¢ =
CY2% (o + 6%u2+”’)§/2 > 0 and denote A > 0 the principal eigenvalue of the operator —A.
Then the following inequality holds with probability at least 1 — ¢ for every t € [0,T]:

H,00||L2(Td)
1/2°
(14 5 log (25352 ))

In particular, for every t € [0,T] it holds

el L2ray <

||/)0||L2(1rd)

12"
(1+ 552 log (“577))

E [|lpell z2¢ray] < ellpoll z2cray +

10



1.3. What is not included here

Recall that the only estimate available a priori for the L2(T%) norm of p is given by

1ol L2¢vay < € Nl poll L2y,

and the previous inequality is in fact an equality in the inviscid case x = 0, when dis-
sipation does not occur. The content of our previous theorem can thus be read as fol-
lows: for every fixed t > 0, if K > 0 and {v,};es is such that A > 1 and ¢ < 1 then
E [llpell z2rey] < €| pol| 12(ray, namely dissipation of the L?(T%) norm is enhanced. Also,
taking formally ¢ — 0 we obtain an augmented decay rate for the L?(T?) norm, that is

)\1/2 B
E |:HptHL2(Td):| S me )\thOHLQ(Td)a Vt € [O,T] (19)

In order to make A > 1 and ¢ < 1 simultaneously, one can choose first the family {v;} e,
so that A > 1 and @ < 1 at the same time, and then take e sufficiently small so that
¢ < 1. The problem of finding a family {v;};c; that renders simultaneously A large and
a small has been previously treated (see [Gal20] and subsequent works), and it will not
be discussed further here.

The strategy of the proof is as follows. First, we need a suitable bound on the quantity

n—1
up (08 =mB) ™ (6, pus) = (6, pms) =3 D _{AS pr)|.
n,m=1,...,1/0— k=m

n>m

where ¢ is a small parameter, suitably chosen in depending on €. Then, to prove Theo-
rem 1.4, the key idea consists in introducing the random distribution f by

6 ) = (6, 1) — (b, o) — / (Ad, phds, Vb€ HA(TY),

and show that p — p depends path-by-path continuously on f, thus producing an estimate
on p — p from an estimate on f.
As for Theorem 1.5, its proof relies on the following energy inequality

d

9 ”PtH;(Td)
ol agpey < ~2m

K
||Pt||§{71(1rd)

and a bound on ||pt||§{_1(Td) obtained applying Theorem 1.4 with s = 1. More details are
given in the corresponding Chapter 5.

1.3 What is not included here

A part from the principal line of research outlined above, during my PhD studies I have
had the possibility of doing research on different topics. As a consequence, I have authored
several works that do not group together in a coherent, systematic way: some of them
are a little more than exercises, which I wrote as an excuse to master new techniques (a
practice that, I hope, will be forgiven to a novice PhD student); others are the starting
point of lines of research never properly explored, admittedly due to my laziness; all of
them are ultimately motivated, directly or indirectly, by my interest in fluid dynamics.

11



Chapter 1. Introduction

1.3.1 Well-posedness theory for some geophysical models in 2D

Fluid dynamics is more than Navier-Stokes and Euler equations. For geophysical appli-
cations, it often makes sense to study other equations that take into account peculiarities
of the system Earth.

Together with Francesco Grotto and borrowing techniques from [AC90] and [Flal§], I
have established in [GP21] existence of stationary solutions (¢, V'), preserving a physi-
cally relevant Gibbsian measure, of the two-dimensional Barotropic Quasi-Geostrophic
equations in a channel R = S' x [0, 7] (see [MWO06]):

0vq +V+y-Vqg=0,

¢ =AY+ h+ By,

b =-Vy+1,

V= [r 0h(2)0(2)dz,

where ¢ denotes the potential vorticity, 1 is the stream function, V' is a function of time
only describing a large scale mean flow, A is the topography and g € R approximates the
Coriolis force.

With the same techniques, jointly with Franco Flandoli and Milo Viviani [FPV22] I have
shown a similar result for the Zeitlin’s discretization of two-dimensional Euler equations
on the sphere (cfr. [Zei04, MV20]).

In [GP22b] (co-authored by Francesco Grotto), we identified a generalized enstrophy for-
mally preserved by two-dimensional Primitive equations with dissipation and additive
noise:

Ow + VEA(w) - Vw = —(=A)w + V2(=A)28,W,

where w is a generalized vorticity (defined as the derivative in the vertical direction of the
horizontal velocity) and A(w) satisfies —0, A(w) = w (plus suitable boundary conditions).
Using the formalism of [GJ13] (cfr. also [GT19]), for § > 2 we can prove existence
of stationary solutions to Primitive equations preserving the generalized enstrophy; for
6 > 3, we can also prove pathwise uniqueness of solutions.

1.3.2 Bursts of Euler and Surface Quasi-(Geostrophic vortices

Francesco Grotto and I have authored also [GP22a], where we gave a rigorous construction
of solutions to the Euler point vortices system on the plane R? ~ C:

€k
27?2 Z zj —

where zq,...,zy : (0,00) — C are the positions of N point vortices, N > 3, each one
with intensity &;,...,&y € R\ {0}, in which three vortices burst out of a single one.
More precisely, we proved that given any configuration of N — 2 distinct vortices on
the plane at time ¢ = 0, in a small time interval (0,7") there exists a solution of Euler
point vortices system with /N vortices, three of which burst out of a single one from the
initial configuration, with their intensities summing up to the split vortex one. By time
inversion, this implies existence of arbitrarily large configurations in which three vortices
collide in finite time.

12



1.3. What is not included here

Systems of three vortices are integrable, and self-similar bursts and collapses of three
vortices have been explicitly known since a while. On the other hand, the case N > 3 has
been a long-standing open problem. Our strategy consists in showing first existence of
bursts of three vortices under the influence of a suitable external vector field, by expressing
the system in a convenient coordinate system describing closeness to the self-similar free
solution, and reformulating the problem as a fixed point problem. This is an interesting
result per se: for instance we will deduce from it the existence of bursts of three vortices
in periodic or bounded domains. Existence of a burst of three vortices out of one in a
system of many vortices then follows from this preliminary result, dividing the system
into three bursting vortices under the external influence of the other ones, and the rest
of the configuration, involving only vortices that do not collapse or burst.

1.3.3 Non-autonomous attractors of Random Dynamical Sys-
tems

In the work [FPT22], joint with Franco Flandoli and Elisa Tonello, we tried to identify a
mathematical framework adequate to formal definition of concepts like weather, climate,
and connection between them. The work is very speculative and this line of research is
still in an embryonic state; yet the main ideas can be described here.

We start from the assumption that weather is statistically described by a family of ran-
dom, time-dependent measures i, (t) on the Borel subsets of a state space X and its dy-
namics is encoded into a non-autonomous Random Dynamical System U, (s,t) : X — X,
s,t € R, satisfying

Uio(8: 1)« peo(8) = po(1).

The typical time-scale at which we appreciate fluctuations of y, is € < 1 (usually cor-
responding to hours or days), assuming s,t denote macroscopic time variables proper of
climate (with typical time-scale of years or decades).

How to define climate, then? Heuristically, we want climate to capture at once daily
fluctuations of weather and slow-varying, long-term climate trends. In the ideal infinite
time-scale separation limit, we exhibit sufficient conditions based on the random attractor
of U, that guarantee the existence of a limit (up to subsequences) of yu,, = u, as € — 0,
see [FPT22, Theorem 1.1]. The limiting object is a Young measure on the product space
R x X and encodes both daily fluctuations of the weather (u(t,-) is a measure on X for
every fixed ¢ € R) and long-term climate trends (¢ — u(t,-) is in general non-constant).

1.3.4 LDP for SDEs in Hilbert spaces with non-Lipschitz drift

Finally, in [Pap22a] I have studied Large Deviations, as € — 0, for the family of stochastic
differential equations in a infinite dimensional separable Hilbert space H

X =AX 4+ B(X) + €W,

where A : D(A) C H — H is a negative-definite self-adjoint operator such that (—A)'*°
is trace-class for some ¢ € (0,1), B : H — H is continuous with at most linear growth

and W is a cylindrical Wiener process on H. The initial condition is a deterministic
X§ =z € D((—A)?).

13



Chapter 1. Introduction

In this setting, I have proved the analogous of Freidlin-Wentzell Theorem [FW12] for
X¢: for every a € (0,d/2) there exists 7' > 0 such that a Large Deviation Principle on
C([0,T], D((—A)%) holds for X¢, with rate €2 and action functional given by

T
S0 =3 [ 1éi— A= Blenlir

if o € WY2([r,T], H) N L?*([r,T], D(A)) for every 7 € (0,T), »(0) =0, and S(p) = 400
otherwise. Moreover, if B is bounded the thesis holds for every choice of T" < oc.

The main novelty of [Pap22a] consists in the fact that the non-linear term B need not to
be (locally) Lipschitz continuous; in particular, the unperturbed equation € = 0 may lack
uniqueness (whereas well-posedness for € > 0 has been proved in [DPFPR13]), so that
the classical weak convergence approach by Budhiraja, Dupuis and Maroulas [BDMO0S|
becomes unfeasible. The method of [Pap22a, inspired by [Her01], consists in the approx-
imation of the non-linear drift B with a sequence of Lipschitz and bounded drifts. The
approximation is non-trivial and relies on the Kirszbraun extension Theorem. Once such
approximation is given, Large Deviation estimates for X¢ are recovered using an auxil-
iary equation, with a more regular non-linearity, for which Large Deviation estimates are
classical.

1.4 Frequently used notation

Given two Banach spaces U, V', let L(U, V') denote the Banach space of continuous linear
operators mapping U to V, endowed with the operator norm. Hilbert spaces will be
usually denoted with the letter H, and the symbol (-, )z will indicate the scalar product
in H, and || - ||z the norm. When no confusion may arise, we set (-,-) = (-,-)y and
||l =1 - |lz- Hilbert spaces will be always separable.

Given a (possibly unbounded) self-adjoint negative-definite operator Ay : D(Ag) C H —
H, we define the H-based Sobolev space H®, s € R by the relation H® := D((—A,)%/?),
with scalar product (f, g)ms = ((—A0)*/%f, (—A)*’?g) . Sobolev spaces form a Hilbert
scale in the sense of Krein-Petunin [KP66]; in particular, the map (—A4¢)*/? : H™ — H"**
is an isomorphism for every s,r € R and the following interpolation inequality holds
between H*' and H*®?, for s1,s9 € R and A € (0,1):

1A zzos < g 1 f e

In the following, Sobelev spaces will be often defined over H = {f € L*(T%), [. f = 0}
or H = {u € [L*(T%)]% [rau = 0,divu = 0}, with A, equal to some multlple of the
Laplace operator.

A finite or countable collection of standard i.i.d. Brownian motions is denoted by
{W¥k}cr. We shall always assume the existence of an underlying filtered probability
space (2, F,{Fi >0, P) supporting the family {W¥*},c;. Filtration will always be right-
continous and complete. A cylindrical Wiener process on H shall be denoted by W. We
call the tuple (Q, F,{Fi}i>0,P, W) a stochastic basis.

Ito differential equations as, for instance, dY = —Ydt + Q'Y2dW will sometimes be
abbreviated in Y = —Y + Ql/ 217, Accordingly, stochastic integration in the sense of
Stratonovich will be denoted by either odW or oW. For (stochastic) partial differential
equations we use the symbol 0; for derivatives with respect to time when we use the

pallflies,  sx = Asp + (1 —N\)sy

14



1.4. Frequently used notation

concrete form of the equations, as for instance in dyu = Au + 9;W, whereas we use the
convention du = Audt+ dW or & = Au+ W if we interpret the equation as an evolution
in some abstract Hilbert space.

We use the symbol < to indicate inequality up to an unimportant constant C' € (0, 00).
Whenever we need to stress that C' depends of parameters py, ..., p, we use the symbol

Spi...pn instead.
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Chapter 2

Stochastic model reduction

Here we recall the equations satisfied by the processes (X, Y°)

Xi = F(t,X{) + ot XY, + 2B, YY),
}'/;e = —671}/;6 + EilQl/Qth

and X .

X, =F(t, X))+ C(t, X}) + o(t, X)W, + Z b W™,

£,meN

The large-scale processes X¢ and X are set to start at time ¢ = 0 from a deterministic
initial condition xq € Hy. As for the small-scale process Y€, it is worth mentioning that
its precise initial condition is somewhat less important in applications, because of the
typical decorellation time of Y¢ is of order €'/2; therefore, for simplicity we impose Y to

be stationary. In particular, we set

t
}/te — / 6_16_8_1(t_s)Q1/2dW5, t>0,

—oo
where W is a cylindrical Wiener process in H,, with real-valued time parameter.

Remark 2.1. A Wiener process with real-valued time parameter can be obtained in the
following way: given two independent Wiener processes (W,)i>o and (W, );>o defined on
filtered probability spaces (QF, (F,7),PT) and (2, (F, ), P7), respectively, set W; = W,
for t > 0, and W; = W, for t < 0. Using such a representation of W, we can also write

00 t
}/tE _ _/ E—le—e’l(tﬂ-s)Ql/QdWS— + / 6—16—571(t_5)Q1/2dWS+’ t Z 0’
0 0

which clearly is a stationary Ornstein-Uhlenbeck process on (2, F, ® F.£,P) with initial
value Yy = — [° e tem QW where © = O~ x QT and P = P~ ® P, see
[DPZ14]. Furthermore, setting up the stochastic basis for our processes (X€ Y*), let
(Q, F,P) be the completion of (2, FL ® FL,P), and (F;)i>0 be the augmentation of the
filtration (FL ® F;")i>0. Note that this filtration would satisfy the usual conditions.

Stochastic model reduction of finite-dimensional systems similar to (1.4) were extensively
discussed in [MTVEO1]. However, for the weak convergence the authors rely on a per-
turbation method based on a theorem by Kurtz [Kur73], and then they briefly describe a
so-called direct averaging method for strong convergence, based on limits of solutions to

17



Chapter 2. Stochastic model reduction

stochastic differential equations. Their approach is not immediately applicable to infinite
dimensional systems like ours (not to mention some lack of rigour in their proofs).
There have been earlier attempts of proving similar abstract results of Wong-Zakai type
[WZ65] in infinite dimensions, see for instance [BCF88, Twa93, TZ06]. However, we would
like to emphasise that these earlier attempts dealt with piecewise linear approximations
of noise rather than an infinite dimensional Ornstein-Uhlenbeck process. To see why the
process Y€ is an approximation of a white noise, take the time integral

t t t s
/}/:dS:/ Yzfee_lsds—l—/ </ 6166_1(ST)Q1/2dWr) ds
0 0 0 0
t B t t B
— / Yz]eefe Sds +/ </ 671676 (sr)ds) Q1/2dWr
0 0 T

t t

:/ Ybeee_lsds_i_/ (1 _ 676_1(577«)) Q1/2dWT
0 0

= Q'W, + O(e"?).

Note that it is typical for Wong-Zakai results that stochastic integral terms of limiting
equations are interpreted in the sense of Stratonovich.

Finally, it is worth comparing our results with those in the literature concerning averaging
principles, see for instance [FW12, Section 7.9], [PV01, PV03] and references therein.
Roughly speaking, in those results the unresolved variables satisfy the equation Y =
—e Y e 2QY 217/, with a weaker noise intensity compared to ours, and therefore the
resolved variables only undergo a change of drift in the limit ¢ — 0. On the contrary, in
our setting a diffusion term also appears in the limit.

Remark 2.2. For notational simplicity, in what follows we shall write W instead of QY/2W
for a Q-Wiener process on H,,. In this way fot Yds formally converges towards W; as
¢ — 0 (and not towards Q'/21%;). This convention applies only to the present chapter.

Finally, let us describe how this chapter is organized.

In section 2.1, we give the proof of the strong convergence stated in Theorem 1.1 when
B = 0. The proof relies on preliminary localization and discretization arguments which
allow to consider instead its discrete version

lim]P{sup 1X; — X, > 5} =0, V>0,
e—0 k

for only finitely many ¢, € [0, T7.

In section 2.2, we give the proof of the weak convergence of Theorem 1.1 which, at the
beginning, requires a careful analysis of the quadratic term 5(Y),Y,S), but otherwise is
an adaptation of the proof given in the previous section.

In section 2.3, we eventually use the results of section 2.1 and section 2.2 to prove Theo-
rem 2.15 under quite natural conditions, thus making the connection to our main appli-
cations in climate modelling.

2.1 Strong convergence

In this section we give the proof of the strong convergence stated in Theorem 1.1, under
the additional assumption # = 0. The proof is divided into several steps, here summa-
rized.

18



2.1. Strong convergence

First, by localization, we argue that we can restrict ourselves to | Xf|, | X;| < R, for some
large R, which is effectively leading to Lipschitz continuity of the coefficients of (1.4) and
(1.5).

Second, we discretize the problem, which allows us to reduce the desired convergence to
its discrete version:

limIP’{sup|ka — X, | > 5} =0, V>0,
e—0 k

for only finitely many ¢, € [0,7]. Here, we choose t;, = kA, where A = A, is a positive
parameter whose e-dependence has to be carefully chosen in the proof—see Remark 2.3.
Third, we prove the above discretized version.

2.1.1 Localization

Fix e > 0, 0 € (0,1), and define
e =1inf{t > 0:|X7| > R+ 1} Ainf{t >0:|X,| > R}, for R >0,

so that

]P’{sup | X:— Xi| > 5} =P {sup | X5 — Xy > 6, sup | X,| > R}
t<T t<T

t<T

+P {sup | X5 — X > 6, sup | Xy| < R}
t<T

t<T

_p {sup IX; — X > 6, sup| X| > R}
T

t<T <

—|—IP’{ sup | X — Xy| > 0, sup | X;| < R}
t<T

t<TATS

SIP’{sup|Xt| ZR}—I—P{ sup | Xf — Xy >(5}. (2.1)

t<T t<TATS,

Therefore, since global existence for X implies

P {Sup | X,| > R} — 0, as Rtooo,

t<T

to prove the desired convergence it is sufficient to show the convergence of the second
summand on the right-hand side of (2.1), when ¢ — 0, for fixed 6 € (0,1), R > 0.
Furthermore, by Markov inequality,

]P’{ sup ]Xf—Xt]>5} <0 PE

t<Thtg

sup |X; — )_(t]p] ) (2.2)

t<TAtg

for every p > 0, § € (0,1), and hence showing convergence of the above right-hand side,
only, is enough. To keep notation light, we are going to use 7¢ instead of 7, as R > 0
will be fixed in what follows.
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Chapter 2. Stochastic model reduction

2.1.2 Discretization

Fix ¢ > 0. We show that the expectation on the right-hand side of (2.2) can be replaced
by an expectation of the same quantity, but with the supremum taken over a finite number
(diverging to oo, as € — 0) of times ¢, see Corollary 2.6 below.

To start with, we have the following useful a priori estimate.

Lemma 2.1. For any p > 1, the Ornstein-Uhlenbeck process Y€ satisfies

E {sup |Yﬂp] < e P2logh? (14 €7Y).

t<T
Proof. First, using the decomposition Y, = Y5+ (Y, — Y{), Gaussian estimates on Y and
[JZ20, Theorem 2.2], the result is true in one dimension. In the infinite dimensional case,
by Holder’s inequality we can suppose p > 2 without any loss of generality. Therefore,
since () is trace class with eigenvalues satisfying > ¢m < 00, when a = (p — 2)/p, we
obtain that

p/2
E[supmﬁlp] =E Sup< > gt !Yf’m|2>

t<T t<T

meN,qm >0
(p—2)/2
(5 wrefrer]) ()
<T
meN,qm >0 = meN

S e logh (147,
having used the one-dimensional result for the coordinates Y™ = (Y) f,,), for any
m € N. O

Now, we introduce the discretization of the time interval [0,7]. Let A > 0, and let [T'/A]
be the largest integer less or equal than 7'/A. In what follows, A will also depend on e,
in a way to be determined later. Also, to make it easier to bound terms by powers of €
or A, without loss of generality, we will always assume that both €, A are less than one.
The next two lemmas control the excursion of X¢ between adjacent nodes.

Lemma 2.2. For any p > 1, and any deterministic time 7 > 0,

Tp

EPW logp/2(1 + 6_1).

€ € |p
E sup |Xt+kA - XkA‘ S
k:0)177[T/A]
t<t,t+kA<TATE

Proof. Since 3 = 0 the increment X , \ — X, can be written as

t+kA t+kA

< en— Xin = / F(s, X)ds + / o(s, X)W,
kA kA

for t + KA < T A7, where Wi = fg Yds. Therefore, using our assumptions on the
coefficients F, o, boundedness of X€ on [0, 7¢], and Lemma 2.1, we obtain that

E|  sup  [Xm— Xial| <7 (1+E{sup |Y;|”D
k=0,1,....[T/A] t<TATe
t<t,t+kA<TATE

Tp
e /2 -1
< e logh=(14+€7).
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2.1. Strong convergence

[]

Lemma 2.3. For any p > 1, and any fized k € {0,1,...,[T/A]} such that kA <T,

AP
P} 5 Ap/2+ep/2 logp/2(1+€—1) +€—plng(1+€_1).

E |:|‘XV(EI<:—|—1)A/\7'6 - ‘lezA/\T6

Proof. 1t suffices to bound every single term on the right-hand side of the equation

(k+1)AATE
X(ek—l—l)A/\Te — Xanre :/k F(s, X{)ds

ANTE

(k+1)ANTE
4 / (0(5, X5) — o(kA AT, Xianre)) AW
k

ANTE

(k+1)AATE
+ / (kAN T, XEap ) dWE.
k

ANTE

In what follows, we shall use implicitly the regularity assumptions on F, o without further
mention. First, by boundedness of X on [0, 7], we have that

p

E < AP,

(k-+1)AATE
/ F(s, X{)ds
k

ANTE

Second, using Holder’s inequality with ¢’ > 1/p and Lemma 2.1,

(k+1)AATE p
E / (U(S7X;) _O-(kA/\T67XI§A/\T€))dW; ]
kANTE
(k+1)AATE p
f§ E sup |}/t€|p / |U(87 X;) - J(kA A 7-67 X;A/\Tf) ds ]
t<T kANTE

!
pg' ] /4

(k+1)AATE
S o1+ ME || [ 05, X5) — (kA A 7%, X ro)] ds
k

ANTE

Since pg’ > 1 by assumption, we can estimate the integral above using Holder’s inequality
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Chapter 2. Stochastic model reduction

with exponents pq’ and pq’/(pg’ — 1). Then Lemma 2.2 gives

pg Ve
(k+1)ANTE
E / lo(s, X$) — o(kA AT, Xjpnre)| ds
kANTE
(k+DAATe [P ) AAT , Ha
<E / ds / lo(s, X5) — o (KA NTS, Xpape) P ds
kANTE kANTE
, (k+1)ANTE , , 4
< APV / (1 = Xgane?” + (s = kA ) ds
kANTE
) (k+1)AATE , , 1/q
sar | E [|X5 — X" + (s — k2] ds
kANTE
, (k+1)ANT® / / ) Ld
< APV / (s = KAY (€7 log" 2(1 + €72) 4 1) ds
kANTE

(k+1)ANTE

1/
S e logP? (1 + ) AP (/ (s — k:A)pq’ds>
k

< PP logl?(1 4 e HAP,

ANTE

Finally,

p

E Sj E HW(E]C+1)A/\TE o VVI:A/\T6

']

< AP P2 1ogP 2 (1 4 €71,

(k+1)AATe
/ o(EANT, Xpapse)AWS
k

ANTE

because, for every to, > t; > 0,

to s
Wy — Wy = / ( / e—le—ﬂs—r)dwr) ds (2.3)
t1 —00

to t1
=W, — Wi, — / e~ =g, + / e Mg,

]

The next lemma controls the excursion of the limiting process X between adjacent nodes.

Lemma 2.4. For any p > 1, any deterministic time 7 € (0,1), and any fized k €
{07 17 ) [T/A]}7

S S D
E sup | Xitka — XkA|p} ST,
t<7,t+kA<TATE

Proof. Since 3 = 0 the increment X, ,;n — Xza can be written as

t+kA B B t+kA B
(F(S,XS) + C(s, XS)) ds + / o(s, Xs)dWs,

XMA—mﬁz/
kA

kA
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2.1. Strong convergence

at least for t+kA < T'A7¢. Therefore, using boundedness of X¢ on [0, 7¢] and Burkholder-
Davis-Gundy’s inequality, we obtain that

- - t+kA - P
E sup | Xirkn — XkA]p} <7tP+E sup / o(s, Xs)dWs
t<T,t+kA<TNATE t<7,t+kALZTATE | J kKA
ST,

which proves the lemma since 7 < 1. O
Corollary 2.5. For any p > 1,

E sup | Xewa — Xeal?| S AL

k=0,1,...,[T/A]

t<A, t+kA<T AT
Proof. The claim easily follows from Lemma 2.4 with 7 = A, and the inequality

[T/A]

E sup |Xt+k:A — XkA|p S E E |: sup |Xt+kA — XkAlp
k=0,1,...,[T/A] k=0 t<A,t+kAL<TANTE
t<A,t+kA<TATE
T/A]

[
< Z AP/2 — AL
k=0

Corollary 2.6. Let A = A, > 0 depend on € such that AJe'/? =0 as ¢ — 0. Then,

E[sup |X:—Xt|2} <SE| sup  |Xia— Keal?| +olL).
t<TAre k=0,1,...,[T/A]
kAL<TE

Proof. First, by Holder’s inequality with ¢ > 1 and Corollary 2.5, we have that

1/q
> 52 o S 2
E sup | Xerka — Xeal”| SE sup | Xtrka — Xeal™
k=0,1,....[T/A] k=0,1,....[T/A]
<A, I+ EA<TATE <A, 1+ EA<T AT

SATYE 50 ase—0,

since we have taken ¢ > 1. Thus, the proof can easily be completed by combining the
above and Lemma 2.2, while taking into account

X5 = X S IXE = Xiyaal? +1Xfaa — Xiyagal® + [ Xpaa — X,
where [t/A] is again our notation for the floor of ¢/A. O
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Chapter 2. Stochastic model reduction

2.1.3 Proof of the discretized version

We now discuss our strategy to prove the discretized version of the strong convergence
in Theorem 1.1. Recall that we want

IP’{sup X5 — Xy| > 5} — 0,

t<T

for every fixed § > 0, as ¢ — 0. As we have seen, by (2.1), (2.2) and Corollary 2.6, it
suffices to prove

E sup | Xga — Xpa| | 20, e—0, (2.4)

for some A = A, = o(¢€). The proof is inspired by [IW14, Section VI.7].
Hereafter, do denotes the derivative of o with respect its first variable, and Do denotes

the derivative of o with respect its second variable. To start with, by (2.3), we have that
(k+1)A (k+1)A
F(s, X{)ds +/ o(s, X5)dWs (2.5)

Xorya =Xga + /
kA

kA

(k+1)A
= X{at / (F(s, X) — F(kA, Xgn)) ds
kA

(k+1)A
+ / F(kA, X{A)ds
k

A
(k+1)A (k+1)A
n / (05, X5) — o (kA, XE0)) AW + / o (kA Xe0)dWS
kA kA
(k+1)A
“Xiak [ (Pl XD~ Pk X)) ds
kA
(k+1)A
+ / F(EA, X{)ds
kA
(k+1)A s
—l—/ (/ (0o (r, X$) + Do(r, X5)F(r, X5)) dr) AW
kA kA
(k+1)A s
+f ( [ Dor.X0)a0:X2) = Dotk Xia)ok, 1) dW:) aw:
kA kA
(k+1)A s 3 _
+/ (/ (Do(kA, Xia)o(kA, Xin) — Do(kA, Xpa)o (A, Xia)) dW:) AW
kA kA
(k+1)A s B B
kA kA
(k+1)A
+/ o(kA, X5 A )dWy
A

k
+ (kA Xja)e (Yia — Y@H)A)
=D (INE S A I EEY Ry | SN LRy Ry Y

for any k =0,...,[T/A] such that (k4 1)A <T.
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2.1. Strong convergence

Similarly, the process X satisfies

(k+1)A

Kirna = Xea + / (F(s,X,) — F(kA, Xpa)) ds (2.6)
kA

(k+1)A B
—{—/ F(k‘A,XkA)dS
kA

(k+1)A B B
+/ (C(S,XS) — C’(k:A,XkA)) ds
kA

(k+1)A -
+ / C(kA, Xya)ds
k

A
(k+1)A - _ (k+1)A _
- / (a(s, X;) — o—(kA,XkA)) AW + / o(kA, Xpa)dWs
kA kA

=Xpn + Iy + JE A+ TV TF+ TE UL

Having in mind to apply Gronwall’s lemma, it turns out to be useful to summarise the
contributions of the right-hand sides of (2.5), (2.6) as follows:

h—1 h—1 h—1 h—1
Xia=Xna=) (=) +) (Is—J)+Y (F-J)+) I (27)
k=0 k=0 k=0 k=0

—_

h_
+ (F+ I+ I+ I —Jf — J5 — JE),
k=0

for any h = 1,...,[T/A], which splits the difference X, — Xja into five sums.

We at first prove that the second and the fifth sum can be neglected when proving (2.4).
The summands of the fifth sum are discussed in Lemma 2.7 below. The contribution of
the second sum though is more delicate and requires a martingale argument similar to
that of [IW14, Theorem VI.7.1].

The remaining sums will be controlled in terms of the difference X¢ — X itself, which
allows them to be estimated via Gronwall’s lemma.
Of course, the function F' is uniformly continuous when restricted to [0,7] x Bg(0),

where Bg(0) is the closed ball of radius R in Hy. In what follows, we will denote by
wr : [0,T] — [0, 00) the (local) modulus of continuity of F(-,x):

|F(t,z) — F(s,z)| <wp(|t —s|), foreveryt,s €[0,7], and x € Bg(0).

Obviously, the function wp vanishes at zero, and without loss of generality, it can be cho-
sen to be both non-decreasing and continuous. Denote by w, the corresponding modulus
of continuity of the derivative Do (-, x), and let wr, = wr + w,. Recall that, under our
assumption on the coefficient o, one can take w,(t) = Ct" for some positive constant C'
and v € (0,1).
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Chapter 2. Stochastic model reduction

Lemma 2.7. For any p > 1:

h—1 P |h—1 P A
IR ST ) o7 R Y 6
=1,.,[T — -
hAS[Te/ ] k=0 h=0 .
h—1 [P
A2
E sup TS (_
h=1,...,[T/A] kzzo ! €3/
L hA<Tt® |
(?)
_'_ J—
h—1 [P c
E sup IS <_
h=1,...,[T/A] ;0 * A
hA< T
+(z
A
+ a7
h—1 p h—1 p h—1 p
E| sup D JF| D] D
h=}1L7A-7<[T€/A} k=0 k=0 k=0

h—1 |P (k+1)A
E sup Zlf SE sup Z/ (IX5 = Xjal + wr(s — kA)) d
h=1,..[T/A iy | | =l (T/A]
hA<T¢ hA< €
[T/A=1  (k+1)A
<> / B (Xt — Kool + (8] ds
k=0 KA
< A plo p/2(1+e’1)+w (AP
~ \ €l/2 g F ’

For Y IF, by Hélder’s inequality and Lemma 2.1,

h—1 p
E sup Z I¥ | <E
h=1,...[T/A] |20
hA<T®
<E

sup | sup [Yf|
h=1,..,[T/A] | t<T
hA<T®

sup | Y,
t<T

[T/A]-1

ry

>plogp(1 +e b

p
) logP (1 + €7 1);

SAP2 4 wp g (AP,

h=1  A(k+1)A P
Z/ (s —kA)ds
k=0 FA
(k+1)A

|s — kAP ds

A
< (61/2> log” (1 + ¢71).

26



2.1. Strong convergence

For S~ IF, by Holder’s inequality, Lemma 2.1 and Lemma 2.2,

p

(k+1)A
sup|Y| Z/ </ (|Xc - X;A!+w0(r—kA))dr) ds

p

(k+1)A
<E sup sup |V;]? Z/ ds

h=1,..., [T/A] t<T
hA<T

< 6*” logP(1 +¢1)

]X6 Xial + wo(r — kA)) dr

(/A1 va

(k+1)A ) s , )
X Z /k (S - kA)pq - /k ( |:‘ rATE )(IEA/\T€ |pq + wU(A)pq ] dT) dS

k=0 kA A

/A1 (i1)a Ve

< e3P 2og? 2 (1 4 €71 Z / (s — kA)*7 ds
k=0 kA

- (é)p log? (14 € 1) wy (A)?

€

A2 p A p
S| = log®2(1+ e )+ [ =) log?(1+ e M w,(A)P.
€3/2 €

We now consider > I¥. Here, the idea is to convert Y¢-increments into X°‘-increments
8 )
via integration by parts since X‘-increments are easier to control. This way, applying
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Chapter 2. Stochastic model reduction

Lemma 2.1 and Lemma 2.3,

h—1 |P
E sup I¥
h=1,...[T/A] |5
hA<[7'5/ ! k=0
h—1 P
<E sup o(kA, Xia)e (Yia — Y(ZH)A)
h=1,...[T/A] |52
| hA<Tt®
- . »
<E sup Z (o(kA, X5p) — o((k — 1)A7X(6k71)A)) Yia
h=1,..[T/A] |7
| hA<Tt®
- ) )
<E sup  sup|eY,|? Z |X]§A X (- 1)A‘ + A)
h=1,...,[T/A] t<T k=
hA<T®
Ve
) e N Pq
< E |sup |€Y;€|pq} E sup Z (| Xia = XGnal +4)
L t<T h=1,...[T/A] | .5
hA<Tt®
< P/2 1ng/2(1 + 6—1>A1/q’—p
[T/A] , e
| D0 B [Xianr = Xipane ™+ 297]
k=1
< ep/? logp/2(1 +eHA™P
1/q

: : : AN
x | APT/2 4 pd 2 10gPT (1 47t - (1—/2) log” (1 + ¢ 1)
€
€\P/2 €\P AN’
/2 1 1 1
< (Z) log"“(1+€¢") + (Z> logf(1+€¢ )+ (m) logP(1+€¢7).

In a similar way, for >_ JF and Y J¥ now applying Lemma 2.4,

h—1 p h—1 p
E| sup T+ DT
h=1,..,[T/A] |5 —
hAS[Te/ I'k=0 k=0
h=1 c(kt1)A - P
<E sup / (‘Xs —XkA‘ —i—wF,g(s—kA)) ds
h=1,...[T/A] | % =g J kA
hA<T®
(T/A] (k+1)A - -
S Z / E H)(s/\‘r€ - XkA/\Te P + WF,J(A)p} ds
o kA
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2.1. Strong convergence

For the last sum >~ J¥, by Burkholder-Davis-Gundy’s inequality and Lemma 2.4,

h—1 p [ h—1 (k+1)A B _ P
E sup JE | SE sup / (o(s, Xs) — o(kA, Xpn)) dW,
h=1,...[T/A] |12, h=1,...[T/A] |10 JkA
hA<T¢ | hAZTC
- - p/2
[T/AI=1 (k+1)AnTe B _ 9
SE / o (s, X,) — o(kA, Xpa)|” ds
k=0 kANATE
- p1/2
[T/AI=1 L (k+1)AnTe B _ 9
<El| Y / (s, X.) — o (kA, Xea)|* ds
k=0 kANATE
[T/AI-1 (k+1)A - B 5 v
5 / E |:‘)(s/\7—6 - AXFkA/\T€ Y + (S - kA)2pi| ds
k=0 kA
< AP2
[

Remark 2.3. The estimates given in Lemma 2.7 motivate the following choice of how
A = A, should behave when € goes to zero:

2

3/2

A
log (L4 €)= 0, Zlog(L+e)wy(A) =0, iloglﬂ(l +el) o

Such a choice is always possible. Indeed, one can take w,(t) = Ct? for some positive

1
constant C' and vy € (0,2/3), and therefore the choice A, = 7572 satisfies all the require-
ments above. We will maintain this choice of A in the remainder of the chapter.

We now discuss the second sum on the right-hand side of (2.7), that is

h—1 (k+1)A s B B (k+1)A B
3 ( / ( Da(k;A,XkA)a(kA,XkA)dW,f) AW — / C(kA,XkA)ds> |
= \Jka kA kA

the -th component of which, when plugging in the expression for the Stratonovich cor-
rector C', reads

h—

[y

Z Z ngi’m(kA7XkA)0'j’£(k’A, XkA) <c’€€,m<A7 6) - 5e’mq7mA) ’

k=0 ¢,meN j=1,...,d

(A €) is given by

(k+1)A s
b (Ae) = / ( / def) dWe™.
’ kA kA



Chapter 2. Stochastic model reduction

Taking the conditional expectation of c’Zm(A, €) with respect to Fra yields

(k+1)A s
B0l 7] = [ ([ Eleven m) ) as
k k

A A

(k+1)A s .
e [ ([ )
kA kA
(k+1)A s 1 . .
_‘_5&7”/ (/ qr— (676 (s—r) _ e~¢ (r+572kA)> d?’) dS,
kA kA 2

where the following representation of Y,

}/se,m _ YkE,Ame—efl(s—kA) + / 6—6’1(5—7’)6—16“/1/’:717
kA

has been used, and this conditional expectation can easily be calculated as
k 62 elye;m —e 1A 2
E [Ce,m(A> €) | ]:kA] = EYkAYkA <€ - 1)

3 - 1 -
+ (ng 5 (A +€ (—5 +2e7 A~ 56_26 1A)> . (2.8)

Now, since ijl (kA XTs,\ kay) ol (KA, XTE/\(kA)) is Fra measurable, for every

.....

{bmeN = 1,...,d, each process M, h=1,...,[T/A], given by

;ZL Z Z Z D O' kA X TEA(EA) )O‘J (k’A XTe/\ kA))

k=0 ¢,meN j=1,...,
X (C£7m(A7 E) —E [Cf,m(A7 6) ’ FkA:D )

is a discrete martingale with respect to the filtration (fha)gz/f !

Lemma 2.8. For each1=1,...,d,

) A2
E sup ‘Mﬂz < Zlog(l+e M)+ Alog?(14€71).
h=1,...,[T/A] €
hA<Tt€

Proof. Combining Doob’s maximal inequality and martingale property gives

E| swp  [MP| SE||My)

h=1,...,[T/A]
hA<TE
[T/A]-1 9
S S E|| Y (a0 -Ele,. (8,0 Fal| |
k=0 £,meN

where
2

E SE

~Y

Z Com (D, €) = E [¢f (A, €) | Fral

£,meN

¢,meN
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2.1. Strong convergence

for each k = 0,...,[T/A] — 1, because the conditional expectation is an L*-projection.
Thus, by independence of Y* and Y™, for every ¢ # m, we can estimate

2

N e (k+1)A , y
E| sw /A\M,z\ > Y E (W —W,;A> dWem

vl k=0 £,meN |
T/A 1 (k+1)A T 97
<Y Yoa / E ‘(W;’Z—W,j@ yem| | ds
k=0 £;meN - .
T/A 1 (k+1) A 1/q '
s A / \W;"—W;ﬁ 21 E [lvempe]™ ds
k=0 ¢,meN
T/A 1 (k1A
Z Z QeqmAe  log(1 + e )/ (A+elog(l+eh))ds
k=0 £,meN

A2
< Zlog(l+e )+ Alog?(14¢1).
€

]

To eventually cover the remainder of the second sum on the right-hand side of (2.7), after
subtracting the martingale term My, we introduce

Z > Z Djo"™(kA, Xpa)o (kA Xya)

k=0 ¢,meN j=1,...,

X (E [Clzm( ) |ka} — (ng B ) .
Lemma 2.9. For each 1 =1,...,d,

‘ 2
E sup ‘N}l‘? < <£> log?(1+¢1).
h=1,...,[T/A] A
hA<Tt®
Proof. The proof is an easy consequence of (2.8). Indeed,

2

E sup |Ni|2 SE sup Z Z ‘E Com(D,€) | Fial _5“” A‘
gt St
/A
< €log?(1 + Z > S (£> log*(1+€71).

= £,meN

All in all, Lemma 2.8 and Lemma 2.9 together imply

2

h—1
E sup (Ik J4) =E sup |(Mh+Nh)|2
h=1,..., [T/A} k=0 h=1,.., [T/A]
hA<Te€ hA<Tt®

2

A 2
< — log(1+ e + Alog?(1+€e ) + (i) log?(14¢71),
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Chapter 2. Stochastic model reduction

showing that the second sum on the right-hand side of (2.7) can be neglected, like the
fifth one, when ¢ — 0, and A = A, behaves as described in Remark 2.3.

Recall that we wanted to control the remaining sums in terms of the difference X¢ — X
itself, which is obvious for the first and third sum on the right-hand side of (2.7). However,
in case of the fourth sum, applying almost the same martingale argument used in case of
the second sum, each term I} can be formally replaced by

(k+1)A
/ (C(kA, Xfp) — C(kA, Xpa)) ds,
kA

subject to a sufficiently small e-correction, eventually leading to the wanted contraction
argument in this case, too.

On the whole, we have justified that, if A = A, behaves as described in Remark 2.3, then
forany h =1,...,[T/A]:

2 =2
E Sup ‘Xk,A Xk/A‘ —I—ZAE sup | XA — Xwal |,
K= kK'=0,...k
’A<‘r /A<T

where 7(A, e¢) — 0, € — 0, finally proving (2.4), by Gronwall’s lemma.
The proof of the strong convergence in Theorem 1.1 is thus complete.

2.2 Weak convergence

In this section we prove the first part of Theorem 1.1 on weak convergence: X¢ — X in
law. The idea of the proof is similar to the one outlined in the previous section for strong
convergence, except that now  # 0 is possible: it is the presence of this bilinear term
which prevents us from proving convergence in probability—we only succeed in showing
convergence in law, see also Remark 2.5. First, we prove weak convergence of the bilinear
term alone; second, we prove convergence in law of X¢, € — 0.

2.2.1 Weak convergence of the bilinear term
For any € > 0, define the process U¢ by
Ut — / SRB(YE, Yo)ds, te [0,T], 2.9
0

where Y€ is the stationary Ornstein-Uhlenbeck process introduced in Remark 2.1. Since
by assumption 3 : Hox Hoo — Hgis a continuous bilinear map and ), (3(fs, fr), €) m, ¢ =

0, for all ¢ =1,...,d, the process U has zero-mean and its second moments,
t t
B (e [ 0y e)ds [ (3077 dr|
o 2P Jy — D
B(Ys,Ys) BI(Y,E,YE)

can be calculated to be

- Z (£e, ), €:) (B(Er, £n), €)) qem <t T % (e_Qe_lt - 1)) ’

K ,meN D
ﬂf,m i

l,m
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2.2. Weak convergence

fore,7=1,...,d, and ¢,m € N.
Next, since dY;"" = —e 'Y, dt + e 1d(W,, £,), Ttd’s formula implies

t t
Yf’er’m _ Yvoe,éyvoe,m - 261/ sze,éy;e,mds + 61/ Y:’ed<WS, fm>
0 0

t te?
+ e_l/ Y;’md<W5, fg> + T(M(Sé,ma
0

for any ¢, m € N, and hence

t
Ute,z _ 61/2/ Z Bei’myzge,éy'se,mds
0

£,meN

t
= ¢!/? / > B Y AW, £,)
0

£meN

3/2 ‘ . . —1/2 ‘
= DD B (VY XSV + Y B
¢meN leN

1 —-1/2 ]
3 1 tz Biede,

£eN

€

— Mtﬁ,i ‘/;E,’L' +

where M€ is a d-dimensional continuous local martingale, while the process V¢ satisfies
B sup V| = [supe2 5 (v5¥7) - 6.5, %5) |
t<T t<T
< ePPlogP(1+€7), Vp>1, (2.10)

by combining bilinearity of § and Lemma 2.1.

Remark 2.4. Using >, b’é,mngm < oo for every i = 1,...,d, it is possible to prove
that M€ is a square integrable martingale for every € > 0. However, we will not need this
in the following.

The above representation of U, though very simple, has been used in a variety of cases
in a fruitful way, see for instance [Ol194] or [IPP08]. Observe that, by assumption, the
Ito-correction actually cancels out, being otherwise a contribution of order e /2. The
process U€, nevertheless, has got an interesting limit in law:

Proposition 2.10. The couple of processes (U, W) converges in law, ¢ — 0, to a
pair of processes (n,w), where n is a d-dimensional Wiener process with covariance
(Xt men b@,mbz,m)g,j:l; and w is a Q-Wiener process, like W. Furthermore, n and w are
independent.

Proof. First, by (2.10), it is sufficient to prove the proposition for (M€, W) instead of
(U, W). Since all components of the processes M€, € > 0, and of W are continuous local
martingales, the distributional properties of the limit (n,w) would follow from [EKS86,
Chapter VII, Theorem 1.4] (readily adapted to our infinite dimensional case, thanks to
the trace-class assumption on @), if we can prove

2
E ([M@Z‘,Mﬁj}t —t > bgmb;m) —0, €—0, (2.11)

£meN
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Chapter 2. Stochastic model reduction

for each t € [0,7], and 4,7 = 1,...,d, as well as
E[([M, (W, £,)],)?] =0, €—0,

for each t € [0,T], i =1,...,d, and m € N. So, let us focus on these two convergences.
First, fix t € [0,77], as well as 4,5 = 1,...,d. Then, the quadratic covariation [M**, M%7],
is given by

[Mez Mey _E/ Z Z ﬁ@mﬁg/QOyezyeeds

meN L 'eN
so that
2
E ([MW', M), —t > bzmbjm)
£,meN
// Z Z 62 mﬁz/ BE m QQO [}/56761/;1/)/;6!}/;’@/] dsdr
m,meN ¢/ eN
£,0'eN
2
e[S 5 haanm r5: as(1 52 )+ (15 i)
meN £,0/eN £meN £,meN

Now, using the fact that one can easily calculate E [Y;JY;’E'} = %qgéw, from Isserlis-
Wick’s theorem (see for instance [Jan97, Theorem 1.28]) it follows that

—2

€ el v e el € —2¢L|s—r
E |:Y:e YY) ’ﬁ] = (Qe%fse,e'(;g,g + qeqee™ 1 (80000 4 + 5@,4/5@,@)) ,

which yields

2 2
; ([Mw,MwL—t 5 bz,mbzz,m) - (t LTSS bz,mbzz,m> L@ 56

£,meN £,meN f,meN

proving (2.11). Moving to the second desired convergence, fix t € [0,7], as well as
t=1,...,d, m € N. Then,

[Me,z /51 1/2Y€ )dS,

2 [ t
= E||B(/? | Yids,Qf,
] G /0 “ds . Qf,,)

61/2‘/[/t763/2(Y'teiy'05)

where, using Lemma 2.1,

/ B PY S, Q) ds

2]
——~
- t
NEY
- 0

finishing the proof of the proposition. [
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2.2. Weak convergence

Remark 2.5. i) Of course, a d-dimensional Wiener process with covariance (3, < ;mbjm)f i1
can always be represented by >, bem W™ where {W5™}, .y is a family of inde-
pendent one-dimensional standard Wiener processes.

i1) We would like to stress that we do not expect a much stronger convergence of U*,
when ¢ — 0, as the one stated in the above proposition. Indeed, it turns out to be that

the sequence { M€}, is not even a Cauchy sequence in L?(2;R?). To see this, for fixed

0 <e<e and some 1 <1 < d, consider

2
E {sup M — ME

t<T

t
/ Z /Bém (61/2}/;1 _§1/2YS§,£) d<Wsafm>

0 £,meN

2
]:E sup

t<T

But, by Burkholder-Davis-Gundy’s inequality, the above expectation can be bound from
below by

E /OTZ

meN

2
i (1)2vel | 1)2v el P2 21271/
D Bt (2 = €Y | s | =T 3 (B)*aetm (1= = ) -

£eN ¢meN

where

9¢—1/2¢-1/2
lim(1————— ) =1, forevery fixed € > 0,
e—0 el 4 g_l

so that { M} .o cannot be Cauchy in L*().

2.2.2 Weak convergence of solutions

We now prove X¢ — X, in law, when € — 0. First, for each € > 0, let X¢ be the solution
of

t t
X, =x0+ / (F(S,Xg) + C’(s,X;)) ds + / o(s, X)dW,+U;, tel[0,T], (2.12)
0 0

where U* is given by (2.9), and let 75 = inf{t > 0 : |X{| > R} Ainf{t > 0 : |X{| > R}.
Notice that, if both equations (1.4) and (1.5) admit global solutions on [0, 7], then the
coefficients F,C, o, 8 must have properties such that the above equation admits global
solutions on [0, T, too.

Next, taking into account E HsupsE[O,T] e 2B(YE, Y;)m < eP21logP(1 4 ¢!) we can esti-
mate increments of U with

€ € T p —
E|  swp  [Uigs —Uial’| S (57) log"(1+€7). (2.13)
k=0,1,...,[T/A]
t<7,t+kA<TATE

As a consequence, it can easily be verified that the analogous of Lemma 2.2 and Lemma 2.3
are still valid for the process X¢, despite 5 # 0, on the one hand, and that the following
versions Lemma 2.4 and Corollary 2.5:

€ € £ T\ -
E| s erA—w]gw(m) log"(1 +¢7),

t<T1,t+kA<TATE
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Chapter 2. Stochastic model reduction

where p > 1, 7 € (0,1), k € {0,1,...,[T/A]}; and

N . ApP-1
E sup [ Xfipa — XialP| SAT + — 5 logP(1+¢7),
k=0,1,...,[T/A] €P

t<A, t+kA<TATE

for p > 1; would hold true when replacing X by X ¢, on the other. We point out that the
proof of this claim differs from those in Section 5.3 only for the term U*€, which however
can be controlled by (2.13).

Therefore, when expanding X¢ and X¢ as in (2.5) and (2.6), but including the f-term,
and then arguing as in the proof of strong convergence in the previous section, it would
immediately follow that X-em,; — XF/\TI% — 0, in probability, ¢ — 0, for any R > 0, once
the following lemma is also available.

Lemma 2.11. Assume that A = A, behaves as described in Remark 2.3. Then,

h—1 (k+1)A s
/ < Do (r, Xﬁ)el/Qﬁ(Yf,Yf)dr> awsl | =0, e—0.
kA

Proof. To start with, write

(k+1)A s
/ ( Rz Xﬁ)el/zmmmdr) aw:
k kA

A

(k+1)A s
- / ( / (Do(r, X PB(YEYE) — Dok, Xea)eB(YE, YY) dr) awe
kA kA

(k+1)A s
+f ( / Do(m,X;yelﬂﬁ(mnﬁ)dr) awe,
kA kA

which creates two summands, for any fixed 0 < k < [T//A] — 1. We estimate the impact
of each summand separately.
First, using |Do(r, X{) — Do(kA, XiA)| S| X: — Xial + wo(A), we obtain that

2

h=1  .(k+1)A s
E| sup / < / (Da(r, X0)e' 2BV, YY) — Do(kA, Xpa)e 2 B(YS, YY) dr) AWy
h=1,...,[T/A] |} = J kA kA
hALZTH
h=1  .(k4+1)A s 2
< log(1+ e DE | sup Z/ (/ (]Xﬁ—XﬁA\+wg(A))dr> ds
h=1,...[T/A] | o J kA kA
hA<TE

[[TATRI/A-1 (i) 2

<e?log’(1+e HE / / (| X5 — Xial +wo(A))dr| ds
o kA kA
[T/AI-1 (k+1)A s
< 2 2 -1 _ € _ € 2 2
Se“log®(l+€e) kz:% /kA (s — kA) /kA <]E [|XMT§ Xianrs, ] + wy(A) > drds

Al AN’
S = log®(1+¢7) + (—) log?(1 4 e 1) wy(A)2
€ €
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2.2. Weak convergence

Second, we approach

h

Z/(M (/ Do(kA, XiA)e2B(YE, Y d )de (2.14)
LA 0 kA ro Ly )ar s :

k=0

following the method used when discussing the second sum on the right-hand side of (2.7)
in the proof of strong convergence, but now for triple moments of Y¢. Indeed, define

(k+1)A s
a0 = [ ([ veverar)veras
o kA kA

and take the conditional expectation with respect to Fia, that is

( / E [V Y, Y™ | Fral dr> ds.
k

A

(k+1)A

E (8,0 | Fia] = |

kA
Since
E[YEYSmYEr | Fual = VAV Y eme (s+2r=3ka)
—1
€ €,m €,n 6
+ <Yk§5m7n(h + Y, 1\ 00ngn + YA 5e,m61e> T3

% <€—671(S—k‘A) _ 6—671(S+2T‘—3k‘A)>

Y

we have that

2 - I 1 4
E [chn(D.€) | Fia] :Yzf’szf’AmYsz% (1 —e o 3 *)

€ A —e 1A 1 1 —_e 1A 1 1 _3¢-1A
X = — B — - —= .
2<e€ 27 e

Next, for each i = 1,...,d, the process M}, h =1,...,[T/A], given by

h—1
Msz = Z Z Z DjO'i’nUi'A,X:EAkA)€1/2Bg7m (C]Zm,n(AJ 6) —E [Clgm n( ) ’ ka})

k=0 {,m,neN j=1,....d

is a martingale with respect to the filtration (]-"hA)ﬁlT:/lA ], and arguing as in the proof of

Lemma 2.8 yields

) A3
E sup !M,’l‘2 ,S—Zlog?’(l—i—e’l), i=1,...,d.
h=1,...,[T/A] €
hALZTE

So, it remains to prove that the remainder, after subtracting the martingale term M),
from (2.14), also vanishes, when ¢ — 0. For ¢ = 1,...,d, the ith coordinate of this
remainder reads

NmX X T D X B E [0 B

k=0 {,;m,neN j=1,...,
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Chapter 2. Stochastic model reduction

and we can easily calculate the below bound,

T/A-1 )
E sup }Nh <A E [ |€E [¢} (A, €) | Fra] |2] S (i) log?(1 4 ¢,
h=1,..T/A Pt A
hA<ZTE
finishing the proof of the lemma. O]

Corollary 2.12. For any R > 0, if A = A, behaves as described in Remark 2.3,

E

sup |Xf—Xf|2] —0, €—0,

t<TATE,
and hence X, - — )A(EAT}% — 0, in probability, e — 0, in particular.

The above corollary suggests that it would be sufficient to show that Xe,\ﬁ% — X-/\TI%?
in law, when € — 0, subject to some procedure allowing to let R go to infinity, after-
wards. So, we at first prove the weak convergence for fixed R, and then discuss the
limit-procedure for R — oo.

Modify the coefficients F, o outside the set {(¢,x) : |x| < R} in such a way that the new
coefficients Fr, og, but also Dog, are globally bounded, and that both functions Fg(t,-)
and Dog(t,-) are globally Lipschitz, uniformly in ¢ € [0,7T]. Of course, )A(F,\TI% coincides
with X _6/’\%, where X% denotes the solution to the equation obtained when replacing the
coefficients of (2.12) by Fg,og, and the Stratonovich correction Cg associated with og.

Also, let X denote the solution to the equation obtained when replacing the coefficients
F,U,C by FR,O'R,CR.

Proposition 2.13. Fix R > 0. Then, Xeh converges to X, in law, when ¢ — 0.

Proof. Since
A t O ? t %
XOR U = 29+ / (FR(s, Xo) + Cr(s, XE’R)) ds + / or(s, Xo)dW,
0 0

by boundedness of the coefficients on the above right-hand side, we obtain that
A t A
E {sup | X — Uﬂ} |zo] + T + E {sup\ UR(S,XSE’R)dWS@ )
t<T t<T

where Burkholder-Davis-Gundy’s inequality gives E [Supth | [Sor(s, X ?R)dWSq < TV

Similarly, E [\()A(;R -Us,) — (X" — Ufl)|p] < |ty — t1|P/2, for any |ty — t1] < 1, and any
p > 1. Thus, by Kolmogorov continuity theorem, for every a € (0,1), one can find
A € (0,1) such that

€, R € ¢, R
]P |(Xt2 - Utg) - (Xt1 -
t1,t2€]

sup
0.7], [t2—t1|<A |ty — 1|7

Ue
i) < K} >1—a, Ve>O0,

where K depends on v, but not on €, and v € (0,1/2) can be freely chosen.
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2.2. Weak convergence

We therefore have equi-boundedness and equi-continuity of {X o€} oo with arbitrarily
high probability, and hence the family {X ot _ ¢} ~0 is tight with respect to the uniform
topology in C([0,T], R?), first applying Arzela-Ascoli, followed by Prokhorov’s theorem.
Moreover, {U¢} o is trivially tight by Proposition 2.10, so that adding XeR _U¢ and U*
would make {X“%} . tight, too. All in all, the family of triples {( XF, U, W )} g is
tight.

Next, for € > 0, let P®€ be the pushforward measure P o (XE’R, U, W)~! on the space

Q = C([0,T), Hy) x C([0,T], Hy) x C([0,T], Hy)

equipped with the Borel-o-algebra B, and let (&,m,w) denote the coordinate process on
Q. By tightness of {(X%, U* W)}E>0, there exists a subsequence (¢, )nen such that P
weakly converges to a probablhty measure P on (€, B), when n

t0oo.

Let F be the PE- completion of B, and let (th)te[O,T] be the smallest filtration the process
(&,n,w) is adapted to, on the one hand, and which satisfies the usual conditions with
respect to P&, on the other. Also, introduce F™, (ﬁf)te[o,T] in a similar way with respect
to Pften n € N.

Now, it easily follows from Proposition 2.10 that, on (€, F,P%), the following distribu-
tional properties must hold for the pair of processes (1, w): n is a d-dimensional Wiener
process with covariance (3_,,,cx 0p, by bj e w is a Q-Wiener process,  and w are
independent.

Introduce

i,5=1

ME =& — 20— /0 (Fi(s,6.) + Cr(s, &) ds —m, €[0T, (2.15)

and observe that each component of both processes M and w, but also

t
M ] —/ o (8, &)0R" (8, &) amds, t€[0,T], i,7=1,...,d,
0

meN
t
MtR”w;" —/ O’R "(s,&s)qmds, t€[0,T], i=1,...,d, méeN,
0
Wi — t8gmGm, t€[0,T], £,m €N,

are continuous local martingales with respect to (.ﬁ”)te[o,ﬂ on (Q, F*, PR for any
n € N, and hence they are continuous local martingales with respect to (Jf;f)te[O,T] on
(Q, F,PR), too, by [JS03, IX. Cor.1.19).

Therefore, applying [DPZ14, Theorem 8.2] to the pair of process (M%,w) yields

t
Mﬁ:/ or(s,&)AWE, wt:/ LdWE =W[E, te0,T),
0 0

on (Q, F. P®), or an enlargement of this space we still denote by (Q, F, P®), where W%
is another Q-Wiener process, which, by the above representation, even P?- almost surely
coincides with w, so that

t
MtR:/ or(s,&)dws, te€0,T], Pl as.
0
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Chapter 2. Stochastic model reduction

Thus, equation (2.15) can be written as

& = zo+ /O (Fa(s.6.) + Crls,6.)) ds + /0 or(s. &)+, tE[0.T], PPoas,

where w is a Q-Wiener process, while 7 is a d-dimensional Wiener process, independent of
w, and with covariance (3, ey 0fmbpm)5=1- Observe that the process X satisfies the
same type of equation, as ), bem WH™ from (1.5) is a d-dimensional Wiener process
with covariance (3, ,,cxn b}}7mb§7m)§{j:1, too. But, since this type of equation admits a
unique strong solution, the laws of & and X% must be the same, proving X% — X%, in
law, when n

tooo. However, the same argument applies to any converging subsequence, and the limit

will always be the same, finally proving Xl 5 X R in law, when € — 0. O]

It remains to discuss how R can be taken to infinity. Recall that X is the solution of
(1.5), and it is not difficult to see that X converges to X, in law, as R — co. Now take
a function wr € C(C([0,T],R?),[0,1]), such that @r(u) = 0, if sup,co ] < R — 1,
and ¢g(u) = 1, if sup,co 7y |w| > R. Then,

P{rf < T} < P{ sup | X;"| > R} <E [pn(X°R)]

te[0,7

and because X% — X% in law, when € — 0, we deduce that

te[0,T] t€[0,77]

limsup P{rf, < T} < E [pr(X™)] §]P’{ sup | XF| >R~ 1} :IP’{ sup | X¢| > R — 1},
e—0

where the last probability converges to zero, when R — 0o, because X is a global solution.
As a consequence, for any ¢ € Cy(C([0,T], R?),R),

B (X)) - E [6(0)]] < [Elpx)] - B [p(xs0)] |+ B [0(X50,)] - E [6(255)]|
+ B [ptss)] —E[p&en)]| + [ [peten] - E [pxm)|
+ [E [(X5)] —E [(X)]].

Here, when taking R large enough, we can make all the summands on the right-hand side,
except for the second and fourth, arbitrarily small, uniformly in €, and, for fixed R, the
remaining terms go to zero, when ¢ — 0. Thus, by a diagonal argument, the convergence
in law of X¢ — X, € — 0, follows, completing the proof of the theorem.

2.3 Application to Climate Models

We now apply Theorem 1.1 to perform stochastic model reduction for a subclass of the
stochastic climate models given by (1.4) in the Introduction: we restrict ourselves to a
simpler version of the fast dynamics, omitting fast forcing e /242Y,¢ and ¢! f2 and also
neglecting the interactions B%,(Xf,Y,) and B3, (Y}, X;).
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2.3. Application to Climate Models

For each € > 0, let (X€,Y*) be a pair of processes satisfying

dX¢

L= Fl ALK+ AR+ BL(XE XD + BR(XE Y + @ RBL(YVE,YE), (216)
dYF .

L= LN+ B (X XD — Y W, (2.17)

where A : Hy — Hy, A} : Ho — Hy, A? : H; — H,, are bounded linear operators,
BlllIHdXHd—)Hd,B%QZHdXHOO—)Hd,B%QZHOOXHOO—)Hd,B%ZHdXHd—>
H,, are continuous bilinear maps, and F' : [0,7] — Hy is a deterministic continuous
external force. Notice that we have grouped together terms B{, and Bi, without any
loss of generality. Stochastic basis and Wiener process W are taken to be the same as in
Remark 2.1.

In what follows, the above equations will always have initial conditions (¢, o), where
xo € Hy can be chosen arbitrarily, while yq = fi)oo e Les sdW, will be fixed to ensure
pseudo stationarity of the scaled unresolved variables. Note that fixing yg € H, this way
would not restrict the initial data of the reduced equations.

In fluid dynamics settings it is customary to assume that A is self-adjoint, and that
the full nonlinearity is skew-symmetric: (B(z',2),2)y = 0, 2,2’ € H, see [MWO06]. We
therefore make the following assumptions on the projected coefficients:

(C1) A = (Ay)"
(C2) (Bf,(2',x),x)u, =0, for all z,2’ € Hy;
(C3) (Biy(2',y), )y, = —(B} (2, 2),y)n.., for all x, 2’ € Hy, y € Hu.

Also, without loss of generality, we can assume that Bi, is symmetric in the sense of
(Biy(£0,£,), €)1, = (Bao (£, £0), €)1, for all i, £, m; and finally we will need the analogue
assumption on [, that is

(C4) > en(Bio(fr,£0), €)m,q0 =0, foralli=1,...,d.

Note that the latter condition is indeed satisfied for many fluid-dynamics models—it
usually holds independently of the structure of the noise because (Ba,(f;, £,,,), €;) i, would
be zero on the diagonal, when ¢ = m, for all 7.

Next, we bring equations (2.16),(2.17) into a form which makes them comparable to (1.4).
Using the definition of yy, we have the following mild formulation of (2.17),

t
Y = y;+/ e teme ) (A2XE 4 B2 (XS, XO))ds, tel0,T), (2.18)
0

where

t
Yy :/ e le W, teR,

is a stationary Ornstein-Uhlenbeck process. Plugging (2.18) into (2.16), X¢ alternatively
satisfies for every t € [0, T

t t t
X;::c0+/ (F) + AJX¢ + Bjy (XS, X)) ds+/ A§Z§d5+/ Bi, (X6, Z) ds
0 0 0
t t
+ [ aFeds [ Bl Tds
0 0

t t t
+/ el/zB;Q(KG,Y;)dsH/ 61/2B;Q(Y;,Z;)ds+/ 2B, (Z¢,Z%) ds, (2.19)
0 0 0
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Chapter 2. Stochastic model reduction

when using the abbreviation
Z¢ = / e e (57 (A?X6 + B? (Xﬁ,Xf)) dr.
0

Since Z¢ is close to A2X¢ + B2 (X¢, X¢), for small €, and since both terms Bl, (Y, Z¢)
and By, (Z¢, Z¢) will be shown to vanish with €, too, the process X should be close to
X¢ satisfying

t t
Xt = 4 +/ (P! 4+ ALX: + BL(XS XD) ) ds +/ AL (ALX: + BY (X, X)) ds
0 0
t
+ [ Bl (% (A% + BAREXD) ) ds
0
t t
+ [ A [ BT s+ / V2BV, V) ds, (2.20)
0 0 0

which is an equation of type (1.4) with

( ) L Fl +A1J7+B (J],ZL’) +A% (A%J]+B%1(I7ZII>) +Bi2 (CL’, (A%[L’-’-B%l(fl?,{[‘)))?
ot,x) = Ay + By(, ),
B 23212~

Thus, in this setting, the analogue of (1.5) would read

t t
% — a0+ / (F! + AIX, + BL,(X., X.)) ds + / AL(A2X, + BY(X,, X.) ds
0 0

t t
v / Bl (X, (A2X, + B4 (X.. X.))) ds + / C(X.)ds
0 0

+A§Wt+/ Bly(Xe,dW,) + Y bpn W™, (2.21)
£,meN

where the Stratonovich correction term C': H; — H; simplifies to

(Cl Z%Z (Bis (€ fm), ei>Hd<3112(377fm),ej>Hd, 1=1,....,d,

mEN j=1

2m:<B;2(f€7fm>7ei>Hd\/%, i:l,...,d, ﬁ,mEN.

Proposition 2.14. When assuming (C1)-(C3), equation (2.21) admits a unique global
strong solution on [0, T].

and

Proof. First, regularity of coefficients guarantees the existence of a unique local strong
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2.3. Application to Climate Models

solution. Second, by Ito’s formula,
1 _ 1 tAT _ _ _ B
5|XW\2 = §|x0|2 - /0 (F} + Al X, + B (Xs, X,), X;) ds

tAT
N / (AL(A2X, + B(X,, X.)) , X.) ds
0

tAT

o [ B (R (AR5 4 B, X)) K s + [ e xyas

tAT tAT
+ / (ALdW,, X,) + / (BL(X,,dW,), X+ > / (Dgm, Xo) dAWVE™
0 0

£,meN

S APt AT) + 2/ Bla(Ka b Pgds + 5 3 et A7),

mGN mEN € meN

for any fixed ¢ € [0, 7], and any stopping time 7 smaller than a possible explosion time.
Applying (C1)-(C3), we have the identities

(B}, (Xs, Xs), Xo)u, = 0,
(A3B (Xs, Xo), Xo)m, = (BH(Xs, Xo), ATX Y
(Bly(Xs, ATX,), Xo) g, = —(BY (X, Xo), AT X o) e,
(Bia( X, By (X, X)), Xo) iy = — 1B (X, Xo) | s

t
{sup |XMT| } (1 +/ E {sup|XS,AT|2} ds) ,
/<t 0 §'<s

again using the regularity of the coefficients combined with Burkholder-Davis-Gundy’s
inequality. Thus, by Gronwall, the local solution X has to be global on [0, T. ]

leading to

Remark 2.6. In a very similar way, it can be shown that both equations (2.19) and (2.20)
admit unique global strong solutions on [0, T], too, and hence those proofs are omitted.
As a consequence, simply substituting the solution of (2.19) into (2.18), for each € > 0,
there is a unique pair of processes (X¢, Y¢) satisfying (2.16), (2.17) on [0, 7.

Theorem 2.15. Assume (C1)-(C3), fiz € > 0, and let (X,Y*) be the unique pair of
processes satisfying (2.16),(2.17) on a given climate time interval [0,T). Then:

i) If (C4), then X¢ converges in law, € — 0, to the unique process X satisfying (2.21).
ii) However, if (C4) comes via By, = 0, then the strong convergence in probability holds
true.

Proof. Recall the process X¢ satisfying (2.20), which is an equation of type (1.4) with
coefficients F’, o, 8 satisfying the assumptions of Theorem 1.1. Furthermore, by Proposi-
tion 2.14 and Remark 2.6, global existence of solutions is satisfied, too, while assumptions
on (3 descend from (C4).

All in all, Theorem 1.1 implies that both parts i) and i) of Theorem 2.15 hold true when
replacing X¢ by X¢. Thus, it is sufficient to prove convergence in probability of X¢ — X¢
to zero, € — 0, uniformly on compact subsets of a localising stochastic interval, which
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Chapter 2. Stochastic model reduction

can easily be shown following the lines of proof of Theorem 1.1. Indeed, by localization
and discretization arguments, one would first derive for any h =1,...,[T/A]

h—1
L2 2
E| sup |Xpa—Xpal | S r(Ae) + E AE | sup [Xpa—Xpal |,
h . k'=0,....k
AN k'A<t

where 75 = inf{t > 0: | X{| > R} Ainf{t > 0:|X{| > R}, and (A, €) = 0, e — 0, for a
suitable choice of A = A.. Then, combining Gronwall’s lemma and Markov’s inequality,
one would obtain

limIP’{ sup || X¢ — Xf||g, > 5} =0, V0>0,

=0 t<TATG

which yields the convergences stated in parts 7) and i7) of Theorem 2.15 up to time 75,
Since X is globally defined, both types of convergence can be extended to the whole
interval [0, 77, using similar arguments given in the proof of the corresponding parts of
Theorem 1.1. [
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Chapter 3

From additive to transport noise in
2D fluids

In this chapter we intend to prove Theorem 1.2 on the convergence of the large-scale
component of the system

d=¢ + (u§ + vf) - VELdt = vAELdE + gidt,
d&s + (u§ +vf) - VEdt = —e 1 &5dt + €1 Y oy skdW,

3.1
uf = —VH(—A) I, (3.1)
vp = —VH(-A) g
towards the solution of
dEt -+ Uy - VEtdt + ZkGN (o VEt @) thk = I/AEtdt + qtdt, (3 2)
Up = —VL(—A)_lEt, )

where o3, = —V4H(—A) "L

Let (Q, F, {]:"t}tzo, PP) be an auxiliary probability space and let w be a standard R2-valued
Wiener process defined on (€, F, {ﬁt}tzo, PP). The strategy of the proof of Theorem 1.2
is based on the study of the stochastic characteristics

bi(x) =+ / S (65(2))ds + / ve(6(2))ds + V2, (3.3)
o) =+ [uods + Y [ oona) oa + VB, (34)

keN

for t € [0,T], z € T?, and the representation formulae

[1]

- {: o+ [ aose <¢:>-1ds} , (3.5)

L~ {: @)+ | qsoaﬁso(@)—lds] 7 (3.6)

[1]

where E is the expectation on  with respect to P.
We adopt an abstract point of view on the problem, dropping the assumption that the
large-scale velocity u€ is generated by Z¢ via the Biot-Savart law. We highlight very
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Chapter 3. From additive to transport noise in 2D fluids

minimal conditions on u,u¢ and other quantities involved in (3.1),(3.2) allowing us to
prove the desired convergence, see assumptions (A1)-(A7) below. In this way we are able
to include at once Navier-Stokes, Euler and passive scalar equations at large scales into
the scope of applicability of our Theorem 1.2.

With respect to other works on Wong-Zakai approximation results, [FP22] here discussed
is the first work where the velocity field approximating the white noise one is the solution
of a nonlinear fluid mechanics equation.

The present chapter is organized as follows.

In Section 3.1 we introduce some notation and recall classical results, among others: main
properties of the Biot-Savart kernel on the torus; a useful Gronwall-type lemma for ODEs
with log-Lipschitz drift; notions of solution and well-posedness results for stochastic Euler
equations (unresolved component of (3.1)), equations of characteristics (3.3) and (3.4),
and large-scale dynamics in (3.1) and (3.2). Also, here we introduce our main working
assumptions (A1)-(A7), and in the last part of this section we state our main result on
convergence of characteristics Theorem 3.1.1.

In the first part of Section 3.2, we define a linearized version of (the second component of)
(3.1), where we neglect the nonlinear term. This approach is similar to that of [FP21],
and the key idea is that, although the solution 6¢ of linearized equation is not close
to the actual solution ¢ of (3.1), the characteristics generated by 6¢ are close to the
characteristics generated by &€, in particular they have the same limit as e — 0.

In the same section we present two main technical results, needed in the proof of Theo-
rem 3.1.1. The first of those results is Proposition 3.6, which ensures that the linear part
0° of the small-scale dynamics behaves as a Stratonovich white-in-time noise as € — 0,
at least in a distributional sense. The second result Proposition 3.7, instead, aims to
rigorously prove the closeness of the characteristics generated by 6° and £¢, and it is one
of the main novelties of [FP22] with respect to [FP21].

The proof of Theorem 3.1.1 is contained in Section 3.3, and it is based on a Gronwall-type
lemma and It6 Formula applied to a smooth approximation gs(z) of the absolute value
|z|, * € R% The proof of Theorem 1.2 can be found in Section 3.4, and it relies on
representation formulae (3.5) and (3.6) and a measure-theoretic argument.

Finally, in Section 3.5 we discuss how our main motivational examples fit our abstract
setting. In particular, the non-trivial one is the coupled system given by deterministic
Navier-Stokes equations at large scales plus stochastic Euler equations at small scales;
we identify an additional but very natural condition (A8) on the limit external source ¢
that allows to verify assumptions (A1)-(A7) for the system under consideration.

3.1 Notation and preliminaries

3.1.1 Properties of the Biot-Savart kernel

Here we briefly recall some useful properties of the Biot-Savart kernel K. We refer to
[MP94, BFM16] for details and proofs.

First of all, the Biot-Savart kernel K is defined as K = —V+G = (0,G, —0,G), where G
is the Green function of the Laplace operator on the torus T? with zero mean.

For p € (1,00) and & € LP(T?) with zero-mean, the convolution with K represents the
Biot-Savart operator:

K x 5 = _VJ_(_A)_lga
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3.1. Notation and preliminaries

that to every zero-mean ¢ € LP(T?) associates the unique zero-mean, divergence-free
velocity vector field u € WHP(T? R?) such that curlu = £. Moreover, for every p € (1, 00)
there exist constants ¢, C' such that for every zero-mean £ € LP(T?)

clléllzrer2y < K+ Ellwrrre rey < Cl€||Leer2).-

Also, recall that since K € L'(T? R?) the convolution K x £ is well-defined for every
¢ € LP(T?), p € [1,00] and the following estimate holds:

1K €l e (r m2y < (1K || Lr (e w2y lI€]| 2o r2) - (3.7)
Let 7 > 0. Denote 7 : [0,00) — R the concave function:
y(r) =r(1 =logr)lijgcrcisey + (r +1/€) 11/
The following two lemmas are proved in [MP94] and [BFM16].

Lemma 3.1. There exists a constant C' such that:
K (z —y) = K(2' —y)ldy < Cy(lz —a'))
T

for every x,z' € T2

Lemma 3.2. Let T >0, A > 0, ag € [0,exp(1 — 2e*T)] be constants. Let a : [0,T] — R
be such that for every t € [0,T]:

¢
a < ag + )\/ v(as)ds.
0

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

Xt
a; < eaSXp( ).

3.1.2 Stochastic flows of measure-preserving homeomorphisms

As a convention, in the following we say that V' C Q (respectively N C Q) is negligible if
it is measurable and P(N) = 0 (respectively P(N) = 0), without explicit mention of the
reference probability measure. Unless otherwise specified, we will always denote with A/
negligible sets in €2, and with A negligible sets in €.

Let us begin this paragraph with the following fundamental definition.

Definition 3.1. A measurable map ¢ : Q x Q x [0,7] x T? — T? is a stochastic flow
of measure-preserving homeomorphisms provided there exist negligible sets N C Q and

N C Q such that:

o for every w € N¢, & € N° and t € [0,7], the map ¢(w,@,t,-) : T2 = T? is a
homeomorphism of the torus and

f(@)de = | f(op(w,@,t,y))dy
T2 T2
for every f € L'(T?);
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o for every @ € N¢ and z € T2, the stochastic process ¢(-,@, -, x) : Q x 0, 7] — T? is
progressively measurable with respect to the filtration (F)icpo,17-

In some circumstances it can be useful to have the following:

Definition 3.2. A stochastic flow of measure-preserving homeomorphisms ¢ is called
inviscid if there exist negligible sets N' C Q and N C (2, and a measurable map ¢ :
Q x [0,T] x T? — T? such that for every w € N¢, 0 € N¢, ¢t € [0,T] and z € T?

d(w, @, t,x) = P(w, t, ).

With a little abuse of notation, hereafter we identify an inviscid stochastic flow of measure-
preserving homeomorphisms ¢ with its w-independent representative .

Let us now clarify the meaning of (3.3), (3.4).

A measurable map ¢¢ : Q x Q x [0,T] x T — T? is a solution of (3.3) if there exist
negligible sets N' C Q and N’ C Q such that for every w € N¢, @ € N¢, t € [0,T] and
r €T

¢
gzﬁe(w,d),t,x):x—i—/ u(w, s, o (w, w, s, x))ds
0
¢
+/ v (w, s, ¢ (w,w, s, x))ds + V2vw(w, t),
0

where the previous identity can be interpreted as an equation on T? since one can check
¢ (w,w,t, 7+ 2me) = ¢°(w, @, t,7) + 27me for e = (1,0) and e = (0, 1).

Smnlarly, a measurable map ¢ :  x Q x [0,T] x T? — T? is a solution of (3.4) if there
exist negligible sets N C Q and N/ C Q such that for every @ € N and z € T2, the
stochastic process ¢(-,@, -, x) : Q x [0,T] — T? is progressively measurable with respect
to the filtration (F;)ep0,17, and for every w € N¢, & € Ne t e[0,T] and z € T

dlw, 0, t,x) =x + /tu(w s, p(w,w, s,x))ds

+> (/ (,@,8,1))) 0 dwf) (w) + V2w (@, t).

Notice that progressive measurability of the process ¢(-,@,-,x) : Q x [0,T] — T? is
necessary to make sense of the Stratonovich stochastic integral appearing in the equation
above.

3.1.3 Notions of solution and some well-posedness results

The aim of the present subsection is twofold. On the one hand, we provide a suitable
notion of solution for (3.1), in some sense highlighting the minimal requirements on the
solutions to prove our results. On the other hand, we show the existence of solutions
in the general case, as well as uniqueness in the case of the large-scale process being a
passive scalar. In the following, we say that a field u¢ is compatible with the large-scale
process =€ if: either =€ is a passive scalar, or: =€ is an active scalar and u¢ is reconstructed
from the latter by the Biot—Savart law. We adopt a similar terminology for the limiting
quantities u, =. In this subsection we make assumptions directly on the fields u¢, u. we
shall see in Section 3.5 that, even for active scalars, fields compatible with large-scale
processes satisfy our assumptions.
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Well-posedness of small-scale dynamics and characteristics
First we make the following assumptions on the external fields:

(A1) wfu:Qx[0,T]xT? — R? and for every ¢ € [0, 7] the maps u, uloxjos : 2 [0,] x
T? — R? are F; ® By ® Brz measurable, where B denotes the Borel sigma-field;

(A2) there exist a constant C' and a negligible set ' C Q such that, for every w € N¢,
e>0andtel0,7T]: divu‘(w,t,-) =divu(w,t,-) =0, and
u(w, t,2)] < C, |u(w,t,2) —u(w, t,y)| < Cy(lz —yl),
|u(w,t,:c)| < C? |u(w,t,a:) o U’(wvtuy)| < C’Y(’SL’ o y’)?

for every x,y € T2.
Also, we make the following assumption on the coefficients (¢ )ren:
(A3) there exists £ > 1 such that ¢, € W%°(T?) with zero-mean for every k € N, and

moreover

Z Sk || wre.oe (12) < 00.
keN

Given a stochastic flow of measure-preserving homeomorphisms ¢ we will use ¢;(x) as a
notational shortcut for ¢(w, @, ¢, x), thus making implicit the dependence of the random-
ness variables w, @. The same convention may be used for the fields u, v, et cetera.

The next result can be proved repeating the arguments contained in [BFM16] and [FP21].

Proposition 3.3. Assume (A1)-(A3). Then:

o for every e > 0 there exist a unique Lagrangian solution & of (3.1), namely there
exists a unique stochastic process £ : Q x [0,T] — L®(T?) weakly progressively
measurable with respect to (Fy)icpo,r) such that the equation

site) =+ [ itends+ [ ot

with v¢ = K x &, admits a unique inviscid stochastic flow of measure-preserving
homeomorphisms ¢ as a solution, and moreover

& (Wi (x _IZ/ T ok (W5 (x ))dWSk; (3.8)

keN

e for every € > 0 there exists a unique stochastic flow of measure-preserving homeo-
morphisms ¢¢ solution of (3.3), with v¢ = K % &£;

e there exists a unique stochastic flow of measure-preserving homeomorphisms ¢ so-
lution of (3.4).

Remark 3.1. If v = 0, then both ¢° and ¢ are inviscid stochastic flows of measure-
preserving homeomorphisms, and actually ¢¢ = ¢°. The terminology is thus justified,
since ¥ = 0 corresponds to null diffusivity/viscosity in the equations for the large-scale
dynamics in (3.1) and (3.2).
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Remark 3.2. Formula (3.8) above corresponds to the solution of (3.1) with initial con-
dition & = 0, that we assume throughout this paper for the sake of simplicity. More
general initial conditions, as those considered in [FP21], can be taken into account by
simply modifying (3.8) into

i) = e g ) + et Y / e ) G (s () )W,

keN

Notion of solution to the large-scale dynamics

By previous Proposition 3.3, under assumption (A1)-(A3) we can use the Euler flow to
represent the large-scale solutions of (3.1) and (3.2). To be more precise, our notion of
solution is given exactly by those processes =¢, = for which (3.5) and (3.6) hold true, and
it is inspired by the notion of generalized solution in [BF95, Definition 2.2].

Definition 3.3. Assume (A1)-(A3), ¢¢,q € L'([0,T], L>°(T?)) for every € > 0 and Z, €
L°°(T?) with zero mean. Then:

e for every € > 0, a measurable map Z¢ : Q x [0,7] x T? — R is called generalized
solution to (the first component of) (3.1) if it is compatible with u¢ and for every
t € [0,7] it holds

t
EEZE{500(¢§)_1+/ gs 0 @50 (¢5) ds|,
0

as an equality in L>®(Q x T?), where ¢¢ is the unique stochastic flow of measure-
preserving homeomorphisms solution of (3.3);

e a measurable map = : Q x [0,7] x T? — R is called generalized solution to (3.2) if
it is compatible with u and for every ¢ € [0, 7] it holds

Et:E{Eoowtrw /0 40 6y 0 ()" ds| |

as an equality in L®( x T?), where ¢ is the unique stochastic flow of measure-
preserving homeomorphisms solution of (3.4).

Notice that this notion of solution immediately implies existence and uniqueness in the
case of passive large-scale dynamics: we can state that in the following

Proposition 3.4. Under the same assumptions as above, suppose Z¢ (resp. Z) are passive
scalars. Then the exists a unique generalized solution to (3.1) (resp. (3.2)).

Proof. Indeed, for passive scalars the compatibility condition is void, and =€ (resp. Z)
depends only on the initial datum =g, the external sources ¢¢ (resp. ¢), and the charac-
teristics ¢° (resp. ¢), the latter existing and being unique by Proposition 3.3. O

For active dynamics the previous picture is not correct, since the compatibility condition
between the external field and the large-scale variable is not encoded in the representation
formula itself. However, we will not investigate in this paper well-posedness for this notion
of solution in full generality. For active scalars, we limit ourselves to show existence of
generalized solutions, see Proposition 3.5 below.
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Also, it is worth of mention that every sufficiently smooth generalized solution of the first
component of (3.1) or (3.2) is also a classical solution, as can be proved following the lines
of [CI08, Theorem 2.2 and Proposition 2.7]. On the other hand, our notion of generalized
solution is weaker than the notion of L>-weak solution contained in [BFM16], that we
recall now:

Definition 3.4. Assume (A1)-(A3), ¢%,q € L'(]0,T], L°°(']I‘2)) for every e>0and =5 €
L>*(T?) with zero mean. For f,g: T?> — R, denote (f, g) = [ f(2)g(x)dz. Then:

e for every € > 0, a stochastic process =€ : Q x [0, 7] — LOO('JIQ) is called a L*®-weak
solution of (3.1) if it is weakly progressively measurable with respect to (F¢):cjo,1],
it is compatible with u¢ and for every smooth test function f € C°°(T?) it holds
P-a.s. for every t € [0,T]:

Ef) = G55 = [ (E5 (40D Vs
0
= vAf)d < f)ds:;
+ [ Evanas+ [ nas

e a stochastic process = : Q x [0, T] — L°°(T?) is called a L>®-weak solution of (3.2)
if it is weakly progressively measurable with respect to (F;)icjo,r], it is compatible
with u and for every smooth test function f € C*(T?) it holds P-a.s. for every
t € [0,77:

t
<Et’f>_<50’f>:/0<‘—‘87u8 Vf ds‘i‘Z/ HS,O'k Vf>Ode

keN
+/0 (ES,VAf>ds+/O (qs, f)ds.

In [BFM16] well-posedness of L>-weak solution to stochastic Euler Equations is shown.
With minor modifications in the argument one can prove existence of L>*-weak solu-
tions to (3.1) and (3.2) in the general case. For active scalars, those provide generalized
solutions in the sense of Definition 3.3, that is the content of the following:

Proposition 3.5. Assume (A1)-(A3), ¢¢,q € L'([0,T], L>(T?)) for every ¢ > 0 and
Eog € L>(T?). Then every L™-weak solution to the second component of (3.1) is also a
generalized solution, and every L>®-weak solution to (3.2) is also a generalized solution.

Proof. The strategy of the proof is similar to [BFM16, Proposition 5.3] and [FGP10,
Theorem 20], and consists in taking the convolution of a L>-weak solution with a smooth
mollifier ¥5 = 6729(d-), § > 0, and then taking the limit for § — 0.

Let =€ be a L>®-weak solution of (3.1) and = be a L>-weak solution of (3.2), in the sense
of the previous deﬁnition Using f = 9s5(y — -) as a test function, y € T?, and denoting
2§ =15 x =, Z5 = U5 x = we get (omitting the parameter w)

=5(t,y) — =5(0,y) = / /T? =(s, ) (u(s, ) + v(s,x)) - Vois(y — x)dxds

—i—V//E (s,2)A0s(y — x)dxds
T2

—l—/ / q“(s,2)05(y — x)dzds,
o J12
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and

¢
Es(t,y) —Z5(0,y) = / / (s, x)u(s,z) - Vo0s(y — x)dxds
0 Jr2
¢
+ Z/ / Z(s,2)op(z) - Vols(y — x)dx o dWE
0 J12

keN

¢
—I—l// / =(s,2)A0s(y — x)dxds
0 Jr2

v f t [ ats.a)osty —vyasas

Since =f, =5 are smooth functions in the variable y, we can write the equivalent expressions
in differential notation
d=5(t,y) + VE§(L,y) - (u(t,y) + v (¢, y))dt

_ /T b)) 04 (1,2)) - VOl — )dds

+ V/ E(t, ) Aps(y — x)dzdt + / q(t, 2)0s(y — x)dxdt
T2 T2
+VE5(ty) - (u(t,y) + v°(4 y))dt,

and

dZs(t,y) + VEs(ty) - ult,y)dt + > VEs(t,y) - ox(y) o dW}
keN

= / E(t, x)u(t, ) - Vois(y — x)dxdt
T2

+> /T 2(t, x)op(z) - Vols(y — x)dz o dWFE

keN
+ 1// =E(t, 2)A0s(y — x)dxdt + / q(t, x)Vs(y — x)dzdt
T2 T2

+ VEs(t,y) - ut,y)dt + Y VEs(t,y) - ok(y) o dWF.

keN

Notice that the following formulas for the gradient of the convolution hold true: VE§(¢,y) =
— [ Bt 1)V Us(y — ), and VE;(t,y) = — [ E(t, 2) Vads(y — x); also, A05(y —x) =
A,U5(y — ). Substituting into the previous expressions, we get

d=5(t,y) + VE§(t,y) - (u(t,y) + (¢, y))dt
= [—ds * (VE; - (u; +vp)) + (ug +vp) - (U5 % VE))] (y)dt
+ vAZS(t, y)dt + (¢, y)dt
= Ry [uf + v, Z¢] (y)dt + vAZS(t, y)dt + ¢5(t, y)dt,
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and

dZ5(t,y) + VEs(ty) - ult,y)dt + > VEs(t,y) - ox(y) o dWF

keN

=[5 x (V24 - ug) + ug - (U5 x VZ)] (y)dt

+ Y [=0s# (VE, - 0k) + 03 - (95 % VE,)] (y) 0 dWF
keN
+ vAZs(t, y)dt + gs(t,y)dt

= Ry [uy, E¢] (y)dt + Z Rs [0, 2] (y) 0 AW}

keN
+ vAE;s(t,y)dt + gs(t, y)dt,

where we have defined ¢§ := s * ¢°, g5 := U5 * ¢ and the commutator
Rs[v,2] = U5 % (VE-v) +v- (U5 %x V).

We have obtained differential equations for the spatially smooth processes =§ and =s.
Applying the backwards Ito Formula to the processes s — Z5(s, ¢<((¢$)"'(y))) and s
Zs(s, 0s((01)"H(y))), for fixed ¢ € [0,T], and taking the expectation with respect to P, we
obtain that the process = is given by

=5(t.0) = B [2500. 06000+ [ aiCo. 050060 )| 39
P [ Rafu o2 (6060 )]

whereas the process =; is given by

amwzﬁ@mww%m+f%@@w»wmm} (3.10)
+ﬂfmmammwwwwﬁ
+Zﬂ/&%4%wﬁwmmﬂ

keN

Let us focus on (3.9). By well-known properties of mollifiers, for every fixed w € 2 and
t € [0, 77, the right-hand side =§(w, ¢, ) — =Z%(w, ¢, -) in L*(T?) as § — 0. Concerning the
left-hand side, a commutator lemma [FGP10, Lemma 17] yields for every fixed € > 0

@M}mwﬁcwwm><mﬂ

and by well-known properties of mollifiers and Lebesgue dominated convergence Theorem
we can prove the convergence

EFQWWH/E@WWWW%

lim

dy =20
d—0 T2 y ’

[/&W+%4wmmﬂm]

i
[E A?@ﬁwvwﬂ
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in L'(T?) as § — 0, for almost every w € Q and t € [0, T]. Therefore, by (3.10) we have
and the uniqueness of the L'(T?) limit, for almost every w € Q, ¢t € [0,T] and y € T*:

=4(t,y) = B |20, (65) 7 (4)) + / ¢“(5, 05((65) " (v))ds |

that is exactly the desired representation formula (3.5). The argument for (3.10) is
similar, with only a little complication due to the stochastic integral, and we leave it to
the reader. O

As a final remark, since we have seen that the notion of generalized solution is weaker
than the notion of L*-weak solution, our results are indeed very general: they can be
applied at least to every L*°-weak solution.

3.1.4 Convergence of characteristics

We remind the reader that, for externally given u¢ and u satisfying (A1)-(A3), there exist
unique solutions of the characteristic equations and the large-scale dynamics, assuming
the latter is passive (cfr. Proposition 3.4). Strictly speaking, the results in this section
are formulated for passive scalars; however, we shall see in Section 3.5 that, a posteriori,
even in the active case, fields generated by large-scale processes satisfy all the needed
assumptions. Therefore the following Theorem 3.1.1 holds true in the more general case,
simply looking at an active large-scale process as a passive scalar compatible with the
external fields it generates.

Denote |x — y| the geodesic distance on the flat two dimensional torus between points
x,y € T2. To keep the notation simple, we define the following quantity associated with
a measurable map ¢ : T? — T

@]l L1 (r2.12) = /1r2 |p(z)|dx.

Notice that || - || 1(72,72) is not a norm on the space of measurable maps ¢ : T?> — T?, in
particular it is not positively homogeneous. However, | - ||11(12,12) induces a distance on
the space C'(T?, T?) of continuous maps ¢ : T* — T?. Similarly, we define || - || poo(72,12) s

|| oo (m2,72) = ess sup |p(x)].
z€T?

In order to prove convergence of characteristics ¢¢ — ¢, it is clear that one needs some
sort of control for the difference u¢ — u. Therefore, we assume:

(A4) there exist a constant C' and a negligible set N C Q such that for every w € N¢,
e>0andtel0,T]:

[u(w,t,+) —u(w,t, )| o112 re) < C (INE [les — ¢tHL1(T2,T2)]>
t
+ C/ 7 (B [l65 = dlarere)] ) ds +
0

where ¢, € R is infinitesimal as € — 0, ¢f = ¢°(w, @, t,-) is the unique solution of
(3.3), and ¢, = ¢(w, @, t,-) is the unique solution of (3.4).
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A little less clear, at this point, is our next assumption on the coefficients (¢ )ren:
(A5) for every x € T? it holds Y, (K * <) - V) (z) = 0.

The motivations for assuming (A5) will become evident during the proof of Proposition 3.7
in Section 3.2.
We are ready to state our main result on the convergence of characteristics:

Theorem 3.1.1. Assume (A1)-(A5). Let E [] = EE -] denote the expectation on Q=
Q x Q with respect to the probability measure P :=P ® P. Then

sup k [H¢§ — gthLl(TQ’TQ)] —0 ase—0.
t€[0,T]

3.2 Technical results

3.2.1 Linearized dynamics

For € > 0, denote ¢ the solution of the linear problem

do; = —e 105t + e GdW,
keN

with initial condition #¢);—op = 0. The process 6 is explicitly given by the formula 6 =
> keN G, where

t
Nk = ! / e gk keN,
0

is the so called Ornstein-Uhlenbeck process with null initial condition. By [JZ20, Theorem
2.2], for every fixed p > 1 it holds uniformly in £ € N

E

te[0,7

sup |7I§’k|p] S ePPlogP (14, (3.11)
and therefore by assumption (A3)

E

sup ||0§||€Vl,oo(']1‘2)] < e P2 logP (14 1. (3.12)
te[0,7

The difference (¢ := £ — 0° between the small-scale vorticity £¢ and ¢ solves the equation
dCE 4 (u +vf) - V¢t = —e 1 ¢Edt — (ul +vf) - VOidt
with initial condition (§ = 0, whose solution satisfies
t —1
Gt == [ eI (a4 v0) - VO i) (313)
0
In the following, for ¢ € [0,T] and z € T? we denote z{(z) = (K * (f)(x).
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3.2.2 Main technical results

We are going to prove two main technical results, needed for the proof of Theorem 3.1.1.
Since our strategy consists in replicating the proof of [FP21, Proposition 4.1], the first
result we need is the following:

Proposition 3.6. Assume (A1)-(A3). Then the following inequality holds:

Z/Otok(qsﬁ 6%—2/ ou(¢5(+)) 0 AW

keN keN

~

E | sup
te[0,T

L1(T2,R2)
561/42105547/42(14-6 1).

In [FP21, Section 4] a similar estimate was proven along the way, using a considerable
amount of auxiliary lemmas and computations. In view of this, here we refrain from
going again into full detail, and the proof of Proposition 3.6 will only be sketched.

On the other hand, the nonlinear term in (3.1) produces a new term in the equation of
characteristes, that was absent in [FP21]. Although the final results is not affected by
this new term, it is not trivial to actually prove so. We need the following:

Proposition 3.7. Assume (A1)-(A5). Then:

[ st

The proof of Proposition 3.7 relies strongly on assumption (A5) and the following It
Formulas, yielding for every fixed t € [0,7] and k,h € N:

~

E | sup < M2 og 121 4 7.

te[0,T]

Lo (T2,R? )]

t
ey = —6‘1/ e~ ekl s
0
t t
+e! / e kgt 4 ! / e~ (Ipchak
0 0
6_2 t -1
+6k,h_/ e ¢ (tis)ds,
0
ko eh ! €,h
ne g = —2€ /775 nsds
0

t t —2
t
+e! / gt AWl 4 et / n;hdwk+5kh—2
0 0

with d5; being the Kronecker delta function, allowing to control the time integral of
quadratics no*nS". In the formula above we have used n5* = 75" = 0, although the

computations could be performed also for more general initial conditions.

3.2.3 Proof of Proposition 3.6

In this paragraph we recall the argument contained in [FP21]. Roughly speaking, Propo-
sition 3.6 is a sort of Wong-Zakai result for the Ornstein-Uhlenbeck process n©* converging
to a white-in-time noise, that is the formal time derivative of the Wiener process W¥*.
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3.2. Technical results

We need to exploit a discretization of (3.3) to show the closeness, in a certain sense to
be specified, between the Stratonovich-to-Ito corrector ¢ : T2 — R2, given by:

1
=5 Vouw) oufe), zeT

coming from the stochastic integral, and the iterated time integral of the Ornstein-
Uhlenbeck process.

In order to discretize the problem, for every ¢ > 0 take a mesh 6 > 0 such that 7/
is an integer. For any n = 0,...,7/6 — 1 and fixed * € T?, consider the following
decomposition:

> [ st =3 [T ([ vas >>-ui<¢;<x>>dr> s

keN keN
(n+1)4
S ( / Voot (a i(cbi(w))dr> ks
keN
(n+1)é
=/ ( / Vou(o ah<¢i<x>>nshdr) ks
k,heN
(n+1)0
—I—Z/ (/ Vo(o(z)) - @dwr) nSFds
keN nd no
(n+1)0
L3 [ aaant
keN /o
(n+1)d
N AT
keN o

= 1i(n) + I(n) + I(n) + I3(n) + I5(n) + I§(n),

where the terms I$(n) and I§(n) come from the identity

vE(05(2) = 28 (05(2)) + > onldi(x))ne”,

heN

which can be obtained applying the Biot-Savart law to the identity (¢ = £° — 0° defining
(€. Regarding the Stratonovich integral, we can rewrite:

(n+1)d (n+1)8
S [ outetanoani =3 [ (outeste) - autotaten) aw

keN ¥ 1o keN

(n+1)d
£y / o (65)) 1

keN v 1o

(n+1)6
[ o) ~ eldiale) ds

(n+1)6
o[ eleslands
=:Ji(n) + J3(n) + J5(n) + Ji(n).

The ingredients for the proof of Proposition 3.6 are:
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Chapter 3. From additive to transport noise in 2D fluids

e a good estimate on E [Supte[o’ﬂ 12£(¢5(2))|] (cfr. Lemma 3.8), needed to control
I5(n);

e a good estimate on E [sup, <5 |05 ,5(%) — ¢55(x)|] (cfr. Lemma 3.9), needed to
approximate I§(n) with

S Vor(6us(@)) - on(dns()) / (nm ( / S nf:hdr) nekds;  (314)

k,heN né g

e a better estimate on E [|¢§n+1)5(x) - ¢;5(:ﬂ)|} (cfr. Lemma 3.10), needed to control

I§(n) with a discrete integration by parts.

Notice that I§(n) = J5(n). Also, the expression in (3.14) (which approximates I§(n))
must be compensated by subtracting J§(n).

Lemma 3.8. Assume (A1)-(A83). Then for every fized p > 1 it holds

E

Sup HCtEHpoo(TQ)] S, logp<1 + 6_1).
te[0,T]
In particular, since z; = K * ({ we alse have

E

sup Hz,proo(Tz)] <logP(1+€h).
t€[0,T]

Proof. We prove in the first place the weaker estimate:

E Se?. (3.15)

~Y

Sup HCproo(Tz)
te[0,T)

Since ¢ satisfies the bound above by (3.12), it suffices to prove it for £&¢. Denote Mf(x) =
> keN f(f se(Y<(x))dWE. Since for every s,t € [0,T]

2
E I = Ml | S (Z Hgkuzw(m)) (t—s)2,

keN

by (A3) and Kolmogorov continuity Theorem the process M€ : © x [0,T] — L*>(T?)
has a modification M€ that is a-Holder continuous for every o < 1/4, with a-Holder
constant K., bounded in L?(2) for every p < oo uniformly in e. Since M€ has continuous
trajectories, M = M¢ a.s. as random variables in L>°(T?) and

i) = | e I A ()

=t [T a0 @) - M)

= e @) - M)

s=0

t
—? / e~ ) (ME(z) — M (x))ds.
0
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3.2. Technical results

Clearly ||&5|| oo (r2) = [|&f © ¥f || oo (12), and therefore
€ —1_—¢ !t € —
€5 ]| oo 2y < €7e™ My || oo (rz) + € K,

and (3.15) follows.
Recalling (3.13), the following inequality holds

t
15| oo 2y < / e | (uS + ) - VO | poo (2 ds. (3.16)
0
Using assumption (A2) and v = K x (¢ + K x 05 we get
1w +v5) - VOl roeirey S (1 + 1€ Loer2) + 1105l £ (r2)) IV 05l poe (r2),
that can be plugged back into (3.16) to produce the recursive estimate
¢
€ R (A € €
GGl S [ €0 (1 165l V6o
0

t
4 [ eI | T8 s
0

e < s [0 men + sup G ) sup [| V05 |z
s€fo0,T s€l0,T s€[0,T7]
By Holder inequality and (3.15) we deduce from the previous inequality
E

t€[0,T]

sup ||Ct ||poo (T2 ] 5 1ng(1 -+ 6_1) + E—P/Q logp/2(1 + 6_1)7

improving the bound (3.15) itself. Iterating the same argument one more time we obtain
the desired estimate. [

Lemma 3.9. Assume (A1)-(A8). Then for every fived p > 1 and o € (0,1/2)

B | sup [05er = oo | S 077014 ) 97,
t+T§6T
7<

Proof. The increment ¢7, () — ¢5(x) can be written as

biar0) i) = [ wstostanas + X [ outostotas
t+r
[ ai@ds + VB, - w),

therefore, by assumption (A2) we have

Sup [51r — B¢l oo (T2,72) <T+TZH%HL°°(T2 Sup [n5*]
t+7< LeN s€[0,T

+7 st 15l oo (r2) + KaT®
s€[0

where K, denotes the a-Holder constant of w. The thesis follows easily by (A3), (3.11)
and Lemma 3.8. O
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Lemma 3.10. Assume (A1)-(A3). Then for every fized p > 1 we have, uniformly in
n=0,....,T/6—1:
< 6%ePlogf(14¢h)

+ oPAF P/ |0gP/2 (1 4 1)

+ 0P/ 4 €22 1ogh/?(1 + €71).

E |:||¢En+1)§ - ¢;5||poo(11‘2,1r2)

Proof. The increment ¢(, ,,;(x) — ¢,5(z) can be written as

(n+1)6

Bars(2) — Bg(a) = / (65 () ds

)

(n+1)6
+3 [ 7 ono) — sttt

keN v 1o

(n+1)6
Y / 0 (8% () IS ds

keN v 1o

(n+1)d
b [ s + VB — ).

)

The first, fourth and fifth term are easy. The second one is bounded in L*°(T? T?)

uniformly in n by

/Z||V0k||Loo T2 R sup ||gz§tJrs O¢|| oo (r2 12y sup [nS*|ds,
0

keN s€[0,T7]

and by (A3) and Hélder inequality with exponent g > 1

p
(/ ZHV%||L°°(T2R4) sup. 1615 — Ol oo (12,72 S[UP nS*ld ) ]
0

keN
S (51’*1 (Z ||v0-kHLoo(T2,R4 ) / Z HVUkHLOO T2 R4
keN keN
1/q 1/11/
< | sup 660, — G| B | sup 1P| as
t+s<T s€[0,T]

5
< g7t / <spe_p log?(1 4 € *)ds + §P¥eP/2 logp/2(1 + e_l)> ds
0
< 6P PlogP(1 + 1) + P P2 1ogP/2 (1 4 €71,

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

(n+1)d
S ol e / nekds
é

keN

= Z ||0k||L°°(T27R2) |W(’Z+1)5 - Wffa|

keN

+ Z HO’kHLm T2 RQ

keN

Y

— ’k
n+1) M

60



3.2. Technical results

from which we deduce as usual

(Z HU].CHLOO T2 RQ)

(n+1)d
/ ngtds
keN

Putting all together, the thesis follows. O

P
) ] < P2 4 ep/? 10gp/2(1 +eh).

Proof of Proposition 3.6. For any given t € [0,T], let |t| = md be the largest multiple
of 9 strictly smaller than t. We can therefore decompose

Z/ on(¢ (z kds-Z/m (¢ (x kds+2/ on(¢5(x))nSFds

keN keN keN
6 m—1
=> ) In) Ej/ ok (@5 (x))ng*ds,
j=1 n=0 keEN

and in a similar fashion

Z/ak¢€ )) o dWF = Z/mé (¢5(2)) 0 dWF + Z/ ox(¢(x)) o dWE

keN keN keN ¥ mo
4 m-—1
—§j§jf +§/ak¢6 )) o dWF.
j=1 n=0 keN

By (3.11), the following estimate holds true

t
E sup Z/ 0 (65(-))nS*ds <8V logt?(1 4+ €7h).
"0y e e L1(r2 82)

Also, by (A3) and Kolmogorov continuity Theorem, for every fixed o € (0,1/2) we have

t
Bl s IS o) o aw S
m=07%~£/5 Ul ken /mé L1(T2,R2)

Finally, by calculations similar to those performed in Lemma 4.6 and Lemma 4.7 of
[FP21], for every fixed a € (0,1/2)

L1(T2,R2)
<0V log? (1 + €71) + 697 2 log(1 + €71
+6273210g? (1 4 €71) + 61 og(1 + €71) 4 52

We conclude the proof fixing a close to 1/2 so that (1 + a)™! < 3/4 < (2 — 2a)7?, for
instance a = 3/8, and optimizing over d: for § = €'%/2 log=*?}(1 4 1), it follows the
desired inequality

~

E | sup
te[0,T

Z/Otok(qsf nkds — Z/0k¢€ ) o dWF

keN keN

L1(T2,R2)
561/4210g47/42(1+6 1).
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Chapter 3. From additive to transport noise in 2D fluids

3.2.4 Proof of Proposition 3.7

Recall the content of Proposition 3.7: we need to prove, under assumptions (A1)-(A5)

~

E | sup

t€[0,T7]

[ st

< 61/1210g11/12(1+671).
Lo°(T2,R2)

Comparing the desired inequality with Lemma 3.8, one realizes that time integration of
the process z£(¢(x)) allows a better control due to cancellation of opposite-sign oscilla-
tions, even if the latter may become of large magnitude for € going to zero.

Concerning the strategy of the proof, in the first place we prove the following:

Lemma 3.11. For every fized t € [0,T] it holds

|| [ =

< € /010g?0(1 4+ €71,
L°°(T2,R?)

Having at hands the previous result, the proof of Proposition 3.7 goes as follows: for
some parameter 6 = T/m > 0, m € N to be chosen, write

t nd
sup | [ s5(65())ds < swp | [ seds
t€[0,T] 0 Loo(T2 R2) n=0,...,m—1 0 Loo(T2 R2)
nd+t
+ s | s
n=0,...,m—1 néd Lo (T2 R2)
<6

m—1

Lo (T2,R?)

+ 0 sup [|z5(d5()) [ Loo (12 r2)-
s€[0,7

Hence, by Lemma 3.8 and Lemma 3.11

A

E | sup

te[0,7

/ " (s

[ toionas

Lo (T2 ,RQ)]

m—1
<) E
n=0

+ K

Lo (T2 R2 )]

sup [|25(¢5 () oo (12 82
s€[0,T7

<610 10g? 0 (1 + €71 + dlog(1 + 1),

and the thesis follows by optimizing the choice of §.

Proof of Lemma 3.11. We will work with fixed # € T?. The reader can easily check that
all the inequalities present in the proof hold uniformly in z. Recall zf = K * ({, and for

Y5 () = 5((¥5) " (x)) the formula
() = = [ eI (w4 K1 ) VO o))
0

_/0 e_efl(t—s)((K * 0;) . V@Z)(w;s(x))ds
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3.2. Technical results

For notational simplicity let ©F := (K % 65) - VO, and rewrite
t
Glo) = = [ eI (w4 K1 ) VO o))
0
t
= [ e (enwi ) - €5(w) s
0

¢
- / e~ DO (x)ds
0

= ¢ (2) + ¢ (@) + ¢ ().

Let us focus on the terms (%7, j = 1,2, 3 separately. Concerning (¢!,

t
€ —e (=
||Ct’1||L°°(T2) SJ/ € (¢ S)ds (1 + sup ||< ||Loo('I[‘2 )
0 s€[0,T]

X sup || VO[] poo(r2 r2),
s€[0,T

and thus the following holds by assumption (A2) and Lemma 3.8

sup B [|¢5 [ per)] S €7 log??(1+€7h). (3.17)

te[0,7

Moving to ¢“?, notice that [ () — x| = [¢f ,(x) — ¥, ()|, and letting y = (15) ' () we
have

[94,6(2) = ¥iu(2)] = [5(y) = ¥i(w)]

/|u (e (y |dr+/ (6 ()| dr

St —s| (1 + SHP ¢ Il oo (r2) + S}lp 107 || oo (72 ) :

7"6[

therefore

t
€ —e L(t—s
||Ct’2||Loo(1r2)§/ e =9t — s|ds sup ||[VOS || oo (12, R2)
0

s€[0,T]

<1+ sup |G| Lo (r2) + sup 167 1] Loe 72) >

rel0,T] rel0,T
that implies

sup E [ )] S €2 log®2(1+ 7). (3.18)

t€[0,T]

Finally, let us consider the term (%3, which requires a preliminary manipulation. Since
05(z) = > e ok(@)nS", we can rewrite for every x € T?

O z) = Y (on - Vau) (@) = > Opn(z)miFn,

k,heN k,heN
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where we have used o, = K * ¢, and Oy, := 0y - V. Also, rewrite:

t
nat = —6‘1/ eIt
0
t t
+e! / e ekl 4 ! / e~ (Ipchayk
0 0

€2 ¢ -1
+ _5k,h / e ¢ (tis)ds,
2 0

with 0y, being the Kronecker delta function: o5, = 1if Kk = h and o5y = 0 if £ # h.
Otherwise said:

t
/ e mpekpehds = —enotpet (3.19)
0

t t
+ / e~ (ka4 / e~ pchak
0 0

By (3.19) and assumption (A5), for every z € T? we have

Z@ ekeh

k,heN

t
Y e ( [t [y
0

k,heN

and therefore we can rewrite

/(K*cs (65(2))ds = Z/ (K 65, (05(2))ensncds

k,heN

—Z/ (K Opp) (¢(2 ))(/S ek + /056_6 (e=1) hdwk)d

k,heN
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3.2. Technical results

Thus,

?|

t s
[ e [ e prantas
0 0

|/ t ( / (i @z,h><¢;<x>>e-“<5-”ds) yk W ]
L Ot rt 12
/ ( / (K*@z,h><¢;<x>>e—f‘1<s—”ds) neh W ]

0 r

' ' 9 1/2
B [ ([ o erniesone o) I'rzﬁ"“|2d7’]
0 T

< e1og? (14 €.

E

AN

E

AN

The last non-trivial term is manipulated as follows. Let 6 = t/m > 0, m € N to be
suitably chosen. We have

3 / (K 5 Opp) (85 () enc i ds (3.20)

k,heN

(n+1)d

B k; ZO/ (K % O ) (¢5(x)) — (K * O 1) (655())) encFnshds

(n+1)d

+3 Z (K xOu)o) [ aptuts

)

Recalling (3.3), for every a € (0,1/2) it holds
6160 = 1 < [ (ool + [ sl + VB~ )

St— s <1 + sup [|¢r][zee(r2) + sup HeﬁHLw(W)) + [t — s]%,

rel0,77] r€(0,T]

which implies

(n+1)5
DS / (K O)(65(0) — (K = ) (Bhs(a))) e ds

k,heN n=0

< 8 V21og® 2 (14 €71) + 6% log(1 4 71).

] (3.21)

Also, we can apply Ito Formula again to find an alternative representation for the time
integral of the quadratics n&*nS" similar to (3.19). Indeed,

k k_eh 1 (n+1)6 k h
n(n+1)5n(n+1) nn5 nné = —2¢ / dt

5
(n+1)0 (n+1)6
+e ! / AWk + et / AL
néd néd
€26
)
+ 5 Okhs
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and rearranging the terms we obtain

(n+1)8 k h e k _eh k h
/ en,’ dt = 5 (77”5 M~ Ming1)6N(n+1)s ) (3.22)
nd
(n+1)8 (n+1)8 S
€ . € .
+3 / n AW+ 5 / i AWE + S0k
no nd

Finally, making use of (3.22) above and assumption (A5) we can rewrite

m—1 (n+1)
S ST (K %0 (55(2)) / et ds

0

k,heN n=0
6 e,k eh e,k
Z Z K %Oy 1) (o4 ))5 <77n5 Mhs — 77(n+1)577(n+1) )
k,heN n=0
6 n+1 . € (n+1)5
+ZZK*@M 5 ’thMﬁ/ nehdwi |
k,heN n=0 nd
We have
— 62 e,k eh e,k e,h
Z Z (K * Opp) (dys(x ))5 (%5 Mg~ Mint1)6"(n+1)6 > (3.23)
hEN n=0
<6 telog(l+ €,
and

m— c (n+1)0 ok N
> S eouaang [ it
n=0 n

k,heN 6
(n+1)6 ) N
/ n AWy

<Z€E

] (3.24)

97 1/2

< 51212 log1/2(1 +eh).

It only remains to choose 0 in a suitable way, so that all the terms (3.21), (3.23) and
(3.23) are infinitesimal in the limit ¢ — 0. Taking for instance o = 1/3 and optimizing
over § gives

?|

Considering (3.17), (3.18) and (3.25), we finally get the desired estimate: the proof is
complete. O

/0 (I C5%) (5 () dis

1 < eM010g?0(1 4 €7Y). (3.25)

3.3 Convergence of characteristics

In this section we prove our major result on convergence of characteristics Theorem 3.1.1.
The proof is based on It6 Formula for a smooth approximation gs(x) of the absolute value
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3.3. Convergence of characteristics

Proof of Theorem 3.1.1. The difference ¢ —¢ solves P-a.s. for every ¢ € [0, 7] and z € T*
(@) — ¢(2) = (9(x))ds — s(95(x))d
oife) = onle) = [ s(oiands = [ uerteis
= [Cutoitanas— [ oo
+Z/ak¢6 nSFds — Z/ame )) o dWF

keN keN
+Z/ o(65(z)) 0 dWF — Z/ oi(Bs(x)) 0 AW
keN keN

A(WD

For § > 0, introduce the smooth function gs : R? — R defined by gs(z) = (|z|> +8)Y/2. It
holds 0y, gs(x) = 2;gs5(x) " and Oy, 0r,gs(x) = gs(x) " (01 — wiw;gs(x)~?) for every x € R?
and j = 1,2, and moreover |z| < gs(z) < |o| + 6'/2,

Denote

Ri(z) = ))ds + o (o nSFds — 0 (¢()) 0 dWF,
[ o & [atsomitn =3 [
and
Zi(x) = ¢i(x) = du(x) — Ri(2),
both seen as functions on the whole plane R?. Applying Ito Formula to gs(Zf(x)) yields:
dgs(Z;(x)) = Z{(x)gs(Z; ()" - (uj(¢5(2)) — ue(gi(x))) dt
+ Z;(2)95(Z; ()7 - (wa( (%)) — we(du(x))) dt
+ > Zi(2)g5(Zi(x)) 7" - (o9 (2)) — on(9n(x))) AW

keN

+ Zi(2)g5(Z ()7 (e(¢4()) — c(ge(@))) dt
Y0 > 95(Zi (@) (G — (Zi(2)'(Z5 (2)) 9s(Z5 () )

kEN i,j=1

X (ok(¢5(x)) — on(dr()))" (0k(5(x)) — orl(er(x))) dt,
and therefore
E(|¢5(z) — ¢5(2)] <E[|Zf(2)]] + E[|R;(2)]] < E [95(Z; (2))] + E[| Ry ()]
SO BRI HE | [ (o) - wlosa] s

+ﬂ/%¢ o)) s

—I—E{/ |0 (x |d3] + 5712k sup |Ri(2)||,

t€[0,T]
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where in the last line we have used gs(Z¢(z))™" < 672 and |¢S(z) — ¢4(2)| < |Z5(2)| +
| R5()].

Taking the integral over z € T? and using assumptions (A2), (A4), concavity of the
function v, Jensen inequality, Proposition 3.6 and Proposition 3.7 we get

E [H(bft o (thLl('Jl‘Q,TQ)] S 51/2 _'_571/261/42 10g47/42(1 —|—671) + e,

# [ (B 116 - o)) s

uniformly in ¢ € [0,7] and § > 0. Taking § = €'/*21og"”/**(14 ¢ ') we deduce the desired
result by Lemma 3.2. O

3.4 Convergence of large-scale dynamics

In order to prove the convergence of the large-scale processes =¢ — =, we need assump-
tions on the source terms. Hence, let ¢, ¢ : [0, 7] x T?> — R be such that:

(A6) there exists a constant C' such that for every € > 0 it holds ¢, ¢ €
LY([0, 7], L¥(T2)) and

T T
/ 15l oo (r2yds < C, / g5l oo r2)ds < C;
0 0

(A7) ¢° — q converges to zero in L'([0, T, L°°(T?)).

Recall the representation formulas for the solutions of (3.1) and (3.2)

el
I
&=h

=1 0 :71 t;o ZO iild,
[o () +/Oq & o (69) s}

0
Il
&=h

Zpo 1‘/71 tso s © t71d7
00007+ [ 406,060 ]

with ¢¢ and ¢ solving respectively (3.3) and (3.4).

As made clear by the following proof, these representation formulas are the key ingredient
needed to show Theorem 1.2, thus justifying our Definition 3.3 in terms of these identities.

68
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Proof of Theorem 1.2. Let f € L'(T?) and ¢ € [0,T]. We have

/T2 =i (z) f(x)dz — /1r2 =,(2) f(z)da
LB (@) @) sa)dn = [ B[Zal(on”

e[ [ 2] [ weten @mas) s [
~[B| [ =t @nseie - [ meo @]

T2

<

[ th3<¢s<<¢t>1<x>>>ds] F(a)da
(

:‘E U Eo(y)f(szﬁi(y))dy—/ ~o(y)f(¢t(y))dyH
NS

e[ Lo s [ [ aionsioimed |

Taking expectation with respect to P, the first summand is bounded by
EE|[ = d d
B[ =i - / 20|
< IEollomen | [ 1506 o (3.26)

As for the second term, we can rewrite

/ / y))dyds — / / y))dyds
[ cwonrmima [ | s
[ s [

/ / s(05(y)) f(be(y))dyds — / / f(o(y))dyds,

s

[

[

with estimates

?|

/

165l ooy s [ / 76 |dy] (3:27)

?|

y))dyds — / / y))dyds

/ 15 — gsll eyl Fllza ooy (3.28)

/
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and

NSt — [ [ atontu) s

i

|

B[ [ [l - alo.0lduto)as]. (3:29)

| /\

[ / 06,00) — a6 O]

where du(y) = | f(¢:(y))|dy is a random Radon measure on T2,

By assumptions (A6) and (A7), the terms (3.26), (3.27) and (3.28) go to zero as € — 0,
using the same reasoning of [FP21, Theorem 5.1]. Therefore, here we restrict ourselves
to only consider the remaining term (3.29).

Let us argue per absurdum. Suppose by contradiction that there exists a subsequence
€, — 0 such that

B[ [ [ s - aontolantas] = ¢ 3:30)

for some C' > 0 and for every €.

Let N and N be negligible sets such that ¢; is measure preserving for every w € N°¢ and
@ e Ne.

Take 6 > 0. By Lusin Theorem [Rud70, Theorem 2.23] there exists a measurable set
Cs C [0,t] x T? with Loy ® Zr=2([0,¢] x T?\ C5) < ¢ and a continuous function @Q; €
C([0,t] x T?) that coincides with ¢ on Cs. Therefore

| [ e 0) = aotolautoyis = [ a6 ) - alontu) lants)ds
s a6 @) - o) du)ds
[0,] xT2\C}
< [ 1Quto 0 0) ~ Qs 6.0 o)

w2 e dut)ds
[0,t]xT2\C}s
Let us consider the second term first. Recalling du(y) = | f(¢:(y))|dy, we have

[ aliandutids = [l £ )ldvds
[0,¢]xT2\Cs

[0,¢]xT2\C

_ / s | e oo | ()l s,
(o)

with ¢;'(C§) = {(s,y) : (s,9:(y)) € Cs5}. Since ¢, is measure preserving for every
w e N¢and © € N¢, it is easy to check

Loy ® Lr2(0; 1 (C5)) = Loy ® L2(C5) <0
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3.4. Convergence of large-scale dynamics

P-almost surely, and since ||¢|| reo(r2)| f| € L'([0,¢] x T?), absolute continuity of Lebesgue
integral gives the existence of § > 0 such that for every w € N and @ € N°©

/ s || oo (r2ydpe(y)ds < C'/3.
[0,t] xT2\Cs
We fix such a § hereafter. For the first term we argue as follows: since we have proved

sup B [l¢5* = éillprem] = 0
t€[0,T)

as € — 0, then for every fixed s € [0, T] there exists a subsequence (that we still denote
ex) such that the maps

% : Q) x T? — [0,T] x T?,
O (w,y) = (5,0, 5,9))

converge P @ Zrz2-almost everywhere to ®; given by O (w,y) = (s,0(w, s,y)). By almost
sure continuity in time of ®¢* and ®,, it is possible to extract a common subsequence
€ — 0 such that ®¢¢ converges P Zre-almost everywhere to @, simultaneously for all
s €10,7].

Therefore, since Qs is continuous on [0,t] x T?, also Qs(®*) converges P® Loy ® Lre-
almost everywhere to Qs(®P), and since p is absolutely continuous with respect to £
for almost every w € Q, the convergence is actually P® Loy ® pe-almost everywhere;
moreover, Q5(®*) is dominated by the constant sup,c(o et [@5(s,y)|, and Lebesgue

dominated convergence yields convergence in Ll(Q x [0,T] x T?, P® L4 @ 1), that is

1) |:/[0,t]><11‘2 |Qs(s, 9k (y)) — Q6(87¢s(y))|du(y)ds} -0,

as €, — 0. This contradicts (3.30), and therefore we have proved: for every f € L'(T?)

[ =@ @i~ [ Zores

for every fixed ¢ € [0,T]. Since ||Zf| t(r2) is bounded uniformly in € > 0 and ¢ €
[0, T'], pointwise converges implies convergence in LP([0, T]) for every finite p by Lebesgue
dominated convergence Theorem.

Finally, if ¢ € L'([0, T], Lip(T?)) and f € Lip(T?) with [f] 12 < 1, we have

[ [ i - sl e <& [ i) - a0l a]

< sup 1) 65 — &l r2m2)] s
telo,T

controlling (3.26) and (3.27) uniformly in f; also, since || f||zoo(2) < 1 it holds

E —0 ase—0,

R [/ |95(65(y)) — 4s(9s(y ))||f(¢t<y))|dyd3:|

|://||qs||LIPT2)|¢() ¢s(y)|dyd8:|

/ Iodlsscrds sup s = bulcen]
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Chapter 3. From additive to transport noise in 2D fluids

allowing to bound (3.29) in a simpler way. Putting all together, we have proved the desired
convergence uniformly in ¢ € [0,7] and f € Lip(T?) with [f]rpmre) < 1, [|f]lpeeer2) < 1.
The proof is complete. O

3.5 Examples

Let us finally discuss how assumptions (A1)-(A7) are fulfilled by our main motivational
examples, namely advection-diffusion or Navier-Stokes equations at large scales coupled
with stochastic Euler equations at small scales.

First of all, notice that in the case of passive scalars, like in the advection-diffusion
equations, there is nothing to actually prove since all the subjects of assumptions (A1l)-
(A7) are given a priori. On the other hand, in the Navier-Stokes system the fields u¢,
u are given by u¢ = K x Z¢, u = K x Z, and therefore (A1), (A2) and (A4) need to be
checked. The verification of (A4) needs an additional requirement on the external source
¢: assume

(A8) there exists a constant C' such that for almost every ¢ € [0,7] and almost every
x,y € T?

lq(t,x) —q(t,y)| < Cy(lz —yl).

Proposition 3.12. Let v > 0, 2y € L>(T?) with zero spatial average and consider the
Navier-Stokes (v > 0) or Euler (v =0) system

dZ¢ + (u§ 4+ vf) - VESdt = vAZSdt + qfdt,

d&s + (uf +v5) - VEdt = —e 1 &dt + €1 Y,y skdWE,
ug = _VL(_A)_lE;

v = =VH=2) g

and the limiting large-scale dynamics

dEt + Ut - VEtdt + ZICEN O - VEt o thk = VAEtdt + qtdt,
0 = —VH(—A)E,.

Assume (A3), (A5)-(A8) and take ¢f, q; with zero spatial average for almost every t €
[0,T]. Then the velocity fields u, u satisfy (A1), (A2) and (A4).

Proof. Concerning (A1), measurability can be deduced by u¢ = K *Z¢, u = K % =,
representation formulas (3.5) and (3.6), and the fact that ¢°, ¢ are stochastic flows
of measure-preserving homeomorphisms. Assumption (A2) is given by u® = K % =€,
u= K xZ, (3.7) and Lemma 3.1.

Finally, let us then verify (A4). Recall

ug(w) = N K(z —y)=(y)dy

— [ K@—yE [Eo«qsz)-l(y)) - qz<¢;<<¢z>-1<y>>>ds} dy

TQ

~&| [ K- sz 5| [ Ke-s0) [ t (s sy

']1‘2
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3.5. Examples

and
w)z/TzK(x y
= [t B [2o00 )+ [ a0 )as]
_E[/Kx 6u(y))Zo }—FE[/TQK(x ¢())/0 <¢<)>d8dy]
We have
/Iu )| dx

U / K~ 61(0) ~ (@ — o) Boly)ldyda
[ [ | [ ) [ aomastr— [ K- o) [ atoisa] ]
<g|[ / K= 6i(0) ~ Kz — 6,)] (0l
vE| [ [ I ot - Ko ¢<y>>r/0 (65 )ds| ]
B[ [ [ 1G] [ 106100) ~ asi)as] ]
+E'//1Km ) [ a6 - ds|dyda:]

B (16— oduscemn]) + [ = alloe

+/0t (B 165 - bulrensen) ) ds.

that is the desired estimate, since fot g5 — qsllpoe(r2yds — 0 as € — 0 by assumption
(AT). O

73



Chapter 3. From additive to transport noise in 2D fluids

74



Chapter 4

From additive to transport noise in
3D fluids

In this chapter we will prove Theorem 1.3 on the convergence of the slow component of

the coupled fast-slow Navier-Stokes system. For the sake of generality here we look at
dug = Ausdt + b(us, u$)dt + b(v§, uf)dt, (4.1)
dvf = e tCvidt + Avedt + b(ug, v)dt + b(vs, vf)dt + e 1QY2dW, '

where A and C' are (possibly unbounded) negative definite linear operators on a separable
Hilbert space H, and the map b: H x H — H is bilinear and enjoys suitable properties
detailed below in assumptions (B1)-(B4). We shall always assume solutions (u¢, v¢) satisfy
divu® = divo® = 0 (in distributional sense) with deterministic initial condition (uo, o) €
Hx H.

Under suitable conditions, we are able to prove the convergence of u¢ towards a solution
of

dut = Autdt + b(ut, Ut)dt + b((—C)_lQl/2 e} th, Ut) + b(?", Ut)dt, (42)

in the sense of Theorem 1.3; of course the latter theorem on the Navier-Stokes system
descends from the general case by specialization.

Let us describe the strategy of the proof. The method here presented is originally due
to Papanicolaou, Stroock and Varadhan [PSV88]. New developments and a presentation
may be found in the book [FGPS10]. It has been recently extended to infinite dimension
and partial differential equations, see for instance [dBG12, DAMV16, DV12, DV21].
Consider the normalized small-scale process y¢ = €'/2v¢. The evolution of the Markov
process (uf,y¢) is described by its infinitesimal generator £¢, which takes the following
form when applied to a suitable test function ¢:

ZLp(u,y) = (Au+ b(u,u), Dyp) + e 2(b(y, u), Dyup)
+ (Ay + b(u,y), Dyp) + e 2(b(y,y), Dyp)

-1
_ €
+e {Cy, Dyp) + TTT(QD?P)-

Since we are interested in the limiting behaviour of u¢ as the parameter € goes to zero,
we add correctors to ¢ in order to cancel out singular terms in the expression of £ “p, on
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Chapter 4. From additive to transport noise in 3D fluids

the one hand, and simultaneously eliminate the dependence on y in the terms of order
one, on the other. Thus, consider the perturbed test function

P (u,y) = p(u) + €9 (u,y) + eph(u, y),
where ¢f and ¢f are suitable correctors.
It is immediately clear that terms of order ¢! in the expression of Zp° vanish, since ¢
does not depend on y.
Denoting £ the operator

. 1

gy = <Cey7 Dy> + §TT(QD;)7 Ce=C + €A,

and wanting to cancel out terms of order e /2
Poisson equation:

, we impose ¢] to be a solution to the

As for the terms of order one in the expression of £, they equal:
(Au + b(u, u), Dup) + (b(y, u), Dupt) + (b(y, y), Dyel) + Z565

Now we make the following key observation: replacing the process y¢ by its linear coun-
terpart Y, satisfying:

dY = LY dt + e V2QV2dW,, Y =0,
one can rewrite (we shall see that any ¢f satisfying (4.3) is linear in both u and y)

(b(y, u), Dupi(y)) = (0(Y,u), Dupi(Y)) + (b(y — Y, u), Dupi(Y))
+ (b(y, u), Dupi(y = Y)),
(0(y,y), Dyypy (u)) = (b(Y,Y), Dy (u)) + (b(y — Y, Y), Dyypi (u))
+(0(y,y = Y), Dypi(u)),

and prove that the terms involving the difference y — Y are infinitesimal as € — 0 when
evaluated at y =y, Y =Y}, and integrated with respect to time. Therefore, the actual
terms of order one in the expression of .Z“p° are given by

(Au+b(u,u), Dup) + (b(Y, u), Dugi(Y)) + (0(Y,Y), Dy (w)) + Zygh(u,Y),  (4.4)

It is not necessary to require the previous quantity to be zero, but it is sufficient to just
seek for ¢f such that it does not depend on Y, namely

ZL%0(u) = (Au+b(u,w), Dyp) + (b(Y, u), Dugp§ (Y))
+ (YY), Dy (w)) + Zyh(u, Y)

for some effective generator .£°. In this way, one would formally get Z°¢¢(u,y¢) =
L% (uf) and identify the limit behaviour of Z°p(uf), up to an infinitesimal correction
as € — 0.

As already mentioned our results are very general and we are able to study many different
systems, some of them notably difficult to study in the Lagrangian formulation, highlight-
ing the fundamental nature of transport noise in fluids. More precisely, in [DP22, Section
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7] we show that our method also applies (with minor modifications) also to the Surface
Quasi-Geostrophic equations and to the Primitive equations.

Let us briefly describe how the present chapter is structured.

In Section 4.1 we introduce the necessary notation and preliminaries for our analysis. In
particular, we introduce the abstract spaces and operators governing our system, and we
identify their key properties. Also, here we present the notion of bounded-energy family
{(u,y) }ee(o,1) of weak martingale solutions to our system, that is a family of solutions
enjoying some uniform-in-e bound on the energy.

In Section 4.2 we introduce a class of test functions ¢ for which it is possible to solve
implicitly the Poisson equation £ ¢ = —1. The class consists in quadratic functions on
H that are continuous maps from some Sobolev space H? to R. We also show that, de-
pending on the regularity of C, solutions of the Poisson equations so constructed are more
regular than the datum ¢, and recover bounds on the regularity of ¢ and its derivative
in terms of the regularity of ¢ and C.

In Section 4.3 we apply abstract results on the Poisson equation to carry on the program
presented in the Introduction; we identify suitable correctors ¢ and ¢§ to cancel out
divergent terms in the expression of .Z“p, and recover the limiting behaviour of the slow
variable u alone.

In Section 4.4, we prove our main Theorem 1.3 dividing the proof into three different
steps: at first, we prove that the family (of the laws of) {u‘}cc(01) is tight in a suitable
space of functions; then, checking that the contribution due to correctors ¢f and ¢$ is
actually negligible as ¢ — 0, we prove that every weak accumulation point u is a solution
of a limit closed equation; finally, we recognize the different terms in the equation solved
by u as the sum of the original slow dynamics, a Stratonovich transport noise and an
[to-Stokes drift.

4.1 Preliminaries and assumptions

4.1.1 Abstract spaces and operators
The linear operator A and Sobolev spaces

In what follows, the operator A : D(A) C H — H is unbounded, self-adjoint and negative
definite. For s € R, Sobolev space H* is defined by the relation H* := D((—A)*/?).

For o € (0,1), p > 1 and s € R, we define W*P([0,T], H*) as the Sobolev-Slobodeckij
space of all u € LP([0,T], H®) such that

T e — [
/ / i = s[ror ————(dtds < o0,
endowed with the norm

g [Jue —
. HS
el enqory ey = / el +/ / It — sl”“ﬁ" i sftrer WS

We recall the following compactness criterium from [Sim86].

Lemma 4.1. Foro >0, a > 1/p and § € (0,0) we have the compact embeddings:
(0, 7], BY) n W ([0, 7], H=) < LA(0, ], H):
L>([0,T], H) nW*P([0,T], H°) c C([0,T], H").
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Chapter 4. From additive to transport noise in 3D fluids

Denote . := Nycr H® the class of smooth elements h € H, and define
F={p:H—R, 3Jhe.” suchthat p(u)= (u,h)}.

Distributions on H are elements of the space .#" = U,cr H®. Every ¢ € F' is continuous

from .’ to R.

The linear operator C

We assume

(C1) The operator C' : D(C) € H — H is self-adjoint and negative definite, with
principal eigenvalue —\q < 0;

(C2) There exist I' > vy > 1/4 such that ||z[|%..s, < [[(=C)22|3. < |||

seR, g>0.

2 esar for every

The previous assumptions imply that the operators C' and C. = C + €A generate Cy-
semigroups on H, that we denote respectively et and e“!, ¢ > 0. Moreover, for every
s € R and 41 > 0 it holds uniformly in ¢t > 0 and € € (0, 1):

e—z\ot/?
s s < ]
Hs—HS ~5 tﬁl )

(~Coec

by interpolation, since the operators (—C.)~'C and (—C,)~'eA are bounded, we also have

_ Ao(1-0),
for every 0 € [, 1], A = 20(177) :
C.t By Oty 1oy By Cot|| T2 _po=ze ™
e M mroraon S N(=C) e gl o[ (= A) e e e S €757 5
In addition, for every s € R and S € [0, 1] they hold:
[(=Co) (%" = Dlmsmms S, e = | pgaryppaorsy St
—
Cet _ Ot

uniformly in ¢t > 0 and € € (0, 1), and moreover the difference of the semigroups e e

satisfies! ||e“t — eC|| yor26, o S €72 uniformly in ¢ > 0.
Finally, for every 3, € [0, 1] the operator G, == (=C.)™' — (=C)7! = ¢(—=C)tA(-C,) 7!
satisfies |G|l gs_ gororesy—20, S €72

~Y

The bilinear operator b
Concerning the nonlinearity b, we suppose the validity of the following properties:
(B1) b: H®* x H% — H? is bilinear and continuous for every s € R, s < 3/2, 6y > 5/2;

(B2) b : H® x H* — H*® is bilinear and continuous for every s € R, s > 3/2 and
0, >1+ S;

(B3) b: H®x H" — H**"5/2is bilinear and continuous if s,7—1 € (—3/2,3/2), s+r > 1.

ITo see this, one can define 3, = e%tx — ez, * € H and notice that 1y, = fg Cysds +

efot AeCSzds; since yo = 0, Duhamel’s Formula gives 3, = efot eC(t=9) AeCszds, and using
[|e1=F2 (= A) P20 o L e < €™M0/ 24821 produces the desired inequality.
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4.1. Preliminaries and assumptions

(B4) (b(x1,2),x3) = —(b(x1,x3), x2) fOr every x; € ', 1 = 1,2,3 such that either one
of the scalar products is well-defined.

We point out that properties (B1)-(B4) hold true for the Navier-Stokes system in velocity
form, with spatial domain equal to the three-dimensional torus equipped with periodic
boundary conditions. In the following, we will denote without explicit mention 6y, 0, =

61(s) any constants such that (B1) and (B2) hold.

The covariance operator ()

We assume that the covariance operator () : H — H satisfies the following properties:

(Q1) @ is symmetric, positive semidefinite and commutes with C. The following opera-
tors on H are trace-class for every ¢ > 0:

oe 1
GCtQBCt, Qoo — / eCthCtdt — 5(—0)_162,
0

(Q2) Denoting N (0, Q) the Gaussian measure on H with covariance Q. and sy =
max{fy, 2I'}, it holds [, [|w||F+dN (0, Qu)(w) < 0.

In (Q2) above, 0y can be any real number such that (B1) holds true and I' is as in
(C2). Tt is easy to see that under (Q1)-(Q2) to following hold true: e“!Qe%!, Q< =
Jo” e9tQe ! dt are trace-class (although in general Q5. # 5(—C.)™'Q since we do not as-
sume A and Q commuting) and [, [|[w||3,6,dN (0, Q%) (w) < 1+ [, [[w][3,0, AN (0, Qoo ) (w) <
oo for every € € (0,1).

4.1.2 Ornstein-Uhlenbeck semigroup

Assume (Q1)-(Q2). For every ¢ € (0,1) and y € H there exists a unique solution
Y¥ = Y?¥(e) of the Ornstein-Uhlenbeck equation

dY) = CYYdt + Q'2dW,, Yy =y,
that is explicitly given by the formula

t
Yty — ecety + W, e,Q7 W, Q@ _ / ecg(t—s)Ql/QdWs'
0

The Ornstein-Uhlenbeck semigroup Ps : Cy(H) — Cy(H) is defined by
Fiyly) =E[Q()], +eC(H), yeH,

and it is a semigroup by Markov property. It can be extended uniquely to a strongly
continuous semigroup of 1-Lipschitz maps on L*(H, u¢), p¢ = N(0,Q%,), see [DPZ02,
Theorem 10.1.5]. The Gaussian measure u¢ is concentrated on H% C H, and pu¢ is
invariant for Py, i.e.

/ Pi(y / V(y)dus(y), Yo € L*(H, uc).
The domain D(.Z;) of the generator £ : D(Z;) — L*(H, i) is defined as the set
Py —
D(Zy) = {¢ e L3(H, %) : 3 tim T8V e 2y, ,f)} ,
t—0t t

and Z; acts on ¢ € D(Zy) as L1 = lim;_o+ Pﬁi*w. The generator £ is a closed
operator on L?(H, uf).

79



Chapter 4. From additive to transport noise in 3D fluids

4.1.3 Notion of solution and energy estimates

Let us consider again system (4.1), and denote yf = €'/2v¢:

{du; — AuSdt + b(us, uS)dt + e H2b(ye, u)dt, (45)

dys = e 'Cysdt + Aysdt + b(us, yo)dt + e 2b(ys, y§)dt 4+ e 2QV2dW,.
In the following, H,, denotes the space H endowed with the weak topology.

Definition 4.1. We say that the family {(u®,y)}cc(o) is a bounded-energy family of
weak martingale solutions to (4.5) if for every e € (0,1) there exists a stochastic basis
(Q, F,{Fi}+>0, P, W) such that the following hold :

(S1) (u¢,y°):Qx[0,T] — H x H is {F;}-progressively measurable, with paths u¢, y¢ €
C([0,T], H,) N L*([0,T], H'), P-almost surely;

(S2) for every h € ., the following equalities hold P-almost surely for every t € [0, T7:

t t t
Mw%wmm+/w;%ﬂ/ﬁmmmmw+fm/w@mamm
0 0 0
t

t t
<%M=@MWH1/@%W®+/@WW%+/W%%NMS
0 0 0

t
1 [0l W + QW)
0

(S3) the family {u}ec(o,1) is uniformly bounded in
U:=L>Q,C(0,T], Hy,)) N L>(Q, L*([0,T), HY));

(S4) for every fixed p < oo, the family {y“}cc(o,1) is uniformly bounded in
Y = (9, C((0,T), H,)) 0 L9, L2(0, T, HY).

It is worth to comment on the previous definition.

First of all, since we are working on the intersection of two fields and to avoid any confu-
sion with the terminology, let us specify that here we are working with analytically weak,
probabilistically martingale solutions. Solutions are analytically weak since they solve
(4.5) only when tested again smooth test functions h € .. They are martingale solu-
tions (sometimes referred to also as probabilistically weak solutions) since the stochastic
basis in not given a priori (that would be called pathwise or probabilistically strong so-
lutions). To avoid any misunderstanding we point out that hereafter the stochastic basis
{8, FAF 120, P W) Fee(o,) Will be always dependent on €, but we shall drop the
indices for notational simplicity.

Second, our solutions form a bounded-energy family since in (S3)-(S4) we require suitable
energy bounds to hold uniformly in € € (0,1) (recall that the range of every elements
in C([0,T], Hy) is bounded in H by Banach-Steinhaus Theorem). In classical theory of
deterministic Navier-Stokes equations subject to external forcing f € L*([0,T7], H):

{dut + (ug - V)uydt = vAudt + Vpdt + fidt,

divu; = 0,
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a very fundamental concept is that of Leray-Hopf weak solutions, namely (analytically)
weak solutions u enjoying the energy inequality

1 ¢ 1 t
sl + [ lolBads < Slualls + [ Gus, f)ds
0 0

In the stochastic setting the picture is more complicated since, when the external forcing
f = QY?W is a stochastic process: i) sensible bounds can only be obtained in expected
value; and 4) formally applying Ito Formula to |lu||% introduces and additional term
Tr(Q)dt on the right hand side of the estimate.

In [FROS8], the authors propose a notion of solution which encodes the energy inequality
in the requirement that the process

1
2 2 2
B o= +p/H%lewﬁmk—§Mﬂ§
2
2D 0@) [l s

be an almost sure super martingale for every positive integer p, namely E[E}] < oo for
all t € [0,T] and there exists a Lebesgue measurable set 7 C (0, 7], with null Lebesgue
measure, such that E [Ef14] < E[EP1,4] for every s € T, every t > s and every A € Fy.
However, for our purposes there are some limitations in considering solutions satisfying
some kind of energy inequality, since: i) it does not seem immediate to recover uniform
bounds in € € (0,1), and i) we do not need energy inequality but just energy bounds,
and recents developments in convex integration suggest that the class of weak solutions
to Navier-Stokes equations with bounded energy may be stricly larger than the class
of Leray-Hopf weak solutions, see [BV19] for a deterministic result and [HZZ21] for a
stochastic one (even though the solutions constructed there are not known to satisfy H!
bounds in the space variable).

In order to construct a bounded-energy family of weak martingale solutions to (4.5), one
can make use of classical compactness arguments involving the Galerkin approximation
scheme:

duf™ = Auf"dt + TLb(ug™, ug™)dt + e V2TL,b(ye ", uf™ )dt,
dy;™ = _1Cyf"dt+Ay,f"dt+H b(ug™, yy" )dt+e V2T, b(ys", yi™ ) dt (4.6)
_1/2HnQ1/2th,

where {II,, } ey is a family of Galerkin projectors and the initial condition is (ug"”, y5") =
(IT,ug, I1,y0). Indeed, since solutions of (4.6) above are smooth in space, uniform energy
estimates (S3)-(5S4) can be rigorously proved for (u“",y“") making use of Ito Formula;
then, for every fixed € € (0, 1), it is possible to prove via Ascoli-Arzela Theorem that there
exist u¢, y¢ such that u®™ — u® and y“" — y° with respect to a topology that permits
to take the limit in the energy estimates (S3)-(S4), on the one hand, and in the weak
formulation of the equation (S2), on the other (up to a possible change in the underlying
stochastic basis, in order to gain adaptedness of the processes u, y°).

Proposition 4.2. There exists at least one bounded-energy family {(u®, y) }ec(o,1) of weak
martingale solutions to (4.5).
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Chapter 4. From additive to transport noise in 3D fluids

Existence of a weak martingale solution for fixed € € (0, 1) is known since [FG95]. The
only difference here is uniform in € energy bounds, which require suitable estimates at the
level of Galerkin truncations (cfr. Lemma 4.3 and Lemma 4.4 below) and compactness
arguments well-suited for the passage to the limit n — oo.

Remark 4.1. Notice that if (4.5) admits pathwise uniqueness then one obtain the existence
of probabilistically strong solution, namely the stochastic basis can be taken independent
of e.

Before the proof of Proposition 4.2, we show the needed energy bounds in the following
lemmas.

Lemma 4.3. For every positive integer p it holds

T
sup / E [|lye"
e€(0,1), JO

neN

2p2

1y I7-] ds < 1.

Proof. Let € € (0,1) and n € N be fixed, and take an arbitrary ¢ € [0,T]. Applying Ito
Formula to 3[|y;™"[|% we get

e e (S ey e P
- §||Hny0|| re / Il e 11,Q 2a,)
+ 22Dy, [ iy s
Taking expectations in the expression above with p = 1 we obtain

E1/0 E[Hy TT(Q)

2M
where we have used ||(—C)Y2ys"||2, > M||yS"||%, for some unimportant constant M;
thus we deduce

i) d lyoll® + € =51,

S—2M

T
TT(Q)T
sup [ B [y ds < 55 ol SL
e, Jo : i) 2M 7 ToM
ne

For p > 1, we argue as follows: first, recalling ||y||%, > vq||y||% for some vy > 0 (the

principal eigenvalue of the operator —A), for every t € [0, 7] we have

t
LR D20 ) ds
0

2p—1 ! en||2p—2
I+ @) [ B i as

<
_2M

2p—1 ! 2p—4
< 2p 'yT n||2p— en||2 ds:
< gl + ZraTr(@) [ E [l s ) as

then, since p—1 is a positive integer, by induction we have the desired inequality uniformly
inee€(0,1) and n € N, O

82
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Lemma 4.4. For every p > 2 it holds

t
sup sup (Ewyfvnum PR ds) <1
e€(0,1), tel0,T) 0

neN

Proof. As in the previous Lemma 4.3, it is sufficient to prove the result for every positive
even integer p. Let us introduce the auxiliary process ;" solution of

dY, "™ = e 10y dt + VAL, QY 2w, Yo" =0,

€,n

so that, by Ito Formula, the difference process (" = y;" — Y,°" satisfies, for every
t€[0,T] and p > 2

t t
€n - en||P—2|| ~€en en||P—2|| ren
1CE 1, + ' pM / I B2 s + p / B2 Bpds (47)
0 0
t
< ool + / 1CEm B2 (us™, YEm), Cmyds
t
sy [
0

t
< llyoll” + M, / T
0

[ 2 (bye™, Yiom), ¢ ds

’ s

o s 1Y | oo s

t
My [ Y s,
0

where M; is another unimportant constant. By Young inequality
ez

_ 6, P — 1
1Y oo 1G5 N < =+ p 165" 1z

and, for every positive constant c:
_ _ cP cP
2y Nl Y o 1G5 15 < —plly?”H?? + %HY;’"H%

(p—1)

_p
__p cpr—1
+€ 2D 1¢s" -

p—1

Choosing ¢ = (ﬁ%) " | the previous inequalities can be plugged into (4.7) to get

—2
(77 ll¢s 17 ds

t t
o / e ¢ 2 ds + / com

t t t
en enll2 enl2
< Yol + / Ve, ds + / lyom|2ds + / |YEn |2, ds.

Since E [HY;”H?@O] is bounded uniformly in €, n and s by assumption (Q2), and invoking

previous Lemma 4.3, the previous inequality produces the bounds for (™:

t
sup  sup (E e z] + / E [Jlcem 252 1cem 2] ds) <1, (48)
€€(0,1), t€[0,T] 0
neN
r 2
sup ¢! / E [l lcem 3] ds < 1. (4.9)
E6(071)7 0
neN
Since y*" = Y" 4 (", from (4.8) we deduce the thesis. O
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We also recall the following result, which is an immediate corollary of Ascoli-Arzela
Theorem.

Lemma 4.5. Let E be a separable Banach space and let F' C E be a dense subset. Let
{f"}nen be a sequence of measurable functions such that f* : [0,T] — E*. Assume
that for every t € [0,T] the sequence {f]'}nen is equibounded in E*, and for any fized
h € F the sequence of real-valued functions {t — (fl', h)}tnen is equicontinuous. Then,
fme C(0,T]; (E*)y) for everyn € N, and there exists f € C([0,T]; (E*)y) such that, up
to a subsequence,

f* — f strongly in C([0,T]; (E*)y).
We are ready to prove our existence result.

Proof of Proposition 4.2. Fix a stochastic basis (2, F, {F; }+>0, P, W). Since the Galerkin
system (4.6) is finite-dimensional for every € € (0, 1) and n € N, it is classical to show that
for every € € (0,1) and n € N a strong solution to (4.6) exists on (Q, F, {F: }+>0, P, W).
Hereafter, we fix € € (0,1) and we focus on the sequences {u“"}, ey and {y"},en. Our
aim is to prove that the aforementioned sequences are relatively compact with respect to
a suitable topology.

Applying It6 Formula to the function ||uy"||%, t € [0,T], we get

t
H@ﬂ%+2fﬂﬁﬂﬁﬂvﬂmwﬂ%
0

Moreover, recalling Lemma 4.4:

t
wpamQMMWM+/Emm&MQSL
c(0,1), t€[0,T] 0

neN

Therefore, for any p < oo the sequences {u"}, ey and {y"},en are uniformly bounded
respectively in the space LP(Q, L*([0,T], H')) and L*(Q, L*([0,T], H')) and there exist
u¢ € LP(Q, L*([0,T], H")) and y* € L*(Q, L*([0,T], H')) such that, up to a subsequence
that we still denote n:

u“™ —u,  weakly in LP(Q, L*([0,T], H')),

Yo" — 1y, weakly in L*(Q, L*([0,T], H")).
Also, again by Lemma 4.4, for every p < oo the functions u®", y“™ are measurable maps
from [0, 7] with values in LP(Q, H) = (L2, H))*, 1/p+ 1/q = 1, that are equibounded

in LP(Q2, H) for every fixed ¢t € [0,7] (actually uniformly in ¢ € [0,7]). Moreover, for
every fixed h € L>(Q,.%) and s,t € [0,T], s < t we have

B [{u,™ — g™, M| S/ E [y, Ah)|] d?"+/ E[[{b(uy™, up™), h)[] dr

t
2 B0 a5, Bl dr

St = sl (14 2) Rl oo o0,
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and

B [(y;" — v )] < 6‘1/ E [y »Ch>l]dr+/ E{[(b(u;", "), h)|] dr

t
2 B0 g ) dr
+ e PR [(ILQ* (W, — W), )]
St (14 €) Wellmqamm + It = o[22 bl

meaning that the sequences of real-valued functions {t — (u;™, h) }nen and {t — (y;", h) }rnen
are equicontinuous for every fixed h € L>(€2,.%). Since L>*(€2,.7) is dense in LI(Q2, H),
by previous Lemma 4.5 we have, up to a subsequence that we still denote n:

u" = s, Yo" =y, strongly in C([0, T, (LP(Q2, H))w).
Therefore, for every p < oo and t € [0, T] the limiting process u¢ satisfies

[l 7o, + 2l 7o, L20,m, 1)
< hy?l}g}f”u?nH%P(ﬂ,H) + 2”“6’”H%p(Q,B([O,T],Hl)) S
which implies that the same bound holds P-almost surely being it uniform in p < oo, and
condition (S3) of Definition 4.1 follows; similarly, the process y¢ satisfies (54) for every
fixed p < o0.
In order to finish the proof, we are left to check (S1) and (S2). Since (u®", y“") is a

strong solution of (4.6) for every € € (0,1) and n € N, for every fixed ¢t € [0,7] and
h € L*>(9,.%) we have

t

B L™ ] = o) + [ Bl Am]+ [ B (00" 7). L] ds
/ [(B(ysm S, LY ds,
E (5" )] = (yo b} + /E e ds+/0tE[<b< nye), k)] ds

12 / [(Bysm, 4o, T ds + V2B [(QV2 W, TL A

Let us restrict to h € L>®(Q,.%) of the form h = ¢g, for some ¢ € L>(Q2) and g € .7.
Since u®" — uf and y*" — y° strongly in C([0, 7], (LP(2, H))y), and II,,g — ¢ strongly
in H, letting n — oo in the expression above yields

E [(uf, )] = E [{u0, 9)¢] + / E [(uS, Ag)d] + / E [(b(uS, u), g) )] ds
e B (b5t ), 9)6]
E (55, )] = E (40, 9)6] + ¢ / E (55, Ceg) 6] ds + / E[(b(us, 45), 9)] ds

L / E[{b(sf, ), 9)6] ds + € V2B [(Q"2 Wi, g}
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Being ¢ € L>°()) arbitrary, we deduce the desired P-almost sure identities (S2). Finally,
if pathwise uniqueness holds for (4.5) then solutions are necessarily adapted, that is (S1);
otherwise, arguing as in the proof of Proposition 4.21 and using martingale representation
[DPZ14, Theorem 8.2], we also get adaptedness up to a possible change in the underlying
stochastic basis.

O

The previous Lemma 4.4 gives the uniform-in-e bounds necessary for the proof of Propo-
sition 4.2. As a by-product of the previous proof we have also obtained (4.9), that permits
to control the difference between the Galerkin approximation of the small scale process
y©™ and its linearised counterpart Y*" in the Sobolev space H”. Recall that we have
assumed v > 1/4, and we can assume v € (1/4,1] without loss of generality. A close
inspection of the proof of Proposition 4.2 shows that the bound (4.9) is stable under
passage to the limit n — oo; therefore, we can deduce the following

Proposition 4.6. Let {(u‘,y)}ecc01) be a bounded-energy family of weak martingale
solutions to (4.5). For every e € (0,1) let Y be the unique strong solution of

dYy¢ = e 'CY dt + e PQY2aw,, Vi =0, (4.10)

Then

T
sup [ VB [Jus - Vil ds S 1.
0

€€(0,1)

The previous result will be fundamental in performing the linearisation trick presented
at the beginning of this chapter; cfr. also Proposition 4.14.

4.2 Quadratic functions and solution to the Poisson
equation

Recall that we shall define correctors ¢, ¢5 as solutions to certain Poisson equations
Z;¢ = —t. In this section we develop the technology needed to solve the Poisson
equation for a class of functions ¢ that is large enough for our purposes, namely the
class of quadratic functions on Sobolev spaces H’. Moreover, we also provide partial
regularity estimates for the so obtained solution ¢ in terms of analogous bounds on ),
showing improved regularity (see Corollary 4.11). To avoid any confusion for the reader,
we point out that all the estimates in the present section are uniform in e € (0, 1).

4.2.1 Quadratic functions

Denote & C L*(H,p), 0 € (—oo, ] the space of quadratic functions ¢ : H? — R,
namely ¢ € & if there exist ag € R, a; : H? — R linear and bounded, and ay : H? x H? —
R bilinear, symmetric and bounded such that ¥ (y) = ag+a1(y)+az(y,y) for every y € HY.
The inclusion in L?(H, €) holds true by (Q2). Notice that every ¢ € £ admits a unique
rewriting as ¢ = ag + a; + ay: indeed Y(ry) = ap + ray(y) + ras(y, y), and therefore

=00, @)= To0w)|

86



4.2. Quadratic functions and solution to the Poisson equation

and by taking the difference as(y,y) = ¥(y) — a1(y) — ag, defining uniquely the quadratic
form as(y,y) and also its associated symmetric bilinear map, via polarization formula.
For future purposes define

[Pl = laol + llarll o + llazllmoxmo—r

= lao| + sup |ai(y)| + sup las(y,y)].
yeH?, vy €HY,
llyll yo=1 lyll ;o =11yl o =1

The space & is Banach when endowed with the norm ||-||g,, and & C &y with continuous
embedding if § < ¢'. As a notational convention, denote & = &,.

Lemma 4.7. Let ¢ € &, then for every t > 0 it holds Pfyp € D(Zy) and ZL;Pf =
PeLey.

Proof. By Markov property PsPf = P 1. Recalling that Y is a strong solution of
dYY = C.Y dt + QY2dW,, Y =y, by Ito Formula we have
PiPy — Py = E [0 (V)] = BB (V)]

t+s . 1 .
= [ s (e D) + Qi) v
Let ¥(y) = ao + a1(y) + a2(y,y) be the canonical decomposition of ¥ € £. Since
S 1Cyllallyll adp(y) < oo uniformly in € by our assumptions on C' and @, we have

§ 1= (Cay, Dy (y) + 5THQDI)

1
= al(Cey) + QGQ(CE?J) y) + ETT(QDiaﬂ) S LQ(Hy ,ue)
In addition, the semigroup Pt is right continuous at time ¢, with respect to the L?(H, y°)
topology, and therefore we have in the limit s — 0%

- Py

S

H PePe — Py

1 t+s _ B
- H S| - p
S Jt

L2(H,pe) L2(H,pf)

1 e €,/ €,
< E/t HP,,gy—Pt@bHLz(Hmdr—m.

In particular, this means Py € D(Z;) and £ Pfy = Pg. Finally, taking ¢ = 0 in the
previous formula we deduce £y = 1/1 that ylelds 2Py = P&y = PEYL S m

Lemma 4.8. The semigroup Py is exponentially mizing at zero when restricted to &,
0 € (—o0, 0], namely for every ¢ € E and t > 0

Piy(0 / Y(w)dp(w ‘ S llege"
Proof. Let ¥ € & be given by ¥(y) = ag + a1(y) + a2(y,y), y € H?. Recall

Fyly) = a+E [aZ(WtCG’Q» WtCG’Q)] + a1 (e9y) + ag(eSty, e ty)
= Pfap(0) + a1 (e“y) + az(ety, e%ly),
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and therefore

|Pfp(0) — Pi(y)] < Jar(e%'y)| + |az(e%"y, e“y)|
Slle,e _AOtH?JHHG + 1 lle,e™ 2yl 3

Since p¢ is invariant for Py,

P 0) - /H P;Mw)du%w)’

glgawmy—ﬁwwmwﬂw>

S Wollee™" | lwllpodi(w)
1l [ ol ()

S llvlle,e™".

(0 /w Y (w ‘

4.2.2 Solution to the Poisson equation

Recall that the operator £ is closed under our assumptions, and therefore the space
D(%;) is complete when endowed with the graph norm

1Yoz = llL2 e + 1L, 01 L2 (e -
Also, by Lemma 4.7 we have & C D(%) with continuous embedding, in virtue of the

following inequality:

|wm$qw/w)|mt /ICwDW(mdu(H4WQWw

S ([ Nolfdnc )+ [ oo 1+ ol ) + 7r(Q)?)

< Il

Lemma 4.9. Let ) € &, 6 € [0,6y), be given by ¥(y) = a1(y). Then for every T > 0 we
have (e%T.) € &, flj;T@/J(eCSt-)dt €&, and

lim [ (e )dt = p((=C)™),

the limit being understood with respect to the D(Z;) topology.

Proof. First of all, there exists a vector a; € H~? such that a,(y) = (y,a;) for every
y € HY. Hence, for every T > 0 we have 1(e“T:) € € since |¢(e%Ty)| = |(e“Ty,a;)| <
leCTyllpgellarllm-—e < e 2T/2T=92|y| y|lar|| g-o. As a consequence, flr‘;Tg/)(eCft-)dt €

& C D(Z;) as well, since

T
(et )dt

1)T

T
< [ e et < .
&

1T
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4.2. Quadratic functions and solution to the Poisson equation

Let us finally check flT/T¢(eCft-)dt = Y((=Ce) ) in D(Z;) as T — oco. For every T' > 0
and y € H we have

T T T
Cet dt = Cet ’ dt = ( Cetd) 7
V(e y)dt /1 (e"y,ar)dt = ( /1 e“etdt |y, ap)

1T /T /T
= (/T — ) (=Co) My, au),

and therefore we only have to check ((e“/T — e“T —1)(—=C.)~*,a;) — 0 and ((e%/T —
e“T —1)-,a1) — 0 in L*(H, p°) (recall that D2y = 0 since ¢ is linear). We only prove
the second convergence, the former being easier.

2 2
/ (7T = % — Ly, an) | dpe(w) S / (T — 1yw, ar)|* duc (o)
H H
+/ ‘(eCCTw,aQ’Qdue(w)
H
= /H 1eS/T — Ly o2y dpe(w)
+ /H €T w0 a2 adi ()
ST(GOO)/FHEHH?{—B/ HwH?{eodﬂe(w)
H
e |ay |, / ]2 dp(w) — 0.
H
]

Lemma 4.10. Let i) € &, 0 € [0,6y), be given by ¥(y) = as(y,y). Then for every T > 0
we have P (eT.) € &, fSTIp(eCSt-)dt € &, and there erists ¢ € E_5 N D(ZLy) for every
d € (0,7) satisfying ||dlle, s < ||le,, such that

T
lim V(e dt = ¢,

the limit being understood with respect to the D(Z;) topology.

Proof. First of all, there exists a linear bounded operator A, : H? — H~% such that
as(y,v) = (y, Agv) = (Ayy,v) for every y,v € HY, and |[1)|| g0 = || Aa|lo_sr—o. Then, for
every T > 0 we have ¢(¢“") € € since [¢(e“Ty)| < 9| lle“Tyl30 < W llaoe™ T ||yll3,
and similarly ff;Tz/J(eCE?)dt € £. In addition, for every T'> 0 and y € H?

T T T
w(ecgty)dt — / <€C€ty, Azecety> dt — <y7 (/ eCetAQGCetdt) y);
1/T /T T

and since for every 97, 9o > 0 satisfying d; + 0, = § < -~y it holds

oo
/ ||€CEtA2€C€t
0

0o _—MAot

0261 _y [{282—0 dt S ||142‘|H9ﬁ\H—‘9/0 Wdt < 00,

89



Chapter 4. From additive to transport noise in 3D fluids

there exists a linear bounded operator Ay : H%7201 — H?%2-% guch that
T
/ Ot AgeCldt — A
1T

strongly as T — oo for every §; + dp = 6 < 7, and (y, AXv) = (Ay,v) for every
y,v € H’~° In particular, using d; = d, = §/2, we can define ¢ € &_; given by

oly) = (y, AXy), yeH",

which of course satisfies ||¢||s,_, = [|[AX||mo-s smo-0 S || A2||go -0 = ||¢]|s,- Let us now
check ¢ € D(Z): we have for every y € H?

(Cey, Dyo(y)) = 2(Cey, ASy) = —(y, Aay),

where the last equality comes from an integration by parts. Also, given a complete
orthonormal system {ey}reny of H and choosing ¢ € (0,v) such that § — ¢ < 0y — ~, by
(Q2) it holds

STrHQDY) = S (Q ek, AFQer)

keN

< |NAX | o5y pro-o Z HQl/QGkH?qefé < Q.
keN

Putting all together,
161 < /H 6 (w) Py (w) + /H 1y, Aay) Pdu(w) + Tr(QD2)?
<A ooy / |20 ()
H

sl o /H ]2 d (w)
+Tr(QD2¢)* < .

Let us finally prove limy_,o, flT/Tw(eCGt-)dt = ¢ in the D(%Z) topology. To ease the

notation, denote AL = f1T/T eCet AyeCeldt, so that flj;TgZ)(eCSty)dt = (y, ALy) for every
y € H. First, we have

1

as T — oo, since Al — A strongly. Second, the following identities hold true:

2

T
B )dt — - / [, (AT — AF)w) Py (w)
L2(H ) H

1T

< AT — APl ooy pro-o / eo|Zo—sddpi () > 0,
H

2 ([ ot ar) () =20 ATn) + Tr(QAD

1/T
= (y, (7T Age™T — /T A0/ Ty + Tr(QA7);
Lyoly) = —(y, Asy) + Tr(QAY),
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from which we get

2

i ([ )

L2(H,pe)
< / [(w, (€9 Age®T + Ay — e%/T Ape/TYw) |Pdpc (w)
H
[ Tr(QAT) - TrQAF)P
S [ 1w T et P ) + [ (. Aa(1 = <) Pl ()
[ (1= ) AP ()
H

2

+ 1D (Qer, (AT — AF)Qex)

keN

< || Ayl oy 10 / leolZodi ()
H

PO Ay oo (14 e T) / el o 0] o0 e a0)
H

2
D 1R 2erFo-s

keN

+ HAg - A§O||§{9*5—>H5*9 — 0.

[]

Corollary 4.11. Under the hypotheses Lemma 4.10, let ¢ = limp_,o flT/T@Z)(eCEt-)dt.
Then for every 01,05 > 0, 61 + 82 < v it holds (Dy¢(-),v) € Eg_as, for every v € HO=2,
with [{Dyd(-), V) lleyos, S 1]l [[0] zro-25:

Proof. 1t is sufficient to recall the expression ¢(y) = (y, AXy), valid for y € ., and notice
that for every v € H%22 it holds (v, D,¢(y)) = 2(v, A®y). To conclude, notice that
[(v, Dyd(y))| S Nyl o200 100]] &, |0]] o250 because A : HO=21 — H?279 is continuous
with ||AS°|| go-201 _ g2ea—0 S ||90]|s,, and therefore the identity (v, D,¢(y)) = 2(v, APy)
extends to every y € H 0-201 O

The next proposition permits to solve the Poisson equation £;¢ = —1 in the unknown ¢,
under suitable assumptions on the datum . We need, in particular, ) to be a quadratic
function on some Sobolev space H?, 8 € [0,6,), with zero average with respect to the
invariant measure p¢, namely [, 1 (w)dpu‘(w) = 0. This latter condition being necessary
is clear from invariance of ;1€ under the Ornstein-Uhlenbeck semigroup Pf and

fsonco

as t — 07; by the proposition, the zero-average condition on v is also sufficient, at least
when we restrict ourselves to ¢ € &. Finally, notice that the solution of the Poisson
equation is more regular than the datum, namely: if ¢ € &), then ¢ € &_; for every
§ € (0,7), and (Dy(-),v) € E_a5, for every v € HO=202 5,55 > 0, §; + 5y < 7.

[ (Lot~ 1 rro- o)) dctw)| 0
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Proposition 4.12. Let 1) € &, 0 € [0,6y) be such that [, Y(w)du(w) = 0. Then there
exists ¢ € Eg_5 N D(ZLy) for every § € (0,7) satisfying ||lle,_s S |¥le,, such that
T
6= lim | Pt

with respect to topology of D(Z;), and Z;¢ = —1p. Moreover, (Dy¢(-),v) € Ep_as, for
every v € HY%2, 51,5, > 0, 81 + 65 <, with [{Dyd(), 0)ley s S 10 ley [0l

Proof. First we prove that the limit exists. Let ¥(y) = ao + a1(y) + a2(y, y). We have
Pap(y) = Pap(0) + ar(e“y) + a(e“y, e“y),

and by Lemma 4.9 and Lemma 4.10, the quantity ff?T (a1(e%'y) + az(eCty, e“ty)) dt
converges with respect to the D(Z;) topology to some ¢, € & ; N D(Z;) for every
d € (0,7). Moreover, by Lemma 4.8

PE(0)] = |Pp(0) — /H bw)du(w)] < ]l e

is integrable with respect to time, and so it converges with respect to the D(Z}) topology
to a constant ¢y. Putting all together,

T

lim [ Pipdt = ¢+ ¢ = ¢ € Eg_s N D(LL).

Let us show that ¢ is indeed a solution of the Poisson equation £;7¢ = —1¢. Notice that
Z5: D(Zy) — L*(H, i) is bounded, and therefore by continuity we have

T T
Lo =%, (TIEEO/I/Tthdt> = Th_r}rgo.i”y (/I/TPtiﬂdt) ;
where the first limit is understood with respect to the D(.i”ye) topology, and the second
one with respect to the L?(H, u€) topology. Since f1T/T | Pf|edt < oo for every T > 0
we have flT/T Prydt € € C D(Z) for every T' > 0, and by Lemma 4.7 we have
T T T
Z; (/ sz/)dt) = Ly Pfydt = / P{ L pbdt = Pryp — Py r.
1T T 1T

In particular,
5o = T (Pjv— Piyr)

Since we already know that Pf/Tw — 2 € L*(H,u) as T — oo by continuity of the
semigroup, we are left to check limy ., Pstp =0 € L*(H, pf). We have:

Pioy)] < [Po0)] +1ar (€ Ty)] + laa(e Ty, 7Ty

< [PE(0)] + 19 le (e y Lo + 17Ty 1 70)
S Wllee™ + l[lle, (7 Nyl e + e lyll30) — 0

as T — oo in L*(H, pf). Finally, the assertion about the derivative D,¢ follows by the
explicit construction of Lemma 4.9 and Corollary 4.11. ]
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4.3. Perturbed test function method

4.3 Perturbed test function method

Let us move back to the problem of identifying ¢f, ¢$ in the expression of the test function
¢°. Recall we are looking for a perturbation of ¢ = p(u) of the following form

e (u,y) = (u) + €205 (u,y) + eps(u, Y).

For our purposes it is sufficient to consider ¢ € F', namely ¢(u) = (u, h) for some given
smooth test function h € .. With this choice of ¢, we have in particular

Dyp="h, D2p=0.

4.3.1 Finding ¢

Recalling (4.3), the first corrector ¢{ needs to solve the Poisson equation

Lot (u,y) = —(b(y,u), h).

For every fixed u € H, we can apply Proposition 4.12 to the function ¢, = (b(-,u), h) € £.
Indeed [, ¢u(w)du(w) = 0, therefore there exists ¢, € & such that Z;¢f, = —i,.
Moreover, since 1), is linear in y, following the construction of Lemma 4.9 it is easy to
check

Finally, we define:

i(u,y) = ¢, (y) = (b((=Co) "y, u), h). (4.11)

Notice that for every v € .-

Proposition 4.13. For every u,y € H*, s € R, we have D,¢$(u), D,¢$(y) € H*** for
every 6 € [, 1], with

. _0=y . 0=y
1Dy ()| 20 S €= Al o lull sy [ Dupi (W)l r2os S €37 ([l o ([
for some 01 = 01(s) sufficiently large.
Proof. Take 6; = 0,(s) such that (B2) holds true. For every v € H*'** we have

[(Dyi(u), (=A)**20)| = [(b((=C) ™ (= A) /20, u), )|
SI(=C)~H(=A) " 0] -
SI=C) " (=A) 20| -

S ol Al e u]

Pl o |l 2

P o Nl 2+

Hs,
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Chapter 4. From additive to transport noise in 3D fluids

and similarly for every v € H?**

[(Dyf (), (=A) 20| = [(b((=Ce) ™ (= A) /20, 1), h)|

SI=C)H(=A) ] -
S I(=eA) ™ (=A) 0| -
S € ollxl

Since v is arbitrary, by interpolation we deduce

1 ¥

. o=
10425 Wl zose < 1D,25 ) 1Dy ) e €55 [l

The argument is similar for the term involving D,¢S: first, for every v € H*7T*

(Dt (y), (= A)**20)| S [b((—=Co) "y, (= A)7+/2v), h)|
S I(=C) Yl hll or | (= A) 20| -2
S U0 yllazes [l oy | (= A) 20 =20
S Nyllzs [Pl zgon 0] 2

HS

whereas for every v € H?***

(D (y), (=A)20)| S [(b((=Co) My, (—A)*20), h)|
S I=CO ™ yllmzse 1l gon | (= A) 0] -2
S (=€) yllzza |l gos 1 (= A) 0] -2
S € lylla= 1Al o V] -

HS

The thesis follows by interpolation. O]

4.3.2 Finding ¢

Let us move to equation (4.4) for the second corrector:
(Au +b(u, w), h) + (O(Y, 1), Dupi (Y)) + (YY), Dygi(w)) + L@, V).

As already discussed, the previous expression is obtained by manipulating the analogous
expression with y replacing Y.

In order to motivate this substitution, let ( € H indicate the difference ( =y — Y. We
can prove the following:

Proposition 4.14. For every § € (0,7 —1/4), u € H'™°, y € HY and Y € H%~7 it
holds:

[(b(y, u), Dugi(y)) — (O(Y, w), Dugi (YD S (ICH e ol o 1Y | rz0— llull

_1-—-6
+ e 2N av [Pl o [yl e[l ra-s
[{0(y, y), Dy (w)) = OV, Y), Dy ()| S Sl al[ 2l ron 1Y 1] oo [l

B s )
+ e 2| a [Pl o N[yl el -
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4.3. Perturbed test function method

Proof. Recall
(b(y, w), Dupi(y)) — (b(Y,w), Dugpi (Y)) = (b(C, u), Du@i(Y)) + (b(y, u), Dupi(C)),
(0(y, ), Dygi(u)) — (b(Y,Y), Dyei(u)) = (b(C,Y), Dygi(u)) + (b(y, €), Dyt (u)),

and by (B3) and Proposition 4.13 with 6 = H+_6 the following estimates hold:

[(0(C, w), Dugi (YD S AICH Al os [Y 1| o0 Nl
{6y, u), Duip' (€))
[(0(C,Y), Dy (w))
[{b(y, €), Dyi (w))

where we have used b: H x H?*+'=0 — H°~Yand b: H x H**7~2° — H~7 continuous by
(B3) and our choice of ¢. O

| S TGz ol o 1l -5,
| S Il o 1Y 1l zroo— lullar,
IS

Sl 1 PP e 1 e

Remark 4.2. The previous proposition will be used in Section 4.4 to check rigorously that
we can actually replace the small-scale process y© with Y¢, up to a correction which is
infinitesimal as €. Indeed, since %ﬁ;‘; < % we can compensate diverging factors in € in
the previous proposition with a factor e'/?
expectation and time integral.

Thus, our goal is to find ¢§ = ¢5(u,Y’) such that (4.4) is independent of Y. Let then
u € H be fixed. The idea is again to apply Proposition 4.12 to

by = (b0 u), Dugpi (1)) + (0(:, ), Dy ().

For every § > 2 —~ it holds ¢ € &, with [|[V5|le, S [[h]lgo||ulln. However, ¢ does
not satisfy the hypotheses of that proposition: indeed, it has not necessarily zero average

with respect to the invariant measure p°. To deal with this issue, let us consider instead

— i~ [ i)

With this choice of ¥¢ we have U¢, € & and [, ¥ (w dp (w) = 0, thus Proposition 4.12
applies. Given u € H and @, € 59/ ND(Z), 0 > 1 — 27 such that ZFd; = —W;, w
finally define

coming from Proposition 4.6, having taken

po(u, V) = & (Y),  lh(u, e, S I1Wlles < (121 men llull - (4.12)

With this choice of 5, (4.4) can be rewritten as

(Au+ b(u, u) / VS (w)dp(w) = L% o(u), (4.13)

which is indeed a function of the sole variable wu.

In the following, specifically when computing .o = £¢ ((p + €25 + apg), we will
need control over the derivatives D, 5, Dy 5 to check that the corrections we impose on
the test function ¢ do not change the underlying dynamics in the limit € — 0, i.e. Z“¢° is
close to £%¢p in a suitable sense. Control over Dy 5 is already encoded in the statement
of Proposition 4.12, as a straightforward consequence of Corollary 4.11: indeed, for every
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Chapter 4. From additive to transport noise in 3D fluids

0 > g — 7, 61,05 >0, 61 + d2 < v, and v € H72%2 it holds (Dy@5(u, ), v) € Ey_ss,, With
uniform-in-e¢ bound:

I{Dy @5 (u, ), 0)llg5-05, S 1Walles 0l ro—202 S Nl gron [l 0] rro—2s2- (4.14)
On the other hand, to control D,¢$ we need the following preliminary lemma:

Lemma 4.15. For every 0 < 6y + 2y — 1 there exists 0, sufficiently large such that
(v, DV (+)) € &g, for every v e H™? with

€0, D) lleg, S 1121l zzon 0] -0

Proof. By (B4) and (B2), for every 6 < 6y + 2y — 1 we have b: H% x H%*? — H? and
b: H% x H% — H’=2Y continuous, hence by Proposition 4.13 it holds for every v € H~?

BV, v), Dusps (V)] S (Y, Dusgi V) ao [0l -0 S I W00 2]l on 101 -0,

and,

(v, (b(Y,Y), DuDypl (w)))] = [(b((=C) TB(Y, V), v), B
S 6(Y, Y) [ zo-2 [[o] - [l
S Pllo 1Y 1 gao 0] -o-

Thus, the desired result is true for if we replace V¢, by v¢. To conclude the proof, just
notice that by the same computation as above,

/H|<vaDu‘1’Z(w)|dM€(w)5IIhIIeIIIUIIH—e/HIIWII?qeOd/f(w)5IIhIIelllvllH—e,

since the integral is finite by (Q2). O

Proposition 4.16. For every 0 < 0+ 2y —1 and v € H=? it holds (v, Dy5(-)) € Epy—s
for every 6 € (0,~) with

10, Dugy(Nlggy—5 < 1)l zor 0] zr-o-
Proof. Recalling
(V) = (0(Y, u), Dugi (V) + (b(Y,Y), Dygi (u),
e (Y) / Yy (w)dp(w
we have for every v € .
(Dut,(Y), 0) = (b(Y, v), Dy (Y)) + (b(Y,Y), (Du Dy, v)),
(DLLY),0) = (D)) = [ (D), o))
and the previous quantity is independent of u € H. Recall that we have defined ¢§(u, -) =

¢ = limyp_oo |, 1T/’T Pfvs dt, where the limit is taken in D(.Z); we prove now that for every
v € H we have



4.4. Convergence to transport noise

Denote 5" (u, ) = f1T/T Pewe dt € £, and consider for r € R

T T
(10;7T(u + 70, ) - ngT(u? ) - / Ptﬁ"pz-&-rvdt N / Ptequdt
1 1

/T /T

T
= / PV, — WS dt
1

/T

T
_ / PE(r(DLTE, ) dt
YT

T
:T/ PS{(D,¥¢  v)dt,
T

where we have used linearity of P and the fact that ¢ is linear in . The map y +—
(DY (y), v) satisfies the assumptions of Proposition 4.12, and therefore we can take the
limit in D(Z) of the previous expression, as T' — oo, to obtain
T
o5(u+r1v, ) — @5(u, ) =r lim PS(D,¥: , v)dt.

T—o0 l/T

Finally, rearranging and taking the limit as » — 0 we get

1 T
(Duph(-),v) = lim = (05 (u 410, -) = 5(u,)) = lim [ P(D, ¥, v)dt.
r—=0 7 T—o0 1/T
Since it holds (D, W7, (-),v) € &, with [[(v, DuW,())lley, < [[Bllgon|v]|lzz-o for every v €
H=% and 0 < 0y + 2y — 1, by Proposition 4.12 we have (D,p5(+),v) € &,_s for every
d € (0,v) with

[{Du3 (), 0)llegy—5 S 10, DuWr(-Dlleg, S 1Pl zor 0]l -

Finally, the previous bound extend to all v € H~? by continuity. The proof is complete.
O

4.4 Convergence to transport noise

In this section we state and prove convergence of u¢ stated in Theorem 1.3. The proof is
split in three parts. In the first place, invoking Simon compactness criterium (Lemma 4.1),
we prove that the laws of the processes {u}.c(0,1) are tight as probability measures on the
space L2([0,T], H) N C([0,T], H=?) for every 8 > 0 (see Proposition 4.20 below); next,
in subsequent Proposition 4.21 we show that every weak accumulation point (u, QY/?W)
is an analytically weak solution of the equation with effective generator #° and Ito
transport noise (cfr. (4.23)); finally, we check that the generator .£° can be split into
the sum of the Ito-to-Stratonovich corrector (which together with the Ito integral gives
the Stratonovich transport noise) and the Ito-Stokes drift (Equations (4.26), (4.27), and
(4.28)).

Remark 4.3. When the limit equation does not admit uniqueness, we do not know whether
or not different subsequences can converge towards different solutions of the limit equa-
tion. It might well be that, notwithstanding the fact that the limit equation admits
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multiple solutions, this approximating procedure only selects some special solution with
enjoys additional properties. However, we are not able to answer this question at the
moment: we can only provide a partial selection criterium based on the fact that ev-
ery selected solution u must satisfy the same energy bounds (S3) of the approximating
sequence {u}cc(o) (this latter property can be deduced first on Galerkin projections
{Il,,u}men, and then checked to be uniform in m € N). This is of particular interest if
we start with solutions satisfying the energy inequality as in [FROS].

As a preliminary step towards the proof of Theorem 1.3, we need a version of the cel-
ebrated Ito Formula suited for our solution processes (u€,y). Indeed, since (4.5) only
holds in analytically weak sense (S2), the classical It6 Formula [DPZ02, Theorem 4.32] is
not a priori applicable to the process ®(ug, yf) unless ® only depends on a finite number of
projections (ug, h;), (yi, ki), for some h;, k; € .. Thus, our approach consists in applying
first the classical Ito Formula to Galerkin projections IL,u¢, 1Ly, and then pass to the
limit as n — oo, under suitable controls over D,®, D,®.

Lemma 4.17 (Itd Formula). Let ® : H x H — R be such that, for every fived u,y € H,
it holds ®(u,-), ®(-,y) € € and

[1Du®(u, )l S 1+ Julla + [ylle,  [Dy®w,y)lar S 1+ [lulla + lylla (4.15)

Let (uf,y) be a solution to (4.5) in the sense of Definition 4.1. Then for every fized
e € (0,1) the following Ito Formula holds P-a.s. for everyt € [0,T]

t t
B(uf, ) = B(uo yo) + / LD,y )ds + / (D,®(us, ), Q2AW,).

Proof. Let {Il,},en be a family of Galerkin projectors and let h € H be fixed. Since
II,h € . for every n € N, by (S2) we have P-a.s. for every t € [0, T7:

t t
(T = (g, T BY + / (e ATL B + / (b o), TLuh) ds
0 0
t
Sl RUURBR
0 t t
(y;, II,h) = <y0,th)+e_1/ (yg,C’Gth>ds+/ (b(ug, ys), I, h)ds
0 0
t
+e /2 / (b(yS, y), I h)ds + e /2(QY*W,, T, h).
0

Letting h freely vary in H in the previous expression, we deduce that the process
(I, u, I1,,5°) is an 1to process satisfying

t + .
I, u; = I, ug +/ HnAu§d3+/ IL,b(us, ul)ds +€—1/2/ L,b(yc, ul)ds,
0 . 0 . 0
Hnyf = IL,yo + e 1 / HnC’eygds + / Hnb(u; yz)dg
0 0

t
+ 6_1/2/ IL,,b(yS, v )ds + e V2IL,QY W,
0
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in strong analytical sense. In particular, by (S1) and classical Ito Formula, the following
a.s. identity holds for every t € [0,T:

t
q)<Hnu1€fa Hnyzf) = (I)(Hnu07 HnyO) + / f;;lygi)(ﬂnu;, Hny;)ds
0
t
4+ / (D, ®(IL,us, T,y5), IL,Q2dW,),
0

where 2" & (1L, ug, I1,y5) is given by

gjﬁ?yéé(nnu; ys) = (I, Aug + T1,b(ug, ug), Dy @ (M, ug, ILys))

+ e VA(Ib(yS, ug), Du®(ILug, ays))
+ (Tub(ug, yg), Dy @ (g, TTyg))

+ 6_1/2<Hnb(y§v y;), qu)(HnuZa Hnyz»

+ 6_1<HnCEy;, qu)(Hnufw Hnyg»
1
6 €
Because ® € £ whenever any of its two argument is fixed, it is easy to check that P-a.s.
for every t € [0,T] the convergences ®(IL,u, I1,y5) — ®(uf,ys) and P(11,u0, [1,y0) —
D (ug, yo) hold true as n — oco. By (S3), (4.15) and Lebesgue dominated convergence, we
have, up to subsequences, P-a.s. for every t € [0, T

t t
/gﬁ’%(nnu;,ﬂny;)ds%/ L (ug, yg)ds.
0 0

Similarly, since fot 1L, Dy @ (11, us, 11,5 ||*ds — fot | D, ®@(us, y¢)||’ds a.s. as n — oo, the
following convergence in probability holds true

t t
/ <Dy¢)(Hnu§7 Hnyg)v Han/de5> - / <qu)(U§a Ys), Ql/QdWS>v
0 0

and the convergence is almost sure up to extracting a subsequence, concluding the proof.
O

Remark 4.4. i) As a consequence of Lemma 4.17 and the definition of correctors ¢, ¢5
from the previous section, we immediately deduce that ¢f and ¢§ belong to the domain
of the generator .2 and the It6 Formula holds for the processes ¢f(u¢, y¢) and ¢5(uc, y°).
However, strictly speaking we do not actually need such a strong result. For instance,
it would have been sufficient to show the existence of generalized correctors ¢, @5 and
adapted processes H', i = 1,2 such that P-a.s. for every t € [0, T]:

t

t
@f(ui, yf) = @E(an y()) + / H;’ZdS + / <Dy¢§<u§7 y;)v Ql/2dW8>> 1=1,2,
0 0

with the additional requirement that H¢ + e*t Ho! + €2 H? converges to some explicit
process H? in a suitable sense, for some «; > 0 (here H¢ denotes an adapted process such
that ¢(uf) = p(ug) + fot H¢ds, that exists by (52)). In particular, it is not necessary that
generalized correctors ¢{ and @5 are in the domain of .Z*.
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On the other hand, whenever the arguments of previous sections work and produce correc-
tors ¢f, 5 within the domain of £, it is natural to choose them to apply the perturbed
function method. Moreover, we can not avoid proving the validity of some Ito Formula for
the processes ¢ (uf, y¢) and 5(uc, y°), since it does not descend directly from our notion
of solution (whereas an Ito Formula for ¢(u) does); thus, proving previous Lemma 4.17
is a fully justified effort.

i) Since Y© is regular, it is possible to consider functions ®;(u,y,Y) = &1(P(u,y),Y)
and prove an analogous Ito Formula for the process @y (ug, ys, Y;).

4.4.1 Tightness

In this paragraph we prove that the laws of the processes {u}ec(0,1) are tight as probability
measures on the space L2([0, T, H)NC([0,T], H=?) for every 8 > 0. The idea is to apply
Simon compactness criterium Lemma 4.1. In order to do so, we need estimates on the
increments E [|luf — ug||},—.], s,¢ € [0, T], where p > 2 and o > 0 are suitable parameters.
Making use of the formula

3 (¢ (ui);zf (us)) ) = (), (4.16)

= wSllr—o =
keN

for {ex}ren a complete orthonormal system in H, we reduce the problem to providing
suitable estimates for the quantity E [(¢*(uf) — ¢*(u$))P], which can be obtained applying
Ito Formula Lemma 4.17 to the test function oF(uf, y¢) = o*(u) + /205 (uf, y°), with
@ being given by (4.11).

We prove first the following auxiliary lemma, consisting of an estimate on some negative
Sobolev norm of the time increments uf — uf and y; — y¢.

Lemma 4.18. Let {(u,y)}ec01) be a bounded-energy family of weak martingale solu-
tions to (4.5), and for every e € (0,1) let Y be the unique strong solution of (4.10).
Then for every p > 1 and 6 = max{6y, '} the following estimates hold:

E [Jluf — gl o] S €72t — s]P;

E (1Y = Y1 0] S €720t — s

E [llys — v — (Y = YO} ] S e Pt — sl

Proof. Let us start from the estimate on u. We have for every h € H%

t t t
(5 = ) = [ s, Amr+ [ (o), R+ 2 [ 0005, w). by

hence, using (B1)

t t t
K%ﬂ@WS/WWMWWW+/WHHWMW+KW/HMMMMMMMr

Therefore, taking the supremum over h € H% with ||h|/e, = 1, elevating to the p-th
power and taking expectations:

E [[luf — usllhyo,) S €2t — s,

P
H-%
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In order to get the estimate on Y, we preliminarily rewrite the increment Y;* — Y using
the mild formulation of (4.10):

t
)/te . Yse _ (66_1C€(t_8) . 1) }/se + 6_1/2/ ee_lcs(t—r)Ql/QdWr’

s

from which we are able to deduce, on the one hand

E |:H (ee_lce(tfs) . 1) Y:

p

—n/2 2 € —p/2 2
] ST = SPPE (Y ) S €Y= sl

and, applying Ito Isometry:

7|
on the other.
Let us move to the estimate on y°. First, since Y is a strong solution of (4.10), for every
fixed h € H% and s,t € [0,7T], s < t, we have the following weak reformulation of (4.10):

p

t
61/2/ eeflce(tfr)ledWr

:| 5 ‘t - Slp/27
H-%

t
0 = Vi) = [ e+ QU ~ W),
so that putting the previous expression together with (S2) we get
t t
= v~ (0 = YO = 1 [ i = v Car [ (o) hyar
t
s [t v

Hence, arguing as with u; — u we obtain

E {llys — e — (V= YOG 0] S et — s

We move now to the main computation of this subsection. We have:

Lemma 4.19. There exists a > 0 depending only on v, I and 8y such that the following
holds. For every p > 2 there exists o > 0 such that, for every s,t € [0,T]:

E [l — w0 < It — sl

Proof. Let us consider as test function "¢ = o + 61/2gplf’6 as above, namely ©f(u) =

(u, e;) and {e; }ren a complete orthonormal system in H, and % given by (4.11). With
this choice of ©* we have D,¢* = ¢;, and

P(u,y) = (b((—Co) My u), ex),
Dy “(y) = =b((—Co) ™'y ex),
Dywllw(ug) = <b((—06)_1-, u), ex).
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Applying 1to Formula to ¢*<(u¢, y¢) we get almost surely for any given s,t € [0,T], s < t:
" (uf) — " (ug) = €2 (1 (us, yE) — 01 (w5, ) (4.17)
t
+ / LP (u, yp)dr + / (Dyeh“(ug), Q2dW,).
2

Therefore, using (4.16) and Holder inequality, for every o > 0 satisfying >, . A, ™ < oo
we get the following inequality

€

Blu) — o 2\ p/2
Em@—@wﬁyﬂa<§jW(”ﬁf(9)) (.19

keN

p—2

1 T
keN Tk

Let us estimate the summands on the right-hand-side of (4.17) to complete the proof
of the proposition. We start from the terms involving the time increment ¢f(u¢,y¢) —
O (us, yo): for every s,t € [0,T], s < t it holds

€

(0" (uf) — *(ug))”
|

o

keN

ke/ € € ke/ € € ke/ € € € ke/ € € €
|07 (ug, g) — or (g, yp)| < 1on " (ug — ug, o) | + ooy (ug, ys — wr)|
= [(0((=Co)Mys, er), us — up)| + [(D((=Co) " (ys — yp) ex), up)|
S Mg — willg—= lyslmllexll o + [lvs — vill a2 [lugllmllex| oo

We can invoke Lemma 4.18 and interpolation inequality to estimate the H =2 norm of
the time increments u$ — uf and y¢ — yf, and get (without loss of generality we assume

v < 0/4)
p
o E | (bt ve) — b (i) |
€ €12vp/0 € (1—2v/60)
S N o T Al T i A

I 0P |

2 exlla, B [y — el 74l — vl
< ”ek“:!;{el Ep/2€—27p/00’t _ $|2w/90 + Hekuzgoep/%—%p/ﬂt _ S‘vp/9
S el [t = s[P7/% + Nlexlya [t — 7777,

where we recall § = max{6y,I'}. Let us move now the term with the time integral of
LM (us, y). We conveniently rewrite this term as 2" = ®%< 4 /2%, where for
r e [0,T], ¢, & are implicitly given by

L9 (up yp) = (Aug+ b, up), Dug®) + by, up), Dugh (49)) + (b(yf, 7). Dyt (ur)
€2 (((Aug + bl uf), Duph (52)) + (blu, 95, Dyl () )
= 5 (uy, yy) + €20 (uy, ).
We have the inequalities

[(Aug + D(uj, up), Du®)| = [{Au + b(us, up), ex))|
S Nupllmllexllse + lluglzllexl oo
[0z 1), Dty W S llewll o 1y 195 zrsson g |
[(0Cyss y5)s Dy (D) S Newllaon s 195l oo | L
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4.4. Convergence to transport noise

so that the time integral of ®"<(u¢, y¢) satisfies:

t p
* [(/ <I>’“(ui,yﬁ)dr) 1 S llewlBpo, 1t = 5|07 1/4P

uniformly in e. Similarly,
[(Aug, Duoy (W) S llewllzres o e 1y | arn-2,
k?
[(b(uy, ur), Duy (Y ))| S Nlewll o [[up ]| sl o2y 17|
k?
[(0(uz, yr), Dyor ()| S el o ([l [ l[wpl| are—2n s,

and we can bound the time integral of ®%(uf, y¢) with

t p
&I’ [( / <I>lf’€(ui,y§)dr) } < 2oy | [t — 5P,

The last term remaining is the stochastic integral; we have by Ito Isometry

E K/:<Dy90’f’f(u;)’Ql/QdWT>)p}
" [(/:%((—CE)IQUMWT, us), 6@)”] S

Putting all together, we finally arrive to the following bound, uniform in € and valid for
every k € N, s,t € [0,T], s <t and for every p > 2:

E [("(uf) = 0" (u9)"] S llexllfpo, [t = 57, @ =min{2y/60,7/0,7 — 1/4}.  (4.19)

Recall that in order to estimate the H~7 norm of u{ — u$ we have to sum (4.19) above
over all k € N; for this reason, we further require that o is such that

lex !
Z )\2501 < 0,

kEN k
so that by Fubini-Tonelli Theorem, (4.18) and (4.19)

€

Blus) — oF (u 2\ P/2
E[HUE_UZHP *0} :E (Z <90 ( t))\z;p ( S)) >

keN

p—2
1 p
S(ZW) E
keN Tk

Thus, we are ready to prove the first part of Theorem 1.3, that is:

a

sl ) (u5)) ] S

keN

Proposition 4.20. For every > 0, the laws of the processes {u}ec(o1) are tight as
probability measures on the space L*([0,T), H) N C([0,T], H=?).

Proof. Let g be given by previous Lemma 4.19, and take a € (0,ap), p > 1/ and
o > 0 such that the lemma holds. By the aforementioned lemma, E HueHWa,p([o,T],H—a)]
is bounded uniformly in €; since in addition E [||uf||zo(o,rp,1)] and E [||u€|| r2(o,rp,m1)] ave
also bounded uniformly in € by assumption (S3), Simon compactness criterium Lemma 4.1
yields tightness of the sequence of laws of the processes {u‘}c(o,1) in the space L*([0, T, H)
N C([0,T], H=?) for every § > 0. O
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Chapter 4. From additive to transport noise in 3D fluids

4.4.2 Identification of the limit

Let ¢ = (-,h) € F be a test function, and denote ¢ (u,y,Y) = o(u) + /205 (u, y) +
epS(u,Y), where ¢f and ¢§ are given by (4.11) and (4.12) respectively. Let us also
introduce the homogeneous corrector ¢; via the formula

901(u> y) = (b((—C)*ly,u),h% (4'20)

and the limiting effective generator .#° by

L0(u) = (Au + b(u, u) /wu Ydp(w (4.21)

where (1) = (b(w, ), Dy (1)) + (b(w, w), Dyips () and g1 = N0, Quc).
Since (u€,y°) is a weak solution of system (4.5) and Y is a strong solution to (4.10), by
Ito Formula Lemma 4.17 we have almost surely for every ¢ € [0, T]:

Soe(u;?y;y;e) Uo,yo, /ge eus’ys’ s)
+€_1/2/ <Dy50 (usﬂys’Y;G)7Q1/2dWS>’
0

or equivalently,
o(uf) = /30 ds+/<b((—0)‘1Q1/2dW5,u§),h) (4.22)
/0 (22pl) = L)) ds+ [ (=)™ = (=C)7) QPdW.cut). )

+ "2 (5 (w0, yo) — @1 (us, y5)) + € (05 (o, 0) — 5 (uf, Y,))

t t t
n / 5 (u, S, YO)ds + 2 / B (S, o, Y ) s + € / P (u, Y)ds
0 0 0
t
L / (Dyg5(us, V), Q2dW,),
0

where £ is the limiting effective generator defined by (4.21), £ is the effective gen-
erator defined by (4.13) and we have denoted for notational simplicity

Do(u,y,Y) = (b(y, w), Dupi(y)) + (b(y,y), Dy (u))
— (Y, u), Dupi(Y)) + (b(Y,Y), Dyipi (u)),
DY (u, y,Y) = (Au+ b(u, u), Dupi(y)) + (b(u, y), Dypi(u))
+ (b(y, u), Dusoz(Y)%
D5 (u,Y) = (Au + b(u, u), Dups(Y)).

Equation (4.22) clearly indicates the candidate limit dynamics - first line of the equation
- and the remainder terms - lines second to fifth. Our aim consists in proving, on the one
hand the convergence of the first line to the same quantity evaluated at v = u (for a
possibly different Wiener process W; recall that at this stage the stochastic basis is still
dependent on €), and on the other hand the convergence of all remainders to zero.
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4.4. Convergence to transport noise

In order to conveniently pass to the limit ¢ — 0, we invoke a standard combination of
Prokhorov Theorem and Skorokhod Theorem. Indeed, since the family of laws of the
processes {u‘}ec(01) is tight on the space L*([0,T], H) N C([0,T], H™?) for every 8 > 0,
and {Q'*W = QY?W<}.c(o1) is a family of identically distributed C([0,77], H)-valued
random variables, by Prokhorov Theorem there exists a subsequence ¢, — 0 such that
(u, QY/2W ) converges in distribution as n — oo towards a process (u, @Q*/?W)? taking
values in the space:

X = (L*([0,T),H) N C([0,T], H ")) x C([0,T], H).

Then, given any subsequence such that (u, QY2We) — (u, QY/?W) in distribution (not
necessarily that one provided by Prokhorov Theorem), in virtue of Skorokhod Theorem
there exists a new probability space (€, F,P) supporting X-valued random variables
(i1, QVPW) ~ (u, QV?W) and (a@", Q/*W™") ~ (u", QV2We) for every n € N such that
(@, QV2PW™) — (i1, QY/?>W) P-almost surely as random variables in X. Of course, as
usually done in these situations we drop the tildes in what follows.

Proposition 4.21. Let (u", Q?W™) — (u, QY?W) as above. Then for every p € F we
have the almost sure identity

o) = p(ug) + / LOo(u,)ds + / (b((~C)QY2AW,, u), by, Vi€ [0,T]. (4.23)

Proof. We divide the proof in three steps. First, we show that the remainder terms are
infinitesimal in mean square as n — oo; second, we prove that the deterministic effective
dynamics is a continuous function of the path ¢ € C([0,T], H=?) N L3([0,T], H); finally,
we invoke a martingale representation theorem to identify the limit behaviour of the
martingale term in (4.23).

Step 1. Let us focus on the remainder terms in the right-hand-side of (4.22). They are
of several kinds: i) terms involving the differences

t t t
[ 2estuzias— [ Looturyis, [ 06, Q N )b,
0 0 0

where the operator G, = (—=C.,)™! — (=C)7! = €,(—C)tA(-C,)~!, which are con-
trolled using the bounds ||Ge, || s gro+2va48)-28 S €,” and [e%ent — || joves o < €,” for
every [ € [0, 1], uniformly in ¢ € [0,00), and go to zero in mean square as n — oo (and
€n — 0); i) terms of the form e/ g5 (ul,y?) or e,05 (W, Y"), t € [0,T], Y™ = Y,
which can be easily shown to converge to zero in mean square as n — oo as a conse-
quence of energy bounds for (u,y¢), the bound ||p5" (u}, )||cor S ||hllgor ||uf|| g for some

¢’ > 5/4 — 2y and

o5 (i, )| S i el 1] oo
5 (uy, Y S (L IV g ) Bl o g

iii) the term f; O (ul, y, Y )ds, which is infinitesimal in mean square by Proposi-
tion 4.14 and Proposition 4.6; iv) the terms involving the time integrals of ®{"(u”, y=, Y1)

2Recall that any Wiener process with covariance operator @ can be written as QY2W for some
cylindrical Wiener process W on H.
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Chapter 4. From additive to transport noise in 3D fluids

and @5 (u?, Y), which are controlled by Proposition 4.13, Proposition 4.16 and the es-
timates:

@7 (ug, y, YO S {Aug +0(ug, wg), Dup (Y )| + [(b(ug, u7), Dyt ()]
+ [(b(ss ug), Dugs (Y"))]
Sl (U [l ) e | Al o
a2 a2 a0 1Bl e
|95 (ul, Y S Ml (Ul 1) IY o0 1l

and finally, v) the stochastic integral e > [ {Dy g (ul, Y1), QY2dW™), which by Ito
Isometry satifies

e, E

t 2
(/“uxwf%u }mvcrﬂdwcw)] _oF [/QHQ”?D o5 (2, Y™ [ads| 0.
0

Thus all the remainders converge to zero in mean square.
Step 2. Let us consider on the path space X equipped with its Borel sigma field B the
pushforward probability measures

Qn —Po (un’ Q1/2Wn)71, @ —Po (U, Q1/2W>71

Of course Q™ weakly converges towards Q as n — oco. Let A be the Q-completion of B,
and let {A;}¢cpo,r) be the smallest filtration of A that satisfies the usual conditions with
respect to @Q and such that the coordinate process (§,w) on X is adapted. Introduce A"
and {A} }1cj0,77 similarly. Define the process

pr = o(&) — (&) — / L0(&,)d t e 0,7). (4.24)
Let us show that p; is a continuous function of &.
First of all, notice that every ¢ € F, ¢(§) = (£, h) for some h € ., is a continuous
function from H~? to R. Therefore if £&* — ¢ in C([0,T], H?) we have ¢(£") — ¢(€)

in C([0,T]) as well. Let us now consider the term involving the effective generator £°.
Recall

LO0(€) = (AL +H(E.E). I /w Jdpu(w

Let us show that the map L*([0,T],H) 3 & — [, £%(&)ds € C([0,T]) is sequentially
continuous, or equivalently

t t
| et~ [ 2ucpis (4.25)
0 0
in C([0,T7]). For every s € [0, ], rewrite

LOp(E8) — L0%(&) = (AL +b(EL,€0), h) — (A& +b(&s, &), h)
/Yﬁfn Jdp(w /WS )dp(w
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4.4. Convergence to transport noise

Let us bound the terms in the right-hand-side of the previous expression separately.
Making use of the usual estimates on b, we have

(A& = &), )
(b(&2, €)= (£s,£s) h)

168 = &sll a1l 122
’<b(£?7£g - 58)7 h>’ + ’<b(£g - £s>€s>7h>|
el e + NIl mIES = EsllazllAll rroo

/ Yo (w)dpa(w / e, (w)dya(uw \snhnHelnsg—sSnH /H T
< [ll o 1€ = 1.

<
<
S

Putting all together, we finally obtain the following bound

- 200(88) = L) S A+ 16 + 1€l 167 = &l

In particular, recalling that £* — ¢ in L*([0,T], H) we have:
T
[ 2ratenas— [ #ocons| < [ 1200 - 2ot6las
0
2 , .7 1/2
<([Tavighorielnas) ([ e-elas) o
0 0

Step 3. By weak convergence Q" — Q and previous steps it is easy to show (cfr. for
instance [FG95, Theorem 3.1] or [DPZ14, Chapter 8.4]) that the couple (p,w) is a con-
tinuous square-integrable martingale on (X, A, { A }icj0,77, Q) with quadratic covariations
({ex }ren is a complete orthonormal system of H):

sup
t€[0,T]

Pl = /O 10"2D, o0 (6)|ads,

[pa <€k7w>]t = / <Q1/2Dy@1(£8)7 Q1/26k>d3
0
[{ex, w), (ex, )] = (Q" ey, Q' ep)t.

This is basically due to the fact that p can be written as the sum of a martingale on
(X, A, {A?}te[O,Th Q") plus remainder terms which are infinitesimal in mean square as
n — oo. By [DPZ14, Theorem 8.2], up to a possible enlargement of the underlying
probability space, there exists a cylindrical Wiener process @ on (X, A, {A;}eo,r, Q)
such that the following martingale representation formulae hold Q-almost surely for every
t € [0,77:

o= [ @rin=qa,
o = / (Dyor(€), QV2din,) = / (Dypr(€2), duoy).

In particular, since the auxiliary Wiener process @ satisfies wy = Q2@ the equation for
pr above holds true also in the original probability space, without necessarily taking an
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Chapter 4. From additive to transport noise in 3D fluids

enlargement thereof. Thus, recalling (4.24) we have the following Q-almost sure identity
on the path space X:

(&) = plE) + / LOp(E)ds + / (Dypr(€),dwy), Wt € [0,T)

that by Q = Po (u, QY/2W)~! and the explicit expression of ¢; (4.20) is equivalent to our
thesis.
]

4.4.3 Ito-Stokes drift and Stratonovich corrector

In this subsection, we provide an interpretation of the limiting equation in terms of
different contribution to the dynamics. Recall that every weak accumulation point u of
the family {ug}eco,1) satisfies, for every ¢ € F, ¢(u) = (u, h) for some h € .7, t € [0,T]
the almost sure identity (4.23):

o) = () + / LOp(us)ds + / B((~C) ' QY2dW, ), ),

where the limiting effective generator £ is given by (4.21). For the reader’s convenience,
here we rewrite .#%¢ more explicitly as

L0(u) = (Au + b(u,u), h) +/

H<b(w7U)7Du901(W)>dM(w) + / {b(w, w), Dyepr ()} dp(w)

= (Au + b(u,u), h) + / (=) w, b(w,u)), hYdu(w)

H
+ [ =0 bl w), ), W)
H
Let us compare (4.23) with the dynamics of u, € € (0,1). Of course, the term (Aug +
b(us, us), h) reflects the deterministic dynamics (AuS + b(uS, uS), h) in the evolution of .
On the other hand, the fast-oscillating term ¢ '/2(b(y¢,uS), h) in the equation for uc

is responsible for the additional terms in the limit. We can distinguish three different
contributions:

e The Ito integral:
[ ot ran.,u). (4.26)
e The Stratonovich corrector:
[ [ 000 bt ) s (.27
e The [to-Stokes drift:
[ [0 b)) s (1.29)
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4.4. Convergence to transport noise

Of course the term denoted "It6-Stokes drift” equals f(f (b(r,us), h)ds by the very defi-
nition of the ItG-Stokes drift velocity r = [, (=C)~'b(w,w)du(w). Moreover, we shall
see that the term called ”Stratonovich corrector” (4.27) above is indeed the Stratonovich
corrector of the term called ”Ito integral” (4.26), namely:

t

/0 (Dypr(). Q2 0 W) = / (Do (), QV2AW,) (4.29)

v t [ w00, Do () ).

Therefore, (4.23) is exactly the weak formulation of the equation in Theorem 1.3, which
is then proved.

We are left to check the validity of (4.29). Let h € . be fixed, and let W =Y, e, W*,
where {e;}ren is a complete orthonormal system in H and {W¥*},cy is a family of one-
dimensional i.i.d. Wiener processes. As a matter of fact, one can rewrite the Ito integral
(4.26) as

t
/ (b((=C) QY AW, ug), by = =) / C) Q" ek, ), u)dWY;
0 keN
since for h € .7 it holds b((—C)~1Q"?e, h) € .7 as well, the quadratic variation between

the processes (b((—C)~'Q"?ex, h),u) and W* is given by

[(B((—=C) ' Q" Pex, h),u), WF], = —/0 (b((—C)1QY?er, uy), b((—C)*QY%ey,, h))ds.
(4.30)

On the other hand, (4.27) equals

/otl[(b((‘o’_lw’b(w’“s)> du(w)ds = / C) ' QL 2er, H(QL2er, us), h)ds

keN
(4.31)

- _Z/ QY %e;, h), b(QY ey, uy))ds.

keN

Recall that, since C' and () commute, the covariance operator (), of the invariant measure
pu=N(0,Qs) can be written as Q.. = %(—C’)_lQ. In particular, there exists a complete
orthonormal system {ey }ren of H that diagonalizes C', @ and @« simultaneously, namely

Cer, = —Xgex, Qe = qrer, Qocer =
2/\k

and therefore by (4.30) and (4.31) we finally get
5 (-0 @ e, ), w7, = [ t [ (=0, 00). Bt ds.
2 o JH
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Chapter 4. From additive to transport noise in 3D fluids

Remark 4.5. i) The attentive reader would have noticed that this is the first time we are
actually using that C' and ) commute. In particular, the convergence result described in
this chapter still holds true in the case C'Q) # QC. In this case, we believe that

> /0 (b((—=C) ' QY ?ey, us), b((—C) QY 2ey, h))ds
A3 / ((—C)1Q 2ep. ). HQY2er, u,))ds

and the limit equation cannot be interpreted as an equation with Strotonovich transport
noise.

it) Assume that @ is isotropic, i.e. every basis of eigenvectors of A also diagonalizes Q.
Under this circumstance, the Ito-Stokes drift equals zero for the Navier-Stokes system,
since for the particular choice

ex; = ax;cos(2rk - ), or ex; = ax,;sin(27k - x),

where k € Z%\ {0} ,i=1,...,d — 1, and ay; € k* for every k, 1, it holds

blex,i,ex:) = —II((ex; - V)ex,;) = £II | (ax,; - 27k) cos(2rk - z) sin(27k - ) | = 0.
————

=0
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Chapter 5

Quantitative mixing and enhanced
dissipation of Ornstein-Uhlenbeck
flow

We recall the equation satisfied by p:
Op+v°-Vp=rAp in[0,1] x T (5.1)

with initial value pl—g = po € L*(T¢) with zero mean, and by p, with the same initial
condition:

op=(kA+L)p in[0,1] x T% (5.2)

The vector field v¢ has been defined as

€ __ 6
U—E Uj’f] s

jedJ

where J is a finite set, {v;};es is a family of smooth, divergence-free vector fields and
n%J are stationary one-dimensional i.i.d. Ornstein-Uhlenbeck processes. Details are given
below.

In this chapter we prove mixing (Theorem 1.4) and dissipation enhancement (Theo-
rem 1.5) for the solution p of (5.1). The key point is that our result is truly quantitative.
This is important because, as we have already seen, transport noise in Stratonovich form
is a good model to take into account small-scales unresolved variables in several systems
only in the infinite scale-separation limit, that is obviously a crude idealization; in reality,
scale-separation is always finite (or there is no scale-separation at all) and thus it is useful
to quantify what error we make when using the ideal white-in-time noise.

The chapter is structured as follows.

In Section 5.1 we recall some classical result concerning well-posedness of (5.1) and (5.2).
A precise description of our model is carried on in Section 5.1.2.

In Section 5.2 we collect some auxiliary results concerning the time increments of the
process p solution of (5.1). There we prove that p has a.s. regular trajectories as a
process taking value in a space of distributions, and we obtain good bounds for the
expectation of its increments — see Lemma 5.2 and Lemma 5.3. In addition, we state the
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Chapter 5. Quantitative mixing and enhanced dissipation of Ornstein-Uhlenbeck flow

key result Proposition 5.4, needed for the proof of Theorem 1.4, that consists in a bound
on the quantity

n—1
mp (08 = )" (6, pus) = (01 ps) =8 (D, pas)
n,m=1,..., - k=m

n>m

where 0 is a small parameter, suitably chosen in depending on e.

In Section 5.3, we give the proof of Theorem 1.4 and Theorem 1.5.

Concerning the first result, the key idea consists in introducing the random distribution
f defined via the formula

6 f1) = (6, p2) — (6, o) — /0 (A, pa)ds, o€ HX(TY, Vie[0,1]:

of course if one could prove f = 0, then one would have p; = p; for every t € [0, 1];
however, it turns out that the difference p — p depends path-by-path continuously on f,
(Lemma 5.6) and therefore we are able to deduce an estimate on p — p from an estimate
on f — cfr. Proposition 5.5.

As for Theorem 1.5, its proof relies on the following energy inequality

d

9 ”PtH;(Td)
o0l ey < 2

||pt||§{fl(1rd)

and a bound on ||p||% - (ra) Obtained applying Theorem 1.4 with s = 1. Since our result
on mixing is truly quantitative, we are able to say that ||p||3 . (ra) 18 smaller than a
certain threshold (depending on ¢) with high probability, and using this information in
the previous inequality we deduce an explicit rate of decay for the L?(T¢) norm of p.
Finally, in Section 5.4 we prove Proposition 5.4. Its proof is based on a discretization
procedure very common in the literature about averaging and Wong-Zakai approximations
theorems for stochastic differential equations, and are inspired by our previous works
[AFP21, FP21]. The advection-diffusion equation (5.1) is interpreted in a pathwise sense,
although the velocity field v is random — it is usually referred to as random PDE rather
than SPDE; the key Lemma 5.6 is analytic as well; the results contained in Section 5.4
are more probabilistic in the spirit, and rely on explicit computability of the Ornstein-
Uhlenbeck process, Doob maximal inequality, Burkholder-Davis-Gundy inequality and
Kolmogorov continuity criterion.

5.1 Notation and preliminaries

5.1.1 Functional analytic setting

Let ey(z) = (2m)~%2e** k € Z?. The set {ej}reza is a complete orthonormal system
of L*(T¢,C) made of eigenfunctions of the Laplace operator: Ae;, = —|k|?e; for every
k € Z%. A generic function f € L*(T¢ C) can be then represented as a Fourier series:

fl@) =Y hexlw), weT

kezd
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5.1. Notation and preliminaries

for a (unique) square summable sequence { fk}kezd of Fourier coefficients. The Fourier
map § : L?(T¢,C) — (2(Z¢,C), that associates to every f the sequence of its Fourier
coefficients, is an isomorphism of Hilbert spaces; it can be extended to an isomorphism
between the space of (complex-valued) tempered distributions &'(T¢ C) and space of
sequences of Fourier coefficients { fi }reze such that Y kezd |k)25| fi]? < oo for some s € R.
Unless otherwise stated, we will only work in the following with the space S'(T¢) C

S'(T?,C) of real-valued distributions with zero mean, that corresponds to sequences

{ fi}eeza such that fo =0 and f), = E for every k € Z¢. We denote Zd = Z* \ {0}.
For s € R, define the Sobolev space

H*(T%) = { f € (T : | /]

o= ) KPS <oo g,

kezgd

which is a Hilbert space when equipped with the scalar product

<f7 >H$ Td) Z ‘k‘%fkg—k, f?g € Hs(Td)

kezgd

In the special case s = 0, the Sobolev space corresponds to the space L*(T?) of real-
valued, square integrable functions on the torus with zero mean. The scalar product
(-,-) = (- ) mo(ray is also a duality map between H*(T?) and H *(T?) for every s € R:

(f.9)=>_ fegr, f€H(TY), ge H (T

kezgd

Sobolev spaces form a Hilbert scale with respect to the operator (—A)Y?2; in particular,
the following interpolation inequality holds between H*!(T¢) and H*2(T¢), for s, so € R,
s1 < sy and 6 € (0,1):

£l 0 ray < 1F117

Finally, we have the following lemma, cfr. [BCD11, Corollary 2.55] for a proof in the full
space:

1 Td)”f| gz(Td sg = 0s1 + (1 —0)s,. (5.3)

Lemma 5.1. Let s1,50 € R such that s1,s9 < d/2 and sy + so > 0. Then for every
f € H\(T?) and g € H**(T?) the product fg € H*+2~42(T9) and

/9]

Remark 5.1. Condition d > 3 stated in the introduction is a technical limitation of
our method, due to application of Lemma 5.1, but there is no physical reason for this
constraint. Also, the case d = 2 in Theorem 1.4 and Theorem 1.5 is readily implied
by our results in dimension d = 3 and the following observation: for every s € R and
f € H*(T?), the function g : T> — R defined by g(x1, 22, x3) = f(x1,72) satisfies for
every k = (ky, ko, k3) € Z3

Hs1ts2—d/2(Td) 581,82 Hf’

H*1(T4) Hg| Hs2(Td)-

N . f(kLkZ) if ks =0,
Gk k2 ks) = 0 if kg #0

and thus g € H*(T?) with ||g|

Hs(’[ris) - Hf’ HS(TQ)'
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Chapter 5. Quantitative mixing and enhanced dissipation of Ornstein-Uhlenbeck flow

5.1.2 The model
Stationary Ornstein-Uhlenbeck processes

Let J be a finite index set of cardinality |J|, and let (QF, {F;" }is0, PT) and (27, {F; }is0, P
be two filtered probability spaces, satisfying the usual conditions, which support two fam-
ilies of i.i.d. Brownian motions {W*7},c; and {W=7},c;. Set W/ = W,/ for t > 0,
and W/ = W=, for t < 0.

For every € < 1, the processes

¢
7 (t) ::/ ele= Wi telo,1], jel, (5.4)

—00

constitute a family of i.i.d. stationary Ornstein-Uhlenbeck processes solutions of
dn = —e Ipidt + AW, te0,1], jeJ

on the filtered probability space (€2, {F;}cjo,1), P) defined by Q = Q™ xQF, P =P~ @ P,
and where {F;};>0 is the augmentation of the filtration {F_ ® F," }eepp,1)- Notice that this
filtration satisfies the usual conditions. Moreover, by (5.4) it holds for every t € [0, 1],

ne,j(t) _ _/OO 671 —e H(t+s) dW . _|_/ -1 fe‘l(t s)dw+J (55)
0 0
¢
= e_Efltne’j(O) + 6_1/ e_Efl(t_S)dW‘g‘,
0
where in the second line we have used W/ = W7 for every s > 0 and

ﬁ%m:—/<46%Wﬂ
0

5.1.3 Notion of solution to (5.1) and (5.2)

We assume {v; }c to be a family of smooth vector fields v; : T¢ — R? such that divv; = 0
for every j € J.
We give now the notion of solution for the random PDE (5.1)

Op+v°-Vp=rAp in[0,1] x T%

with (deterministic) initial value pli=g = po € L*(T?). We shall use this notion of
solution throughout the chapter. A general time interval [0,7] can be handled with
no difficulties In what follows, D(T?) stands for the space of real-valued, zero-mean,
smooth test functions.

Definition 5.1. Assume x > 0. A stochastic process p : Q x [0,1] — L*(T%), adapted
to the filtration {F;}icp], is a (analytlcally weak, probabilistically strong) solution of
(5.1) if there exists a full-measure set Q C Q such that for every w € Q it holds: p(w,-) €
L>=([0,1], L*(T4)) N L*([0, 1], H*(T%)) and

(60) = 00+ [ ©70) - Voupddr s [ (Bo.p)dr
for every s < t and ¢ € D(T9).
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5.1. Notation and preliminaries

For every initial datum py € L?(T¢) and x > 0, (5.1) is well-posed in the sense of the
previous definition. Indeed, the advection velocity v¢ is almost surely smooth in space
and Hoélder continuous in time, thus by [Paz83, Corollary 2.2] the only solution is given
by Duhamel formula

t
pr = "y +/ A9 (ye(s) - Vp,) ds.
0

Existence of (probabilistically strong) solution can be proved by standard approximation
schemes and Yamada-Watanabe theorem. Also, by linearity of the equation and molli-
fication we can also check that the map ¢ +— || PtHiz(Td) has a.s. absolutely continuous
trajectories and the following energy inequality (as variables in L'([0,1])) holds with
probability one:

d
%Hptni?md) = _2’f||Pt||§11(qrd)’ (5.6)

In particular, from (5.6) we deduce the following almost sure energy estimate, which we
will use extensively in the following:

t
sup <”Pt|’%2(1rd) "‘2“/ H/)sHiIl(qrd)dS) < HPO”%Q(W)- (5.7)
tef0,1] 0
By (5.6) and using the inequality ||p.[%. (ray < < || pt||§{1(w), one can deduce the following

almost sure decay of L?(T¢) norm for the Solution of (5.1):

1 pell p2(ray < e_nthOHL?(’]I‘d)' (5.8)

In the inviscid case k = 0, we must introduce the flow V¢ associated to v¢ to exhibit
the (Lagrangian) solution p; = po o (V) ™!, which however need not to have trajectories
in L*([0,T],H"). Energy inequalities (5.7) and (5.8) in this case read as |p||z2(ra)y <

[1pol| L2 (Ta)-
Concerning equation (5.2), it is well known [Paz83, Theorem 5.2] that the operator A

generates an analytic semigroup of negative type e on &’'(T9), and the unique solution
of (5.2) is given by the Duhamel formula

pr = eAtp0> le [07 1]
Decay of L?(T?) norm of p can be estimated as follows:

15ell £2(ray < €| Boll L2 (7ay,
where \ is the principal eigenvalue of the operator —A. Notice that A > k since L is a
negative-semidefinite operator.

Remark 5.2. The inequality ||p]|3. (Tay < ||PtHH1(1rd) used to deduce (5.8) above, may
be very loose if the energy of p is distributed at high wavenumbers, viz. the Fourier
coefficients {py } rezd do not decrease sufficiently fast as |k| — oo. This is in fact the case:
indeed, by Theorem 1.4, for every fixed ¢ > 0

E [[|mnpellz2erey] < NE [|lpell -1 (ra]
< N (1ol r-r¢vay + E ([l pe = pell 1.7 ])
< Nllpollzzeray (€7 + (a4 e p®t7)%)

115



Chapter 5. Quantitative mixing and enhanced dissipation of Ornstein-Uhlenbeck flow

where 7y : §'(T%) — C*°(T?) denotes the projector onto Fourier modes |k| < N, N € N.
The previous inequality suggests that energy is actually transferred to high wavenumbers
if t >0, a,e < 1 and A > 1, and hence we do not expect inequality (5.8) to be sharp —
that is indeed the content of Theorem 1.5.

5.2 Useful estimates

In this section, we prove some auxiliary results concerning the time increments of the
process p solution of (5.1). Proofs are mostly inspired by our previous works [AFP21,
FP21].

Recall that p has trajectories taking values in L*([0, 1], L?(T¢)) almost surely. Forth-
coming Lemma 5.2 and (5.3) allow to estimate the increments p; s — p; with respect to
Sobolev norms H*(T?%), s € [-1,0]. It turns out that p is actually a.s. Holder continuous
as a variable taking values in H*(T?) for s € (—1,0], and it is a.s. Lipschitz continuous as
variable taking values in H~!(T¢); however, its Hélder and Lipschitz constants diverge to
infinity for € — 0, and therefore we need Lemma 5.3 to better control them in expected
value.

The subsequent Proposition 5.4 aims to control the error between the actual solution p
of (5.1) and a discretized version of (5.2). We will make an essential use of the latter in
the proof of Proposition 5.5 in Section 5.3. Its proof, however, is quite long: for the sake
of a clear and effective presentation we postpone it to Section 5.4.

To start with, we recall that for every p > 1 and j € J the supremum of the Ornstein-
Uhlenbeck process 7’ can be estimated in expected value with

E

sup \ne’j(s)|p] <p ¢ P2 log(1 + 6’1)1’/2. (5.9)
s€[0,1]

From (5.9) and the definition of y, one can deduce the following inequalities:

B | sup va(s)HZd/MMI < i 10g? (14 ¢ (5.10)
se|0,
B | swp ||vf<s>r|”wm>] Sy PP log? 2 (14 €Y. (5.11)
s€(0,1

We prove now the following result, which allows to control the time increments of the
process p in a Sobolev space of negative order.

Lemma 5.2. Let 0, > 0 such that d,¢ 'log(1l + e 1) > 1. Then for every p > 1 the
following inequality holds:

E t-Ss—ggl |pe+s — Pt”i]—l(qu) Sp Hpoy‘iz(qrd)ﬂp(sfeip/z 1ng/2(1 +e ).
§<bs
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5.2. Useful estimates

Proof. By the very definition of weak solution of (5.1) and (5.7), for every test function
¢ € D(T?) one has the following almost sure inequality

t+6 t+0
Goprs =0l < [ 1) Touplds+ [ |(0.po)lds
t " t
< (18l o / 0% (5) | e iy 1 5 2y s

t+0
T hlléll e / o ll1nayds
t

< ol a1 vyl poll 21y S‘[tpl] [0 ()| oo (7
se|0,

+ 101l 1 vyl o | 2 pay /262

Since ¢ is arbitrary, we deduce

|pt+s = pell 110y < llpoll z2(ra) (5 Sl[zpu ||U€(S)||L°°(']1'd) + K1/251/2> :
sel0,

Taking the supremum (raised to power p) over §, and then expectation, (5.11) yields

E tilggl | prss — pt”%—l('ﬂ‘d) <p HpOHZzQ(Td) ((Sfupe*p/Z logp/2(1 + 6*1) + /-gp/2éf/2> }
5<6x

The thesis follows recalling that £7/26%/% < 6 PeP/210g”*(1 + ¢~1), due to our choice of
parameters. ]

The previous lemma can be used to deduce the following result. In view of interpolation
inequality (5.3), the next lemma can be used together with Lemma 5.2 in order to obtain
better estimates — needed in the following — on the increments of p in Sobolev spaces
H*(T%), with s € (=2, —1).

Lemma 5.3. Let d > 3, § € (0,1) such that 6 *log(1+€1) > 1 and u54/36_110g1/3(1+

e 1) < 1. Then for every v € (0,(d — 2)/2) and p > 1 the following inequality holds for
every fized t € [0,1 — ¢]:

E | llpe+s — Pt”%ﬂﬂmd)] Sy HpoHiz(Td)NP (5]0/2 + el lng/2<1 + 571)) :

Proof. As in the proof of Lemma 5.2, we have the following almost sure inequality for
every given test function ¢ € D(T?)

t+0
(6, prrs — i < / (05(3) - Vo pa — p)|ds

t+0 t+6
| [ ) Voumds| [ 186 plds
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Chapter 5. Quantitative mixing and enhanced dissipation of Ornstein-Uhlenbeck flow

Let us deal with each term separately. Using Lemma 5.1 with s; = d/2 —, so =1+~
and Lemma 5.2 we get

t+6 t+6
[ 1) Vo= polds < [ 166 Vollan 10 = pllgson
t t
t+6
Sy H¢I|H2+v<w)/ [0 () a2 (ray |Ps = pell gr=1.(pay ds,
t
where we use d/2 — vy < d/2, 14+ v < d/2 to apply Lemma 5.1, which correspond to the

conditions d > 3, v € (0, (d — 2)/2).
Moving to the next term, recall that v<(s)ds = Y .. ;v (s)ds = > . ;v;dW] —

€ ey vidn™(s), and thus
145
=[(( ] eas)-vo.0)
t

< @l onyllpollaeay D vjll oo ray W75 — WY

jedJ

+ |1l 1 vyl pol| 2 (raye S%IL [ (8) | oo (e -
se|0,

[ w6 w0, p0as

Finally,

t+9
/ (A, p)lds < [[9llzceo | poll azar.
t

Therefore, since ¢ is arbitrary and ||@|| g1 (ray, [|¢]| g2(ray < ||@|| 2+ (ay for every v > 0:

t+6
|pe+5 — pell -2 (ay Sy SI[BPH v ($)] rar2— (pay / s — pell g-1(rayds
se|0, t

+lpollzaceay D Nvjll oo (ray |Wiys — WY |

jeJ

+ ||,00||L2(1rd)6 sup ||UE(S)”L°°(W) + ||Po||L2(1rd)5‘

s€[0,1]

Using (5.10), (5.11), Lemma 5.2, and the inequality E [|Wtj+5 — Wtj}p] <, 67/2 valid for
every p > 1 we get (recall that § < 1 and therefore § < §'/?)

E [||Pt+6 - pt”?{*?*v(ﬂl‘d) S ||P0||§2(Td)ﬂ2p52p€_p logP(1+¢7)
+ |’P0’|§2(Td)ﬂp5p/2
+ [P0l 2y e logP (1 + €71).

The thesis now follows recalling our choice of parameters. O

For the next proposition we need some preparation. Divide the interval [0, 1] into subin-
tervals of the form [nd, (n + 1)d], for some § € (0,1). In the following ¢ will be taken
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5.3. Quantitative mixing and dissipation enhancement

small, and it may depend on the parameter e¢. The idea behind this subdivision is to
control the following quantity:

n—1

sup (n5—m5)0‘<¢,pna>—(d),pmé)—éZ(Aqﬁ,m) : (5.12)

k=m

for any given test function ¢ € D(T?) and some 6 > 0, where we have used the symbol A
as an abbreviation for the operator kKA + L. To be precise, we will prove the following:

Proposition 5.4. Let d > 3, 8 > d/2+ 1 and v € (0,(d — 2)/6) be fized. Then there
exist 0 > 0, 3 > 0 and § > 0 such that 1/0 is an integer and for every e sufficiently small

n—1

E sup (nd —mo) ™" ‘(qb, pns) — (D, Pms) — 0 Z<A¢7 Pks)

n,m=1,...,.1/6—1
n>m

k=m
Sy @l ere rayll poll 2 ¢re) (oz + e"u“”) .

The proof of the previous result is quite long and technical, and we postpone it to Sec-
tion 5.4. The particular choice of the parameters 6, sz and 0 is specified therein. In the
statement of the proposition, e sufficiently small means more precisely: peP* logh?(1 +
e1) < 1, for some py, ps > 0 depending only on the parameters 7,6 and ». More details
are given in the proof of the proposition.

Moreover, since we always work at fixed 7, hereafter we omit the dependence of v in the
symbol <,.

5.3 Quantitative mixing and dissipation enhancement

In the first part of this section we prove our main result Theorem 1.4. The idea is very
simple, but effective.

Define the random distribution f : 2x[0,1] — H~2(T?) as follows: for every test function
¢ € H*(TY),

(0.5 = (6.0) (60~ | (A p)ds, te0,1]

If one could prove f = 0, then by [Bal77] we would have p, — eApy = py — pp = 0 for
every t € [0,1]. Of course this is not the case, since f # 0; however, owing to [GLT06,
Theorem 1] we can prove that the difference p — p is a continuous function of f (with
respect to suitable topologies), and therefore p — p is small if also f is.

The “right” topology in which to prove smallness of f turns out to be that of Holder
continuous functions C?([0, 1], H—#(T%)), for some small # € (0,1) and 8 > d/2 + 1 (cfr.
Lemma 5.6). We would like to stress that any 6 € (0,1) sufficiently small works: in
particualr, it can be taken arbitrarily small. This comes with no surprise: the reader
familiar with SPDEs would recognize f as a sort of additive noise perturbing the linear
equation (5.2).

In the forthcoming Proposition 5.5 we provide suitable estimates for the Holder norm
of f. As just discussed, we will use this result in the subsequent Section 5.3.2 to prove
Theorem 1.4.
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Chapter 5. Quantitative mixing and enhanced dissipation of Ornstein-Uhlenbeck flow

Finally, we will prove Theorem 1.5 in Section 5.3.3. We will deduce this theorem from
Theorem 1.4 and energy equality (5.6), using as an intermediate step Markov inequality
to prove that the quantity sup;epo 1) |t — pellz-1(re) is small with high probability.

5.3.1 Estimate on f

We begin with the following remark: since fy = 0 and the time interval is compact, the
Holder norm of f is equivalent to the Holder seminorm

oo r-scooy ~ sup 1L Felrea
CPOILHTAT) 0<s<t<1 it — s|?

Proposition 5.5. Let d > 3, > d/2+ 1 and v € (0,(d — 2)/6). Then there ezists 0
sufficiently small such that, for every € sufficiently small:

E [|| fllosqogm-sean] S lpollzcrey (a + e p*™)

Proof. Let s,t € [0,1], s < t and let ¢ € D(T?) be a test function. Given § as in
Proposition 5.4, we distinguish two cases:

e if |t —s| < 0, then arguing as in the proof of Lemma 5.2 one can prove the following
a.s. inequality:

|<¢7 (Pt - Ps)>| < ”¢||H2(1rd)||Pt - Ps”H*?(Td)

< Bl 2 (ray |l poll 2 (ray [t — s ( Sl[lp] ||| oo (1) + fi)
s€(0,1

<\ Dllezcray | poll 2ray [t — /76" ( Sl[lp} 0| oo (7ay + H) :
s€(0,1

The previous inequality, together with

S @l mzrallpoll z2cray |t — s,

[ ao.par

gives

.fe — fs||H—ﬁ(1rd

0<s<t<1, ’t - S|9
|t—s|<6

L < 190l 22y 0"~ (Sup [|v°|| oo 7y +u2> .
s€[0,1]

e if |t — s| > J, then there exist n,m € N, n > m, such that ¢t € (nd, (n + 1)J] and
s € [(m—1)d,md). Of course with this choice we have |t —nd|, |nd —md|, |md —s| <
|t — s|, and therefore

e = Follu-srey _ |1fe = fusllm-scoay | Nfas = fmsll-2cra

|t — s|? - |t —nd|? |nd — mao|?
N | fms = fsll -5 e)
|md —sl0 7
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5.3. Quantitative mixing and dissipation enhancement

whenever n > m, and

e = folla-screy _ 1fe = fuollm-scoay | fas = fllu-aco
+ ;
|t — s|? - |t — nd|? Ind — s|?

in the special case n = m. Since |t — nd|, |md — s| < 0, we can estimate

1 fe = fsll -5 ra) | fe = fsll -5 (ray)

<
0<s<t<1 ‘t - 5’9 ~ 0<s<t<1, ‘t - 5’9
[t—s|<6
+ S ||fn5_fm5||H*B(’]I‘d)
n,m=1,...,1/6—1 |n5 - m5|9
n>m

Putting all together, we finally get

1 fll oo og.m-scrayy S ol 2rayd’ ( S%PI] || 0] oo (may + M2>
se|0,

||fn6 - fmé”H*B(’H‘d)
n,m=1,...,.1/6—1 |7’L(5 - m6|9 7

and therefore the thesis follows by (5.11), Proposition 5.4 and the choice of §, whenever
6 is sufficiently small. O

5.3.2 Proof of Theorem 1.4

We are ready to prove our main result Theorem 1.4. In the first place, we recall [GLTO06,
Theorem 1], that in our setting reads as follows:

Lemma 5.6. Let 6 € (0,1). Then for all 9 < 8 there exists a linear map
& C7([0, 1), H~P(T) — C7([0,1], H=(T))

that associates to every X € C°([0,1], H=?(T%)) the unique weak solution u of the evolu-
tion equation

t
Up — / Augds = X, ug = 0.
0

Moreover,

||G(X)||Cl9([0,1],Hfﬁ(1rd)) 5 HXHC’G([OJ],H*B('IN))-

Proof of Theorem 1.4. By definition of f, the process p; is almost surely the weak solution
of

t
Pt—po—/ Apsds = fi,
0

whereas p solves
t
N
0
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Chapter 5. Quantitative mixing and enhanced dissipation of Ornstein-Uhlenbeck flow

Applying Lemma 5.6 with u = p — p and X = f we get the almost sure inequality

o = plleoqo,a-scray S 1 leo o, m-ay- (5.13)

Recall that, by Proposition 5.5, there exists 6 sufficiently small such that, for every e
sufficiently small

E [|| fllos oy m—sean] S lpollzcrey (@ + € p*) ;

hence, the thesis of the theorem follows for every s > 3, while for s € (0, 5), (5.7), (5.13)
and interpolation inequality (5.3) yield

_ 1-s s
E [llp = pllcoqog.m—sray] <E [||P0||L2 tapllo = P g0,y - ))]

1-s/8 s/B
SE ool oty L1501, s ey |

1-s/B3 s/B

< ool gz E [l flleo o,y r-sren)”
» B8
< Nloollppay (o + e 2H)7

The proof is complete. O

5.3.3 Proof of Theorem 1.5

In this paragraph we are concerned with the proof of Theorem 1.5, that quantifies dis-
sipation enhancement of L?*(T?) for the solution of (5.1) when x > 0. We insist once
again that our result states that a suitable velocity field v¢ can dissipate energy almost
instantaneously, i.e. for every fixed ¢t > 0, without the necessity of taking ¢ large enough
to have E [ p¢|| 12(re)] below a certain threshold.

Proof of Theorem 1.5. The following proof is mostly inspired by the proof of [BBPS20,
Theorem 1.4]. By energy equality (5.6) and interpolation inequality (5.3), we have

||:0t||L2 (Td)

Il (5.14)

d
%HptH%z(W) = _QKHPt”%Il(’H‘d) < =2k ’
H-1(T)

From the previous inequality it is clear that, in order to control ||p¢|| z2(74), it is sufficient
to have a good bound from above on the quantity ||p:[|-1(re). Notice that the trivial
bound |[|py||gr-1(1ay < [|pel|z2(re) produces the equally trivial estimate (5.8). To have a
better control on H pel| -1 (ray we will exploit Theorem 1.4 as follows.

Denote ¢ = C/2 (a + €%u2+7)§/2 > 0, as in the statement of the theorem. By Theorem 1.4
and Markov inequality we have

P{ sup [|pe = pellg-1(ray > cl| pol| L2 (re) } <c (5.15)
te(0,1]

hence with probability at least 1 — ¢ it holds
||Pt|’%1—1(qrd) < 2||ﬁt||§1—1(1rd) +2|p: — ﬁt||fq—1(w) < 2||P0||%2(1rd) (e—m + 02) :
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5.3. Quantitative mixing and dissipation enhancement

In view of this, (5.14) implies on a set of probability at least 1 — ¢

||P0||%2 ’ﬂ‘d) ||p0||%2 (T4)

)
1 K c2e2At 41
+ fo 6—2A9+62 1 + 2AC2 10 C2+1

||PtHL2(1rd) =

where in the last equality we have used ¢ > 0. This completes the proof of the first part
of the theorem. As for the second part, it immediately follows from the a.s. inequality
(5.8), (5.15) and

E [||ptHL2(11‘d)] =K |:HptHL2(Td)1{supt€[0,1] ||pt—ﬁtHH_l(Td)>chOHL2(Td)}i|

+ E |:||pt||L2(Td)1{supte[0’1] HptiﬁtHH*I(Td)Sc”p0”L2(Td)}] .

O

Remark 5.3. Looking back at (5.14) one realizes that an alternative approach could be
that of producing a lower bound for ||p¢|| 51 (re) instead of an upper bound for ||p¢|| z-1(7a).
In order to do this, we present an heuristic argument. Write

Hﬂt“?ql(qrd) = HﬂNptHJQLIl(Td) + I = WN)ptHJQLIl(Td)
> | wn el Zaeray + NN = 7x) el T2
= (1= N?)[lmwpill72pay + N2l pel 72 pay,

where 7y denotes the Fourier projector onto modes |k| < N, N € N. Plugging into
(5.14), and assuming N? > k™!, we have formally

t
e 32rey < €2 ol 7 sy + / e PN (N — 1)||mwpsllFarayds  (5.16)
0

_ 2
~ e 2N NeollZacray + v pelliz ey

Using the inequality above with N? = A/, A > 1 and recalling Remark 5.2
E [||7TNPt||L2(1rd)] < Nllpoll z2(ray (G_M + (CY + E%MQH) )
gives

/\1/2
E [HptHL?(Td)] S 2 (efM + (04 + G%Mzﬂ) ) o0l 2 (Ta).

Comparing with (1.9), the previous estimate has in addition the term (a + ¢*u**7)* on
the right hand side, and the implicit constant in the inequality. Moreover, it has been
recovered assuming A > 1 in order to approximate the time integral in (5.16) with
||7TNpt||%2(Td). On the other hand, the statement of Theorem 1.5 is valid for every value
of A
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Chapter 5. Quantitative mixing and enhanced dissipation of Ornstein-Uhlenbeck flow

5.4 Proof of Proposition 5.4

In this section we give the proof of Proposition 5.4. Recall that we are interested in the
expression (5.12), given by

n—

1
sup  (n6 — md) "’ (¢, pus) — (¢, pms) — 8 Y (A, prs)|

k=m

where ¢ € D(T?) is a smooth test function, § > 0 and A = kA + L.

The choice of the parameter ¢ in the expression above is crucial. We will see that, in order
to have the result of Proposition 5.4, the parameters ¢ and € must satisty very particular
relations.

5.4.1 A convenient decomposition

In order to control (5.12), we first consider the quantity

n—1
<¢> pn6> - <¢7 pm6> -9 Z<A¢7 pk6>7 n>m,
k=m
or equivalently

(@, pns1)s) — (@, pms) —52 Ad, prs),  m=m.

Let us preliminarily rewrite the previous expression in a more convenient way. For every

k=0,...,1/6 — 1 it holds

(k+1)6 (k+1)8

(v°(5) - Vo pa)ds + / (Ag.p)ds  (5.17)

kd

(&, ple+1)s) — (@, prs) = /k§
= (k) + L(k).

Let us further decompose

(k+1)6
I(k) = / (v5(5) - Vo, pu)ds

4

(k-+1)5 (k+1)5
- / (v°(5) - V6, (ps — prs))ds + / (v°(5) - Vo, prs)ds

ko

/ o / “(8)- V), (pr — prs))drds

(k+1)8
/ : / ‘(s)- Vo), prs)drds
ks ks

—l—/@/kJrl / )- Vo), prydrds

(k+1)6
T / (v°(5) - Vo, prs)ds
ko
= Ill(k) + 112(]{5) + Ilg(kl) + 114(k),
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5.4. Proof of Proposition 5.4

where we have used v¢(s)- V¢ € D(T?) as a test function in order to pass from the second
to the third line. Indeed, since divv(s) = 0 for every s € [0, 1] we have

(1,v°(s) - Vo) = (1, div (v°(s)¢)) = —(V1,0v%(s)¢) = 0.

The term I15(k) can be rewritten as follows:

(k+1)8
Talk / / “(s) - Vo), prs)drds
i (k+1)6
- / / v V(v (s) - V), prs)drds
jg'ed
(k+1)8
N r)drd
j,j’ZeJ< VO /ka /Ic(i ras
(k+1)6
IMZEJ< ( Vo), prs) (/ / r)drds — djj g)
+5<£¢:Pk6>

= l91(k) + Lo (k).

As for the term I5(k) in (5.17), we have

(k+1)8
L(k) = R/k (A, ps)ds

5
(k+1)é (k+1)8
= /i/ (A@, (ps — prs))ds + /i/ (AQ, prs)ds
ko ko
— 121(]{5) ‘|‘ 122(]{5)

Taking the sum of (5.17) over k =m,...,n we get

n

(&, P(ns1)s) — (& pm) — 0> _ (A, prs) (5.18)

k=m

= Z ([11(k) + Lo (k) + Lis(k) + La(k) + In(k)) .
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Chapter 5. Quantitative mixing and enhanced dissipation of Ornstein-Uhlenbeck flow

5.4.2 Controlling the terms [1;(k), [13(k) and I (k)

Lemma 5.7. Let d > 3 and v € (0,(d—2)/6). Letd > 0 be such that 6 *log(1+e71) > 1
and pé*3e ! 10g1/3(1 + e 1) < 1. Then the following estimates hold:

E sup Z [11(k> 5 H¢||H2+3'v(’1[‘d) HpOHLQ(’I[‘d) M2+751+76717’Y/2 log1+’7/2<1 + 671);
nm=1,...,1/6—1
ném/ k=m |
E sup > " Lis(k) || S Dl srzverrallpollpcray o262 1og (1 + €71,
n,m=1,....1/6—1 J—
n>m

Bl s |3 Ia(k)|| S Il ool ®e 2 log2(1+ ),

Proof. Throughout the proof, we will use without explicit mention the following key
inequality:

n 1/6—1
E sup D IR < Y ENR)], 1= In, s, L.
n,m:1,>...,1/6 LN P k=1

Let us start from Iy, (k):

= [ [ 109066, payinas

Using Lemma 5.1 and (5.3), for every v € (0, (d — 2)/6)
(k+1)8  ps
(k)] < / 5 / 1) e 100 e = i) oy s

(k+1 s
S /ké /}ﬂS [0 () grara— vy 191l g2+ (may 10 ()| garz—pay [1(0r = 1)l -1 (pay drdis

(k+1)6
< ol S0 106 s I 5 / [ W= 016y s
s€l0

Hence Lemma 5.2 and (5.10) yield

1/6—1
E sup Z I (k < Z E (|11 (k)]
n,m:1,>...,1/6 I P =1
Sl s ray 1poll 2pay 1778772 10g 2 (1 €7,

As for the term I13(k) we have
(k+1)5
R = [ [ (A6 Vo). p)ards.
ko
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5.4. Proof of Proposition 5.4

By Lemma 5.1, Holder inequality and (5.7), for every v € (0, (d — 2)/4)

(k+1)5
Rl < [ [ ) Volurocn ol oedrds
(k+1)é
55/ /nv ) gar2 0 |8l 30220 | ol 11 s

(k+1)6
<mwmmwdwpm<mmmwmmmw¢/ /nmuWMMS

< g+1/2 (3+7)/

18] r2+27 (ra) s [0($) [ zrarz= (ray |l pol | 2wy 0
s€(0,1

Hence using (5.10)

n 1/6-1
E sup Zh:&(lf) < Z E [[113(k)]]
nm:1,>...,1/6 LN P— k=1

N ||¢||H2+27(11‘d)||p0||L2(1I‘d)/l5(1+7)/25_1/2 log"/(1 +¢71).

Let us move finally to the term Iy (k):

(k+1)6
,MM»:méé (A6, (ps — pus))ds.

By (5.3) we have

(k+1)5
Lh®ﬂén/ 16l o 15 — el gy
ko

_ (k+1)5 .
< kol [ Bollmaesenllos = pallyscnods.

Hence using (5.11) and Lemma 5.2 we obtain

n 1/6—1
E sup 2121(/%) < Z E[| L5 (k)]
nm:1,>...,1/6—1 k= k=1

S ||¢||H2+W(Td)HPOHLQ(Td),U’Y(WE_’Ym log™?(1 4 €71).

5.4.3 Controlling the term [5(k)

The term I[19;(k) requires more care. We will deduce estimates for this term using a
martingale argument due to Nakao, that can be found for instance in [[W81]. Recall

Lo (k) = > (vjr - V(v - Vo), prs) (/kﬂ / rYdrds — g)

Jy'ed
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Chapter 5. Quantitative mixing and enhanced dissipation of Ornstein-Uhlenbeck flow

Define the following quantity

(k+1)6
Cj it j / / r)drds.

By the explicit expression of the Ornstein-Uhlenbeck process (5.5), the conditional ex-
pectation of ¢; ; (k) with respect to Fys gives

(k+1)8  ps 4 )
Bloy () | Fid = [ [ B[ ()] ) dras
ko ko
) , (k+1)6 s . .
= n“(ko)n? (ké)/ /e6 (5=k0) g2 (r=h0) gl s
ko ko

(k+1)6  ps s . , . T 1 , .
—0—6]-,1-// / E [6_2/ e * (s_s)dWsJ,/ e (T_T)dWﬂl drds
ks ks k6 k6

A , (k+1)6 s . .
= 0™ (k&)n™" (ko) / / e (TReme R s

(k+1)6
+ 5] ]16_2/ / / —e 1 (s— T‘/) —e~ T_Tl)d?",drds

79 (k&)ne (ko) S (1—e 15)

5 -1 1 —1
+5j7j/ (§+€ (6_6 o _ 1+Z (1 — e % 6))) .

We introduce now the following auxiliary processes:

M, = Z_: > (i - V(v - Vo), prs) (¢ (k) — B [cj () | Fra]) -

= i > (- V(v - Vo), prs) (]E (¢ (k) | Fis] — 65 g)

Since prs is Frs-measurable, the process {M,},—1, . 1/5 is a discrete martingale with re-
spect to the filtration G, = F(;—1)s with initial condition M; = 0. By Doob maximal
inequality and the martingale property we have the following

1/6—1
E| sup M| SE[M] =) E[|Me — Myf?]
n=1,...,1/6 1
1/6—1 2
=D E || (v V(v Vo), prs) (¢ (k) = Elej (k) | Frs])
k=1 jg'ed

Using the inequality, valid for v € (0, (d — 2)/2),

vy - V(v - V@), prs)| < Nvj - Vol iray |og prs || L2 ray

S HUjHHd/M(Td)H¢||H2+v(1rd)||Uj'|’Lw(1rd)||P0HL2(qrd),
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we arrive at the following estimate

2

> (vjr - V(v - Vo), prs) (0 (k) — By o (k) | Fis)

Jy'ed

< D Il o o0l r 1031 e ey [0 1 o

Ji'ed
2
XZ ¢j( E[cj (k) | Fus])
Jy'ed
= H¢||H2+W(Td)HpOHLQ(Td) Z ||Uj||§1d/2w(qrd) Z ||Uj’||%oo(1rd)
jeJ j'ed
X Z ¢ E e (k) | Fis))* -
33'ed

Since the conditional expectation is a L?()-projection,

1/2
E| sup |M,|| <E| sup M?
n=1,...,1/8 n=1,..., 1/6
1/2
S 9l a2+ rayll poll L2 (ray (Z HUJ‘H?{dﬂ—W(Td) Z H%”H%w(w))
Jj€J j'ed
1/6—1 1/2
2
X Z Z [(cjr (k) = Efejjr(k) | Fia])]
k=1 j,5/'eJ
1/2
< @l rz+vray | poll L2 (re) (Z 01137072 pay Y ||vj/||%oo(w)>
Jj€J j'ed
1/6—1 1/2
< | 22 22 Elfe
k=1 jj3'edJ

S N0l 2o ooyl poll 2 ray e log (1 + €71,

where the last inequality follows from

E [c; (k)] =E (/ o /ka drds>2
~E ( / () i (s) (W' = Wi = e (0 (s) = 0 (k9)) ) ds>

(k+1)6
< / E
ks

<8 og(l4 e ) + 62 log(1 + € 7h).

s€[0,1] 5€[0,1]

sup 7% (s)]? (IW? — W52 — € sup |77€’j'(8)|2> ds
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As for the remaining term,

S H¢HH?+W(W)HPOHL?(W) Z HUjHHd/%v(Td) Z ”UJ"HLOO(W)

jeJ j'ed
1/6-1 5
x> D E |:’E[Cj7j/<k) | Fis] — 5;‘45“
k=1 j,5'eJ

N |‘¢‘|H2+V(Td)|’p0HL2(’Ed)N2571€10g(1 +e ),

where we have used

)
E HE [Cj’j/(k) | ]:lcé] — 5j,j’§‘:| 5 elog(l -+ 6_1).

Putting all together, and recalling >} I191(k) = M,+1 + Ry1 — M,, — Ry, we deduce
the following:

Lemma 5.8. Let d, v, § and e ' as in Lemma 5.7. Then

E sup s Z Loy (F)| | S Nollazev el poll L2reyp®6~ e log (1 + €71).
n,m=1,..., 1/6—1 k—m
n>m

5.4.4 Controlling the remaining terms

Consider now the term [14(k) in (5.18):



5.4. Proof of Proposition 5.4

Recall v(s)ds = 3., vin™ (s)ds = > ., v;dW] — €3 jvidn™(s), and thus

Ly(k) = Z@j Vo, prs) <W(k+1 ngé)

jeJ
- Z -V, prs)e (1 ((k +1)8) — 17 (k9))
jeJ
. . (k+1)6 ‘
- Z -V, prs) <W(jk+1)5 - ngd) - Z/ (vj - Vo, ps)dW!
jeJ jeJ ks
(k+1) ‘
#3[  Voup)aw]
Py
= > (v - Vo, prs)e (0 ((k + 1)8) — 0 (k)
jeJ
(k+1)8 '
=3 / (vj - V&, prs — ps)dW]
jeg ko
(k+1) '
s e Vepaw]
L)

- Z -V, praye (7 ((k +1)8) — 0 (k)

JjeJ

= Iu1 (k) + Lo (k) + Las(k).
We have the forthcoming:

Lemma 5.9. Let d, v, 0 and € be as in Lemma 5.7 and denote 6 = HL; Then

E sup Z La(k)|| < ||€Z5||H2+w(1rd)||P0||L2(1rd)MQ5€_1/2 logl/Q( L+eh);

E sup Z Lus(B)[ | S 10l gz+2vrayll pol| p2ra) i

X (5(6_1)/26(1_6)/2 log(He)/Q(l +e )+ 0% log(1 + 6_1)> .

Proof. Concerning the term I14(k), we have

n (n+1)0
> hnth) =3 / V6, — pa)dIWVY,
k=m mé

where we denote by [s] the largest multiple of § smaller than s. Therefore by Burkholder-
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Davis-Gundy inequality and Lemma 5.2,

[ t
E sup Z [141 5 sup Z/ <’Uj : V¢7 Pls] — ps>dWSJ
nm=1,..,1/6-1 | — [ tel0.1] |57 YO
n>m
B 1/2
SE Z/ -V, pg) — ps)’ds
jedJ

1/2

SE / Z ||U]||Hd/2 7(Td) ||¢||H2+v ’]rd)HP[S] pSHH 1 ’]Td)ds

jeJ
S ||<Z5||H2+w(1rd)||P0||L2(1rd)MQ5€_1/2 log"2(1 +¢71).

Let us move now to I143(k). Since the increments of 7 are difficult to control, we perform
a discrete integration by parts to get

Z Iys(k Z Z Vo, prs)e ( e’j((k +1)d) — ns’j(/f5))

=—€ Y ((v"((k+1)8) — v"(kd)) - Vo, prs)

k=m
=€ > (v (k6)- Vo, (prs — p—1s))
k=m-+1
—€ Z(vg(mé) -V, pms)
JjeJ

— c(u((n+1)d) - Vo, prs).
By the usual estimates, taking v € (0, (d — 2)/4) we have

> Lus(k)

S €lldll 22 (pay sup [[0%(5)l| gase—(re)
se
" (HpOHLQ(Td) + D Hpk&—f’(kl)a\lz{—l—vmrd))
k=m+1
= Z I143(k)

Interpolation inequality (5.3) with 6 = fj; gives:

loks = pa—vyslla-1-+(xay < llors = poe—1)6ll5-1 (2 lors = =135 1 17220 pay s

and therefore by Lemma 5.2 and Lemma 5.3:

1/6—1
E sup Z Ts(k Z I145(k)
n,m=1,....1/6—1 k—mn k=1
n>m

S Nl 22 ray | pol 2y i
X <5(0_1)/2e(1_9)/2 1og(1+9)/2(1 +e )+ 0% log(1 + e_l)> )
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5.4. Proof of Proposition 5.4

[]

5.4.5 Proof of Proposition 5.4
In this paragraph we are going to prove Proposition 5.4. We want to show

n—1

E| sup  (Jn—mlo)™ (6 prs) = (& pms) =3 Y (AS, pus)

k=m

S H¢”Hﬁ(’ﬂ‘d)|‘p0”L2(Td (CY +e€ ,u2+7)

for some 6, 5 sufficiently small and €, 5,7,0 as in the statement of the proposition. Let
us preliminarily discuss the condition on §. First, in order to apply Lemma 5.3, the
parameter 6 must be chosen depending on € (and p) so that

S tlog(1+e ) > 1, pd*BetlogP (146! < 1. (5.19)

Moreover, recall the following decomposition (5.18)

n—1

(@, Pns) = (@ ms) — 0> (Ad, prs)

[y

3

(I11(k) + L21 (k) + Lis(k) + L (k) + Tao(k) 4+ Las(k) + 11 (k).

?
3

We are assuming 1/ to be an integer, so that the previous decomposition is well-
calibrated — the interval [0, 1] is split exactly into 1/d subintervals of length 0.

To simplify the notation, write /(k) as an abbreviation for |11 (k)| + [I12(k)| + | [13(k)| +
|I141 (k)| + |I143(k)| + |I21(k)|. The only term remaining is that involving |I142(k)|, that
will be treated separately. We shall prove next that for every 6 sufficiently small there
exists s > 0 such that

n—1
E sup p (|In —m|s6)~? Z I(k)| S 110l gz ray || poll L2 eray e 1?47 (5.20)
nm=1,..., 1/6—1 k=m

n>m

Invoking Lemma 5.7, and in particular the estimate for the term involving I;;, one im-
mediately realizes that for the previous estimate to be true it is necessary that

SLHr=0 —(147/2+5) logl’wm(l +e ) < 1. (5.21)

Then, once (5.19) and (5.21) are both satisfied, from Lemma 5.7, Lemma 5.8 and Lemma 5.9
we deduce (5.20) (possibly taking smaller # and s if needed). Let 6, s such that

- 1+~v—0
14+7/2+ 5

which is always possible taking 6 and s¢ sufficiently small. Then ¢ is chosen by

4 1 2
0 = c1€?, max —,M < ey <1,
5 1+~v—-10
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Chapter 5. Quantitative mixing and enhanced dissipation of Ornstein-Uhlenbeck flow

and ¢ is an auxiliary constant such that 1/ is an integer. With such a choice of §, con-
ditions (5.19) and (5.21) hold true for small €, since logarithmic factors become negligible
when compared with powers of e.

Let us move next to the term 327" I145(k), given by

n—1
21142 Z/é Vo, Pr de
k=m m

jeJ

Since by Sobolev embedding Theorem ||V@||po(ray S |4 gs(ray for every 8 > d/2 + 1,
Burkholder-Davis-Gundy inequality gives

B| (X [t Vo, pa:

jedJ

3 3/2

SE||S [ 1 Voo

J€J
S [t = s ol1 b oy P02 ()

Therefore, by Kolmogorov continuity criterion the stochastic integral in the expression
above is §-Holder continuous for every 6 < 1/6, and its Holder constant K, satisfies

(S ses [ Gvs - V0. pryaww
E | sup

0<s<t<1 [t — s|?

=E[Ko] S 04||¢||HB(W)||P0||L2(Td)-

The proof is complete.
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