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Introduction

In a broad sense, regularisation by noise refers to the frequently observed phenomenon where
the qualitative properties of a system evolving in time significantly change (and possibly improve)
upon the insertion of an external noisy perturbations.

Phisycally, the presence of such perturbations is quite natural: every physical model arises from
a mathematical abstraction procedure, where the less relevant factors in the dynamics (which are
usually impossible to keep track of) are not taken into account; reinserting them in the system,
by means of a statistical description, should provide a more faithful description of the real process
one is trying to study.

Mathematically, the simplest yet most striking instance of this phenomenon is given by finite
dimensional ODEs of the form

i’t:b(t,$t). (1)

It is well-known that, if b is not Lipschitz, existence and uniqueness of solutions to (1) might
not hold; a classical example, displaying the so called Peano paintbrush phenomenon, is given by
b(x) =2sgn(x)|x|'/2, which admits infinitely many solutions starting from =0 of the form

T=E(t —t0)* Li>4, (2)
for any ty > 0. On the other hand, if we pass to consider the SDE
dXf=0b(t, X§)dt +edW; (3)

where € >0 and W is sampled as a Brownian motion, then existence and uniqueness of solutions
holds for (3), for any continuous drift b (thus including the above choice).

Examples like the one presented above are not the only type of regularisation by noise; among
others, it is worth mentioning a qualitative change of the long time behaviour of the system (e.g.
by stabilization by noise [12, 11] or synchronization by noise [121]), the prevention of finite time
blow-up [217], or the role played by the presence of random initial data (especially in dispersive
equations, see [264] and the references therein). However, “restoration of wellposedness by noise”,
in the style of a comparison between (1) and (3), is the most common acception of regularisation
by noise and the one we will stick with in the rest of this thesis.

Historically, first regularisation by noise results are usually attributed to Zvonkin [285] and
Veretennikov [269] (although existence and uniqueness in law for (3) was already well known,
by a simple application of Girsanov transform). It is quite hard to pinpoint when the modern
terminology was born, with the earliest work I could find with the exact expression regularisation
by noise in the title being [226]. Nowadays the literature on the topic is huge, to the point where
it recently gained its own spot in the Mathematics Subject Classification System MSC2020, as
subject 60H50.
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It is almost impossible to give a complete account on the existing theory (for some presentations,
we refer to the monograph [115], the review paper [155] and Section 1.6 from [218]), but let us
at least try to provide some main highlights on the existing techniques, their advantages and
shortcomings; from now on for simplicity we will take e =1 in (3).

In the case of multidimensional SDEs driven by Brownian motion, a landmark result was
obtained by Krylov and Réckner in [191], who established strong well-posedness of (3) for b merely
satisfying some local integrability conditions, e.g. b€ LELP with 2/g+d/p<1. The next pioneering
contribution was given by Flandoli, Gubinelli and Priola in [122], where they realized that in many
situations the SDE also admits a sufficiently regular flow of diffeomorphisms, which in turn allows
to solve the stochastic transport equation associated to (3), given by

du+b-Vudt +odW - Vu=0. (4)

These papers led to a by now standard technique, referred to as either Zvonkin transform or
Ito-Tanaka trick; by stochastic calculus and parabolic PDEs tools, it allows to construct a transfor-
mation of the phase space ® such that the new variable Y;:= ®,(X,) solves another SDE with more
regular coefficients; see among others the works of Fedrizzi and Flandoli [105, 106] and Zhang [279,
280, 282] for the case of additive and multiplicative Brownian noise and Priola [242] for Lévy type
of noise. In all the afomentioned papers, strong existence and pathwise uniqueness is established;
moreover, similar results can be stablished for infinite dimensional SDEs, see [82, 83].

Other techniques, based on martingale problems, allow to even treat even distributional drifts,
see among others the works [25, 123, 190, 63, 283]; the price one has to pay in this case is that only
weaker statements (i.e. weak existence and uniqueness in law) can be obtained (with the notable
exception of d=1, where one recovers strong statements, see [25] and [15]).

Among works which do not fit exactly the dychotomy presented above, let us mention: compact-
ness arguments, first developed in [220] and recently revisited in [246] to construct strong solutions
in the critical case b€ LILY with 2/q+ d/p=1; the Eulerian approach from [29], which first
establishes existence, uniqueness and regularity for (4), and subsequently construct a generalised
Lagrangian flow for the SDE in the style of [97]; finally, a class of Wiener uniqueness results (at
the level of transport equations (4)) developed in [216, 108, 223] (see also the discussion from [116]).

The case of stochastically perturbed PDEs is even more varied, for two main reasons: on one
hand, like in the analytical setting, each PDE requires the development of ad hoc techniques; on
the other, there is no canonical way to insert a noise in the equation, and the correct (physically
meaningful) choice should again depend on the specific structural properties of the system in
consideration. In any case, let us mention the works [53] and [14] for stochastic heat equations
with additive noise; [16], [107] and [125] for transport type equations with multiplicative gradient
noise (like the one appearing in (4)); [88], [89] for Schrédinger equations with white noise disper-
sion; finally, [113] and [92] for results concerning interacting particle systems with environmental
background noise.

Given the above (very incomplete!) class of results, one might wonder whether there is still
something interesting left to say concerning regularisation by noise. Luckily for this thesis, the
answer is positive! There are two main reasons for this:

i. The use of heavily probabilistic tools, although partially necessary, introduces into the
picture considerations (e.g. the exact notion of existence and/or uniqueness we are working
with, which varies from result to result) which are not quite germane to the original problem.
Observe that, due to the additive nature of the noise, equations (1) and (3) can be perfectly
meaningful for any choice of a continuous path W, without any need for Ito6 calculus to be
involved.

ii. Similarly, although these techniques work very well for a large class of Markovian noises,
they break down for other choices. In particular, Brownian noise is very peculiar, for its
properties of martingality and absence of memory, while in real-life examples it is often
reasonable to expect the noise to be depend on the past history of the system (and possibly
exhibit so called long-range dependence).
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These problems are intimately related to the pathwise approach to regularisation by noise, which
justifies the title of this thesis; in a nutshell, it can be summarised as splitting the problem in two
distinct steps:

1. Find analytic properties of a continuous path w such that the perturbed ODE (written
directly in integral form)

t
xt:xo—i—/ b(s,xs)ds 4wy (5)
0

admits exactly one solution.

2. Show that such properties are satisfied by typical realizations of the noise W(w) one is
interested in (which is the only step where probabilistic considerations enter the picture).

In the case of Brownian W, the question whether such a problem can be fullfilled (although not
stated exactly in this modern reformulation) is due to Krylov, see also Problem 7.1.7 from [41];
a successful answer was provided in a landmark paper by Davie [86], establishing the first path-
by-path uniqueness result in the literature (the terminology is due to Flandoli [115]). Since then,
similar results have been established for several classes of SDEs, see e.g. [254, 255, 243, 244].

Compared to the aforementioned fully probabilistic techniques, the pathwise program encoded
by Ponts 1. and 2. presents substantial additional difficulties, as it tries to exploit as least informa-
tion on the noise w itself as possible. At the same time, whenever it works, it has a huge payoff: it
gives us a better understanding of the mechanisms underlying the regularising effect and it provides
a stronger notion of uniqueness, involving all possible solutions to the pathwise equation (which
can be treated as a random ODE rather than an SDE), without any adaptability or probabilistic
requirement; once Point 1. is available, the verification at Point 2. can be accomplished for a larger
class of noises, which can be naturally non-martingale or non-Markovian.

Even further, one can start asking questions of a different flavour, like:
Do generic continuous perturbations w regularise the ODE (5)?

This last formulation is now completely detached from any specific probabilistic setting, although
it perfectly fits the regularisation by noise framework. One of the main goals of this thesis will
be to provide the following positive, quantitative answer to the previous question. For simplicity,
we formulate it here only in the case of time-independent drifts b.

Theorem 1. (cf. Theorem 3.59 from Chapter 3) Let be C3, a € (—o00,1), 6 €(0,1) and
consider the perturbed ODE (5). The following hold:

i. If § <(2—2a)~', then for almost every w € Cy the ODE has a meaningful analytical inter-
pretation; moreover, if xo€ R% is fized, then for almost every w e CY there exists a unique
solution to (5).

i. If 6 < (4—2a)~", then for almost every w e C{ the ODE is wellposed for all zo € R® and
solutions form a flow of diffeomorphisms.

iii. More generally, if 6 < (2n+2 — 2a)~1 for some n > 1, then for almost every w € C{ the
associated flow is n-times differentiable.

. Finally, for almost every continuous w, the ODE (5) admits a smooth flow.

In the statement above, Cg denote Besov-Holder spaces (also usually denoted by BS o, see
Appendix A.2), while C7 denotes the space of §-Holder continuous paths w: [0, 7] — R%, namely
such that |w; —ws| < C |t — 5| for some constant C' > 0. Finally, the terminology “for almost every
w € CY” must be understood in the measure-theoretic sense of prevalence, which is recalled in
Appendix A.3.
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Let us make some comments on Theorem 1:

e The statement covers the regime of distributional drifts, i.e. the case of b€ CS with a <0;
here it is then unclear how to interpret the equation, as one cannot pointwise evaluate b(xs),
thus the integral appearing in (5) is undefined in the Lebesgue sense; nontheless, for suitable
values of § >0, Theorem 1 guarantees that the ODE is well-defined and might even have a
regular flow of solutions.

e There is a nontrivial interplay between the irregularity of the perturbation w, as measured
by the smallness the parameter §, and its regularising effect on the ODE, as measured
either by the allowed range of values for the parameter o associated to the regularity of the
drift b, or by the number of derivatives n that the flow of solutions admits. In particular,
Theorem 1 is a mathematical formalization of the principle “the rougher the noise, the better
the reqularisation”.

e In the limit case where § gets to 0, there are no conditions left on o nor n and we assist to
the infinitely reqularising effect of continuous additive perturbations. Moreover, in all the
statements there are no conditions on the dimension d € N of the state space R?, which can
be arbitrarily large (but finite).

The strategy we will employ in order to prove Theorem 1 builds on the philosophy initiated in [57],
which started the study of analytic properties of paths ensuring the regularisation of ODEs. In
particular, the authors therein identify the space-time regularity of the averaged field

reb(t. )i [ by e, Tb(y) =T, y) — T b(s, y) (6)

as a key property ensuring both the meaningfulness and the possibly the wellposedness of the
perturbed ODE (5). The reasoning behind this fact roughly goes through the following lines:

1. In order to see a regularising effect, we need the path w to be particularly “active”, so that
whenever the solution x gets close to a critical point of the drift b, it cannot spend too much
time there (this is usually believed to be the source of non-uniqueness, think of the Peano
phenomenon presented at the beginning). If this “activity” is understood as w presenting
very fast oscillations (think of Brownian trajectories), then it is reasonable to expect a lot
of cancellations whenever integrating a function f along the curve w. In particular, there
is some hope that the field T™b is actually spatially more regular than the original b.

2. Given the structure of the equation, we expect any solution x to be of the form w+ 6, where 6
at least formally corresponds to the integral f:b(r, x,)dr term; for measurable and bounded
b this is indeed the case, implying that 6 is Lipschitz, in particular more regular than w.
It is reasonable to expect this last property to be preserved even in the distributional case
and thus to impose the solution ansatz z =w+ 6 for § € C} for some value v > 4.

3. Intuitively, any = admitting such a decomposition “locally looks like w” up to higher order
corrections, which suggest that for |t — s| <1 it should be possible to approximate 6 by

t t
0;—0s= / b(r, 0, +w,)dr ~ / b(r, 05+ wy)dr =T"b(t, 0s) — T"b(s, 0s) = T;%b(6s).

The key intuition from [57] is that, for sufficiently regular T%b, the last step can be made fully
rigorous by means of so called nonlinear Young integrals.

The correct solution ansatz for distributional drifts b is x =w + 6 with 6 € C’l/ % which allows
to show that, if 7%b€ C;C. (see the definitions given in Chapters 1 and 3) for some v>1/2, then
fstb(r, xp)dr = fstb(r, 0, + w,)dr is well-defined (but it is not an integral in the Lebesgue sense

anymore!) and characterized as the unique limit of suitable Riemann-Stjeltes sums:

t 1+1
/Ob(r,G‘Terr)dr:/ T%b(dr,6,)= lim Z T3 in, (i) = lim Z/ b(r, O +w,)dr

n— o0 n— oo
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where the limit is taken along any sequence of partitions II" = {0 =ty <t{ < ... <tp=t} with
mesh |II"|: =sup; |t 1 — 7| converging to 0 as n— co. Moreover, the resulting “integral” inherits
the time regularity of 7%b € C;CL; in other terms, for any z as above, ¢ — fgb(r,x,,.) eC)

As a consequence, we can set up and solve a fixed point map on the path space DV :=w+ C’t1 12—

{w—l—H:HECtl/Q}, given by

F(x)t::roJr/

0

¢ t
b(r, x)dr +wy=:xo+ / Tvb(dr, 6,) + w;.
0

In order to show contractivity of F' on D% (endowed with a suitable metric), it is enough to know
that T™b is regular enough (e.g. T%b € C;C2 for some ~>1/2); in this case, there exists a unique
fixed point x € DY for F', which we define to be the solution to the perturbed ODE (5) (this
definition is consistent with the classical one whenever b is regular). Equivalently, passing to the
variable § =z — w, this amounts to establishing existence and uniqueness of solutions to

t
0 290+/ Tb(dr, 0,) (7)
0
which is now a nonlinear Young differential equation.

One can draw a nice analogy between the arguments developed in [57] (and their revisitation in
[145]) and the general philosophy of rough paths (see the monographs [132, 134]). The main idea
in rough path theory is that, in order to analytically define and solve an equation of the form

dXt = O'(Xt)dY;g,

driven by an irregular signal Y (typically Y € C7 with 6 <1/2), the information contained in Y
alone is not enough. Instead, one needs to enhance the imput data Y into (Y,Y) by additionally
considering a sufficient amount of iterated integrals of Y against itself (or in general its signature);
once this is done, the resulting solution map Y +— X will admit a so called It6-Lyons decomposition,
namely it will consist of the composition of a measurable lift of ¥ into (Y,Y) and a continuous
(actually, differentiable) map sending (Y,Y) into the corresponding solution X.

The situation here is similar: in order to give meaning to the perturbed ODE (5), we postulate
the existence and regularity of T*b, which plays the role of the enhancement (Y,Y); once this
is done and the correct solution ansatz x € D" is identified, we can solve the ODE in a purely
analytical manner and construct a continuous (in suitable topologies) solution map (b, T*b) — z,
which yields an analogue of the It6-Lyons decomposition. Heuristically, the information given by b
is not enough to solve the equation, but we need to take into account the “activity” of w as encoded
by the regularity of T%b. Moreover, similarly to the rough paths setting, whenever successful,
this strategy immediately yields the construction of an associated flow of diffeomorphisms to the
equation (something usually more difficult to achieve in the SDE setting, due to the adaptability
requirements and thus the impossiblity to apply time reversal arguments in a naive way).

Among the interesting processes W to which these results apply (by being able to verify Point 2.
of the above programme, i.e. the P-a.s. regularity of TW(“)b), but are outside the scope of classical
SDE techniques (due to W not being Markovian nor a semimartingale), the most prominent
example is given by fractional Brownian motion (fBm) of Hurst parameter H #1/2 (whose basic
properties are recalled in Appendix A.1). It is a fundamental class of Gaussian processes, first
introduced by Kolmogorov [189] in the study of turbulence and later rediscovered by Mandelbrot
and Van Ness [211]; we refer to [90] and the references therein for an overview on its modelling appli-
cations. FBm can be regarded as a generalization of standard Brownian motion (corresponding to
H =1/2) and it shares many similar properties, including self-similarity and stationary increments.
However for H #1/2 its increments are not independent and can be either positively correlated
(for H >1/2, corresponding to long range dependence of increments) or negatively correlated
(H < 1/2, short range dependence). More generally, this thesis unveils a large class of Gaussian
processes with regularising trajectories, whose fundamental feature is to satisfy a suitable form of
local nondeterminism (cf. Section 5.1.3).
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In this introductory discussion, we have indulged a lot on explaining (some of) the ideas
coming from [57], but they constitute only a part of the results contained here (mostly those
from Chapter 3). The reason is that they laid the ground for several subsequent developments
(see e.g. [65, 66]), going far beyond the initial applications from [57], revealing a general strategy:
in order develop pathwise regularisation by noise results for a given system, one should find a
correct reformulation of the initial problem (like the ansatz x € w4+ Cy) which allows an appli-
cation of the nonlinear Young formalism. Indeed, the starting point of our analysis will be exactly
to analyse in detail the latter class of equations, in an abstract setting, so to specialize them
afterwards to different classes of problems.

Structure of the thesis

I’ve tried as much as possible to present the topics included in this thesis in their most natural log-
ical order, with each chapter being a natural prosecution of the ones that preceeded it. Nontheless,
each chapter has its own brief introduction, explaining the main motivations as well the notations
and conventions adopted therein, and a closing section of bibliographical remarks, explaining more
in detail the main sources of all the results presented and how they fit in the existing literature.
For this reason, here I will only give a very short overview of the contents of the chapters.

Chapter 1 is based on the paper [141] and contains a preliminary study of abstract nonlinear
Young differential equations (YDEs) in Banach spaces, i.e. equations of the form

t
yt:yOJF/ A(ds, ys).
0

Results concerning existence, uniqueness, differentiability of the associated flow, as well as conver-
gence of numerical schemes and topological properties of the set of solution are discussed.

Chapter 2 is again based on [141] and can be seen as a natural continuation of Chapter 1,
passing to the more complicated case of evolutionary nonlinear Young partial differential equations,
especially of transport and parabolic type.

Chapter 3 applies the abstract theory from the previous chapters to study the regularising effect
of continuous additive perturbations w on ODEs; the material is taken mostly from the paper [145],
made in collaboration with Massimiliano Gubinelli, and partially from the preprint [146], joint
with Fabian A. Harang and Avi Mayorcas.

Specifically, in order to study the perturbed ODE (5), we apply the change of variables § =z —w
and pass to consider the nonlinear YDE (7), which is a special case of the ones from Chapter 1 for
the choice A=T"b.

The first part of the chapter deals with w =W (w) sampled as an fBm of parameter H € (0, 1),
presenting several techniques to estimate the P-a.s. regularity of the averaged field 7" (“)b; this
information is properly combined with an application of Girsanov transform to recover path-by-
path uniqueness results a la Davie. It is then shown how, under suitable requirements on 7"b (thus
on b and the value H), it is even possible to construct a flow of diffecomorphisms for the ODE and
solve the associated perturbed transport equation, by directly invoking the results from Chapters 1
and 2.

The last part of the chapter switches to the perspective of establishing results for generic
perturbations w, in the sense of the prevalence. Although this notion of genericity is purely ana-
lytical, it does allow for probabilistic tools in the proofs, and indeed our results (especially the
aforementioned Theorem 1) build on the theory designed for fBm in the first part.

Chapter 4 is based on the preprint [139] in collaboration with Fabian A. Harang. It extends

the results from Chapter 3 by considering the regularising effect of addivite perturbations w on
multiplicative SDEs of the (integral) form

¢ ¢
xt:onr/ bl(s,xs)der/ b2(s, z5)dBs +wy;
0 0
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here 8 is another fBm of parameter § € (1/2,1), so that in principle the term fOtbQ(s, xs)d Bs would
be defined pathwise in the Young sense. Compared to the analysis developed in Chapter 3, the
main difficulty lies in rigorously defining and studying the multiplicative averaged field

t
Lb(t, y) = / b2(3> Y+ ws)d Bs;
0
once this is done, the general theory from Chapter 1 can be again implemented successfully.

Chapter 5 takes a slightly different perspective from the previous chapters and is based on the
preprint [143], jointly with Massimiliano Gubinelli. So far, all our considerations were done at
the level of ODEs (or SDEs) with fixed prescribed drift b, which results in statements of the form
“if T™b is regular enough, then the perturbed ODE is wellposed”. One might look instead for an
intrinsic property of the path w, ensuring the regularity of Tb for all drifts b in a suitable class;
this idea was again first developed in [57], where the concept of p-irregularity was first introduced.
We say that a path w: [0,7] — R is (v, p)-irregular if there exists a constant C' >0 such that

¢
/ ei€wr dr
S

The results presented in this chapter can be considered as a spiritual continuation of [57], carrying
a detailed study of properties of p-irregular paths and their relation to instances of regularisation
by noise for ODEs and PDEs. In particular, several useful criteria for stochastic processes to be
p-irregular are presented and then applied to a large class of Gaussian processes, satisfying a suit-
able local nondeterminism condition. Moreover the relation between p-irregularity and analytical
properties, like a-Holder roughness or the dimension of the image sets w([s, t]), are presented.
The final part of the chapter is the devoted to a detailed study of the perturbation problem, whose
simplest instance can be phrased as follows:

<ClE[~rit—s|? VEeRY s<t 8)

If w is p-irregular, under which conditions on ¢ the same holds for @w=w + ¢?

Chapter 6 follows the preprint [144], jointly with Massimiliano Gubinelli, and focuses on the
inviscid mixing and enhanced dissipation properties of shear flows u: T — IR; here T denotes the
1-dimensional torus and the class of PDEs in study is given by

atf(t,ac,y)+u(y)6wf(t,x,y):VAf(t,:c,y); (9)

here v >0, (t,x,y) € [0,+00) x T? and f has a prescribed initial condition fo=0. The goal is to
understand how the long-time behaviour of solutions to (9) are affected by the presence of u, in
terms of the polynomial (resp. exponential) decay of || f||gz-= (resp. || fllz2), as t — oo, when v =0
(resp. v>0).

Although at fist glance this topic might not seem connected to regularisation by noise, it
turns out it can be tackled by means of the same philosophy underlying our pathwise approach.
Specifically, we will show that a sufficient condition for w to be mixing (resp. diffusion enhancing)
is for it to be p-irregular (respectively satisfy Wei’s irregularity condition) and that such notions of
irregularity are safisfied by generic Holder paths. In this way, we obtain a variant of the principle
from Theorem 1 that can be summarised as “the rougher the shear flow, the faster the mizing”.

Finally, Appendix A contains several useful results that have been used throughout the thesis,
like fundamental properties of stochastic processes and function spaces, chaining lemmas, a recap
of stochastic integration in Banach spaces and more.

What is not included here

There are three topics, which will not appear in this thesis for different reasons, but are still worth
mentioning and discussing here shortly.
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The first one can be regarded as one of the long-standing objectives of the overall programme
of regularisation by noise and is usually called the zero noise limit. To explain what we mean,
let us go back to the Peano phenomenon represented by the family of solutions (2). If we assume
reality to be deterministic, we cannot expect any behaviour of this kind to be allowed in physical
systems; thus what should we do when such pathologies arise in the model in consideration? One
possibility is to regard some of these solutions as a mathematical artefact, which simply do not
exist in reality; we are then led to the problem of identifying physically meaningful solutions by
devising selection principles for them. Given that noise is present in any physical system, the only
solutions to the mathematical model one would expect to observe in reality are those which are
stable under arbitrarily small perturbations. In other terms, the physical solutions to (1) should
be (a subset of) those recovered as the limit of X¢ solving (3) as e =07,

When W is sampled as a Brownian motion, d =1 and the drift b has one singular point, the
problem was solved in the 80’s by Bafico and Baldi [18] using martingale techniques and explicit
formulas solutions to elliptic PDEs; unfortunately, the theory hasn’t made significant progresses
since then. Still in the one dimensional setting, the presence of singular large deviations has been
observed in [159, 171], while the result from [18] has been revisited using alternative techniques
in [91, 262]; the novelty of these works is the use of more intrinsic tools applied directly at the
level of the SDE, given respectively by the identification of the relevant dynamical time scales and
the use of local times. In general dimension d, it is worth mentioning the structural properties
of zero noise limits given by [51, 44], which are however not enough to fully characterize them;
in particular, [44] establishes an important link between the Feller transition kernel obtained in
this way and the viscosity solutions of the associated Kolmogorov equation (for which we refer to
the monograph [126]). Recent further works on the multidimensional case include [93, 237, 238].
Finally, let us mention [17], regarding the study of the behaviour of zero noise limits not at the
level of the SDE, but instead looking at the associated transport equation.

In the aforementioned works, Markov and martingale properties of the solutions enter crucially
in the analysis; the zero noise limit is examined at the level of the law (or more generally transition
kernel) of the solutions, i.e. by studying the limit of £(X¢) as e —07.

The pathwise setting poses even more challenges: for a given continuous regularising path w,
suppose we considered z¢(w) solution to (5) with w replaced by ew. Is it be possible to characterize
the limit points of z5(w) as € — 0%? If so, do they depend on the choice of the perturbation w, or
are they universal objects? In particular, if we take w =W (w) to be typical realisations of fBm,
does the limit depend on the value of H € (0,1)? We are still completely lacking the right tools to
address these difficult questions; for this reason, they will be never further mentioned in the rest
of the thesis.

The second topic that will not be covered is related to the paper [147], made in collaboration
with Fabian A. Harang and Avi Mayorcas. Therein we studied the wellposedness properties of
distribution dependent SDEs (henceforth DDSDEs) of the form

dX; = By(X¢, pe)dt +dW,  pe = L(Xy), (10)

which are expected to be the mean-field limit as N — oo of the interacting particle systems

N
i i i 1 .
dXN = By(XEN pN)dt + dW, “?:NE:%” Vi=1,...,N (11)

Jj=1

where {W'},cn are i.i.d. random variables sampled as W and pdY represents the empirical measure
of the system at time ¢. The literature on DDSDEs (also referred to as McKean- Viasov SDEs) and
interacting particle systems, especially for W sampled as a Brownian motion, is enormous and we
will not attempt to cover it here; we refer instead to the introduction from [147].

The reason why [147] is not presented here (apart from reasons of length), is because the
philosophy adopted therein is exactly the opposite of the one presented here: our goal was to extract
as much information as possible on the solution theory for (10) and (11) without imposing any
assumption on W; in particular, the noise in consideration can be very degenerate (one can even
take W =0) and thus cannot provide any regularising effect.



INTRODUCTION 15

Our main techniques, based on the “pathwise McKean Vlasov theory” first developed by
Tanaka [259] and recently nicely revisited in [69], allow to automatically deduce mean-field con-
vergence of system (11) to (10) as soon as the DDSDE is wellposed and satisfies suitable stability
estimates. One of the main raisons d’etre for [147] is the attempt to establish a family of “base-
line results” for the DDSDE, true for any choice of the process W, to be compared with what
can be obtained in the (more interesting) case where W is truly nondegenerate and possibly
strongly regularising. We started examining the latter case in the work [146], whose results are
also partially contained here (cf. Theorem 3.27 from Chapter 3), by establishing the wellposed-
ness of the DDSDE (10) for suitable distributional drifts B and W sampled as fBm.

Last but not least, during my PhD I also focused on another line of research, jointly with Franco
Flandoli and Dejun Luo, which resulted in the papers [140, 119, 117, 118, 120, 148].

Roughly speaking, the main focus of this series of works is the effect of suitable multiplicative
transport noise on evolutionary SPDEs of the form

dut + odW; - Vuy = [F(u) + kAuy]dt. (12)

Here F'is an abstract nonlinearity (possibly nonlocal and/or also depending on higher derivatives of
ug), k=0, while W is a Gaussian field which is Brownian in time and coloured in space, i.e. it can
be written as W (t,z) =", ox(z) 8*(t), where { 8"} is a family of independent standard Brownian
motions and oy are suitable vector field; the symbol odW denotes Stratonovich integration, which
is physically justified by the Wong—Zakai principle. Although for the sake of this brief discussion
there is no need to specify all the details, in most works we considered the torus T~ [0, 27]¢ with
periodic boundary conditions.

Starting with [140] it was observed that, for any fixed v > 0, one can construct a sequence of
divergence free noises W', undergoing a suitable scaling limit, such that the associated solutions
u™ to (12) converge weakly to the solution u to the deterministic PDE with enhanced viscosity

O =F(us) + (k4 v)Auy. (13)

The work [140] only covers the linear case F'(u;) =b;- Vuy, but since then the theory has then been
considerably expanded. For instance [119] treats the case of 2D Euler equation in vorticity form,
corresponding to

Flu))=VA uy=Kx*u;, k=0

where K denotes the Biot—Savart kernel; in this case, the result can be stated as a scaling limit of
stochastic Euler equations to deterministic Navier—Stokes (thus inverting the classical paradigm
where solutions to Euler are recovered from the vanishing viscosity limit of Navier—Stokes).

The theory is still thriving, as we are starting to understand how to make the arguments
concerning the scaling limit more quantitative [118]; we also recently established the presence of
underlying large deviations and Gaussian fluctuations in [148]. The scaling limit of (12) to (13)
has important applications in regularisation by noise phenomena, specifically in showing that noise
prevents blow-up of solutions, see [124, 117].

However, the arguments in the aforementioned papers heavily rely on the availability of sto-
chastic calculus (the key point is the correct computation of the I[t6-Stratonovich corrector arising
in (12)) and would immediately break down if the noise W were not Brownian in time; moreover
the SPDE (12) does not have in general a pathwise interpretation. Although extremely interesting,
this line of research does not fit the general philosophy presented in this thesis and is thus omitted.
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Chapter 1
Nonlinear Young Differential Equations

The aim of this chapter is to present a systematic treatment and a well-developed solution theory
for so called nonlinear Young differential equations (henceforth nonlinear YDESs), namely equations
of the form

t
act:aco—i—/ A(ds, zg). (1.1)
0

Nonlinear YDEs can be regarded as the basic building block for many results presented in this
thesis, as their importance lies in their versatility:differential systems which a priori do not present
the structure (1.1), may be recast as nonlinear YDEs, after a suitable change of variables. This
approach is particularly convenient for two main reasons: i) it allows to give meaning to such
systems also in situations where classical theory breaks down; ii) after the change of variables
has been applied, wellposedness results for the original problem follow almost automatically by
an application of the abstract theory of nonlinear YDEs presented here. As we shall see, in the
stochastic setting this allows for an entirely pathwise treatment, making it possible in particular
to establish genericity results.

Let us shortly describe the setting for nonlinear Young equations. Given a Banach space Vand
a time interval [0, 7], the unknown x:[0,7] — V appearing in (1.1) is an a-Holder continuous path,
while the vector field A: [0,T] x V' — V is given and enjoys suitable space-time Holder regularity.
If A is sufficiently smooth in time, then A(ds,zs) can be interpreted as 9;A(s,xs)ds, so that (1.1)
can be regarded as an ODE in integral form; here however we are interested in the case 9:A does
not exist, so that (1.1) does not admit a classical interpretation.

In the case A(t, z) = f(2)y:, where y is an U-valued a-Hélder continuous path and f maps V
into the space of linear maps from U to V, equation (1.1) can be rewritten as

¢
$t=$0+/0 flxs) dys (1.2)

which can be regarded as a rough differential equation driven by a signal .

In the regime o >1/2, for sufficiently regular f, equation (1.2) can be rigorously interpreted by
means of Young integrals, introduced in [277]; wellposedness of Young differential equations (YDEs)
was first studied in [209]. After that, several alternative approaches to (1.2) have been developed,
either by means of fractional calculus [278] or numerical schemes [87]; see the review [199] for a
self-contained exposition of the main results for YDEs. YDEs have found several applications in
the study of SDEs driven by fractional Brownian motion (fBm) of parameter H >1/2, see for
instance [224].

Although equation (1.1) may be seen as a natural generalization of (1.2), its development is
much more recent. Nonlinear Young integrals like the one appearing in (1.1) were first defined
in [57] in applications to additively perturbed ODEs, and subsequently rediscovered in [176], where
they were employed to give a pathwise interpretation to Feynman-Kac formulas and SPDEs with
random coefficients.

In this thesis we will consider exclusively the case of time regularity a>1/2, also known as
the Young regime or level-1 rough path. However it is now well understood, since the pioneering
work of Lyons [210], that it is possible to give meaning to equation (1.2) even in the case a<1/2
by means of the theory of rough paths, see the monographs [134], [132] for a detailed account on
the topic. An analogue extesion of (1.1) to the case of nonlinear rough paths has been recently
achieved in [70], [230]; so far however it hasn’t found the same variety of applications, discussed
above, as the nonlinear Young case. For more bibliographic references and further extensions of
nonlinear Young integrals, we refer the reader to Section 1.5.
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Motivated by the above discussion, we collect here several results for abstract nonlinear YDEs,
providing general criteria for existence, uniqueness and stability of solutions to (1.1), as well as
convergence of numerical schemes and differentiability of the flow. The content of this chapter is
taken from the paper [141], which in turn is deeply inspired by the review [199]; all the theory is
developed in (possibly infinite dimensional) Banach spaces and relies systematically on the use of
the sewing lemma, a by now standard feature of the rough path framework.

The content given here will then set the stage for applications (especially to regularisation by
noise phenomena) which will be presented in Chapters 3, 4 and Section 5.2.2 from Chapter 5.

Structure of the chapter. Section 1.1 is entirely devoted to the definition of the nonlinear
Young integral and its basic properties; once they are established, we will pass to a detailed study of
nonlinear YDEs in Section 1.2 and of the associated flow in Section 1.3. Finally, Section 1.4 contains
several less canonical results, yet extremely relevant for our analysis, ranging from measurable
selections of solutions to conditional uniqueness statements.

Notations. Here are the most relevant notations and conventions adopted through this chapter:

o  We write a <b if a < Cb for a suitable constant, a Sxb to stress the dependence C'=C(\);
a~b stands for a $b and b Sa.

e We will always work on a finite time interval [0, T]; the Banach spaces V, W appearing
might be infinite dimensional, but will be always assumed separable for simplicity.

e Given a Banach space (E, ||-||g), we set CYE = C([0,T]; E) endowed with supremum norm

[fllc= sup |[fellz VfeCPE

te[o0,T]

where fi:=f(t) and we adopt the incremental notation f;:= f; — fs. Similarly, for any
a€(0,1) we set CFE=C*([0,T]; E), the space of a-Holder continuous functions, with

o= swp AL2lE ey o+ [T

ogs<t<r It =8

The above notation will be applied to several choice of E, such as CV, CfRY, but also
C;’C’g‘;?/v or C’,?‘C&W,loc, for which we refer to Definitions 1.2 and 1.4.

e We denote by L(V,W) the set of all linear bounded operators from V to W, L(V)=L(V,V).

e  Whenever we will refer to differentiability, this must be understood in the sense of Frechét,
unless specified otherwise; given a map F:V — W we denote by DF its Frechét differential.
We will use indifferently DF(z,y)=DF(z)(y) for the differential at point x evaluated along
the direction y.

e As a rule of thumb, whenever 7 (I') appears, it denotes the sewing of I': Ay — E; we refer
to Section 1.1 for more details on the sewing map. Similarly, in proofs based on a Banach
fixed point argument, Z will denote the map whose constractivity must be established.

e Asarule of thumb, we will use C;, i € N for the constants appearing in the main statements
and k; for those only appearing inside the proofs; the numbering restarts at each statement
and is only meant to distinguish the dependence of the constants from relevant parameters.

1.1 The nonlinear Young integral

1.1.1 Preliminaries

This subsections contains an exposition of the sewing lemma and the definition of the joint space-
time Holder continuous drifts A we will work with; the reader already acquainted with these
concepts may skip it.
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Given a finite interval [0, T], consider the n-simplex A,:={(t1,...,t,):0<t1 < ... <t, <T}.
Let V be a Banach space, for any I': Ay — V' we define 6I': A3 — V by

6Fs,u,t::Fs,t_rs,u_ru,t-
We say that T'e C52([0, T); V) = C$PV if I ;=0 for all t € [0, T] and ||I'||a, 3 < 00, where

||IS t”V ||6Fsu tHV
s 6' = su '—” I = 5' .
= s 16T S<ufit t—s|? ITlla,5:= Tl + I6T(5

For a map f: [O,T] — V, we still denote by fs; the increment f; — f;. The next result, usually
refereed to as “sewing lemma”, gives a quantitative information on how well the 2-parameter map
I' can be locally approximated by a difference f ;. It is a fundamental tool in modern rough path
theory, dating back to [162], [112], allowing to define abstract Riemann—Stjeltes type of integrals.

[IT|ov 2= su AT

Lemma 1.1. (Lemma 4.2 from [132]) Let o, 8 be such that 0< o <1< . For any T € C5PV
there exists a unique map J(I') € C£V such that J(I')o=0 and

1T (D)se = Tesllv < CallT g [t — s[7 (1.3)

where the constant Cy can be taken as C1 = (1 —2°-1)~"1. Thus the sewing map J: C3"PV — CPV
is linear and bounded and there exists Co = Co(a, B,T) such that

1T (M)la < C2 T la, - (1.4)

For a given T, J(T') is characterized as the unique limit of Riemann-Stjeltes sums: for any t >0
00 o, 5

The notation above means that for any sequence of partitions I, ={0=tg<t1 < ... <tp, =t} with

mesh |IL,| =supi=1,... &, [ti—ti—1| =0 as n— o0, it holds
kn—1
t_nll_{lgo Z Ft17t1+1

Next we need to introduce suitable classes of Holder continuous maps on Banach spaces.

Definition 1.2. Let V., W Banach spaces, f € C(V; W), B€(0,1). We say that f is locally B-Holder
continuous and write f € C@W’loc if for any R> 0 the following quantities are finite:

U= s AT =1t s 1@
TFYE - TE
lzllvillyllv<R Y lzllv<E

For A€ (0,1], we define the space C‘B/%‘,V as the collection of all f € C(V; W) such that

[[fﬂﬁ,/\:;lg R fls,r: | (0)]|y < oo.

Finally, the classical Holder space C’g,w is defined as the collection of all f € C(V; W) such that

floi= sup W ZIWIW ey s sup | £y < .
r#Y€eEV lz —ylly zeV

Remark 1.3. We ask the reader to keep in mind that although linked, [f]s, & and [f]s,x denote
two different quantities. CV W .loc 18 a Fréchet space with the topology induced by the seminorms

{l fllg,r} >0, While C’V w and C’V w are Banach spaces. Observe that if f e C{) W we have an
upper bound on its growth at 1nﬁn1ty, since for any z € V' with ||z|y >1 it holds

1F @)l <11 (@) = FOllv + £ O) v < 12l [Ts, ey + 1F Ol < F s A+l



22 NONLINEAR YOUNG DIFFERENTIAL EQUATIONS

In particular, if 84+ A <1, then f has at most linear growth.
We can now introduce fields A: [0,T] x V — W satisfying a joint space-time Holder continuity.

We adopt the incremental notation As () := A(t, ) — A(s, x), as well as Ay(z) = A(t, z); from
now on, whenever A appears, it is implicitly assumed that A(0,2)=0 for all z € V.

Definition 1.4. Given A as above, a, 5 €(0,1), we say that A€ C?C&W?IOC if for any R>0 it holds

As tlp.r As tlls. r
Wlapnim sp Lletin gy e g Letlin o
0<s<t<T 0<s<t<T
We say that A € C’?ng)v if
As.i]a.A [[As.ell.x
A Ai= sup 4., 2|4 A= sup 2B < oo
[l 5. o<s<t<T [t—8[" [AT.s. o<s<t<T |t—8["

analogous definitions hold for C?C@_,W, [le.ss lIlla,s-

The definition can be extended to the cases a =0 or =0 by interpreting the norm in the
supremum sense; for instance A € C’?C‘?W if [[Allo, 3= suptefo, 1 | Aellg < oo

Given a smooth map F:V — W, we regard its Frechét differential D*F of order k as a map
from V to LK(V W), the set of bounded k-linear forms from V* to W.

Definition 1.5. We say that A € C{’C’(}ﬁ/g if Aeg C{’C’g,w and it is k-times Frechét differentiable
in x, with DFA € C?C@ LRV, W) for all k< n. C’?C{}ﬁ/g is a Banach space with norm

n
|Allanrs=>" [D*Alla.p.
k=0

Analogue definitions hold for C’f‘CQ}Tvg_’loc and C’f‘C"}ﬁ/g’A.

1.1.2 Construction and first properties

We are now ready to construct nonlinear Young integrals, following the line of proof from [176], [170];
other constructions are possible, see the discussion in Appendix A.2 from [141].

Theorem 1.6. Let o, 3,7 € (0,1) such that o+ py>1, A€ C’f‘C’gyW_rloc and © € CV. Then for
any [s,t] C[0,T] and for any sequence of partitions of [s,t] with infinitesimal mesh, the following
limit exists and is independent of the chosen sequence of partitions:

t
/ A(du, z,):= lim Z Aty ().
S i

[TI|—0
The limit will be referred as a nonlinear Young integral. Furthermore:
1. For all (s,r,t) € Ag it holds [ A(du, ) —l—f:A(du,acu) :f;A(du,xu).
2. If 0;A exists continuous, then f:A(du,xu) :fstatA(u,acu) du.
3. There exists a constant C1 = C1(«, §,7) such that

/S A, 1) — Aq 1(52)

<Ot — s [A] o g, o) 2]7. (1.5)
w

4. The map (A,z)w [ A(du,z,) is continuous as a function from C’?C’g,wmc x OV — CfW.
More precisely, it is a linear map in A and there exists Co= Ca(a, 8,7, T) such that

‘ /0 AY(du, ) — /0 A2(du, )

< Col|AY = A2||a .2l (1 + [2]4); (1.6)

[e3
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it is locally 6-Holder continuous in x for any § € (0,1) such that 6 < (a+ py—1)/~ and
there exists Cs=Cs(a, 8,7,0,T) such that, for any R>||z|lec V ||Y]|co, it holds

/O.A(du,:ru) f/OIA(du, Yu)

Proof. In order to show convergence of the Riemann sums, it is enough to apply the sewing lemma
to the choice Ty ;:= As 1(zs) = A(t, z5) — A(s, z5). Indeed we have

<CslAlla,p.r (1+ 2]y + ) o = yl5- (L.7)

[e%

Az As.tllo, 2]l
Il _Supwgs M\HAHQ,OJMHW
and st |t—s|* st It—s]
1T ellw =1 Au, () = A () lw < [Au s oo 10,5115

<t —ul® lu— s [A]a, 5, o) [2]5

which implies [|61'(|a+ gy < [Al o, 5, || [[ac]]g In particular I € C5°“T "W with o+ By > 1, therefore

by the sewing lemma we can set

t
/OA(dS,lL'S)I:jF t= lim ;Ft teg1r

|TTI|—0

HOO

Property 1. then follows from J (I")s = J (I')s,» + J (T')r,+ and Property 3. from the above estimates
on ||61'||a+ gy- Similarly estimate (1.6) is obtained by the previous estimates applied to A=A — A2
Property 2. follows from the fact that if 0;A exists continuous, then necessarily

t
\I111|IEO Z Ati-,ttJrl(xti) :A (9tA(’U,,£L'u) du

It remains to show estimate (1.7). To this end, for fixed z,y € C;'V and R as above, we need to
provide estimates for ||5f||1+a for f&t: =A, 1(zs) — As.1(ys) and suitable € > 0. It holds

10T el <IAw,t(@0) = Aue(25)] 4 [Aue(ya) = Aue(ys) | < Alla,p,r ([205 + [9]5) 1t = s |+,
|0 s e <[ Au,i(zu) = Aut(yu) | 4 [Aut(@s) — Aue(Ys) | SN Alla,s,r llz — y”o It —s|%
which interpolated together give
16T 1|1 -6)(a+ )+ 80 SIAlla, 5,1 (1 + [2] + [yD4) e = w6
for any 6 € (0,1) such that (1 —0)(a+ By) + 0o =14 > 1, namely such that

a+ py—1
vy

t t ~
/A(dr,x,)—/ A(dr, y,) =T 4
s s w

SHOT 1 4e[t — 511 rlt = s|*le = yllg
0
Sorlt =5 | Alla.s,r L+ 2l +llyl) e = yllg

80 <

The sewing lemma then implies that

/S "Addr, ) — / "Addr, )

<o
w

+IITs ellw

Dividing by |t — s|® and taking the supremum we obtain (1.7). O

Remark 1.7. Several other variants of the nonlinear Young integrals can be constructed, for
instance integrals of the form
/ ys A(ds, )
0

for y € C{R such that a +6 > 1 and A, x as above. This can be either interpreted as a more classical
Young integral of the form foyt fo (ds,zs)) =T (T) for Ty, s =ys fStA(dr,x,«), or as the sewing of
L. +=Ys As 1(x5), the two definitions being equivalent; see Remark 2.8 from [141].

Nonlinear Young integrals are a generalisation of classical ones, as the next example shows.
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Example 1.8. Let fe CP(R%RY*™) and y € CfR™, then A(t,z):= f(x)y; is an element of
Ccy C]R'i’ since

[As (@) = As s = 1f (@) = F()]ys ol < 1F (@) = F) ys ol < [Flalylalt — 51— yl°.

In particular, for any z € C]R® with a + By > 1, we can consider fo (ds, xs); this corresponds to
the classical Young integral | 6 f(xs)dys, since both are defined as sewings of

L= A t(-rs) = f(xs)yt - f(xs)ys = f(iﬂs)ys t5

the same reasoning holds for infinite sums of Young integrals of the form I f 0 "(xs)dyl.
On the other hand, if f is time-dependent and sufficiently regular, although it is possible to
define f 6 f(s,25)dys, this does not necessarily coincide with the nonlinear Young integral associated

to A(t,x) = f(t,x)ys; for the exact relations between them, see Remark 2.10 from [141].

1.1.3 Nonlinear Young calculus

Theorem 1.6 establishes continuity of the map (A, z) — f(')A(ds, xs); if A is sufficiently regular,
then we can even establish its differentiability.

Proposition 1.9. Let «, 3,7 €(0,1) such that @ + ﬁfy >1, Ae C?C‘l/ffv?,’loc. Then the nonlinear
Young integral, seen as a map F:C]V — C§W. fo (ds, zs), is Frechét differentiable with

DF(z):y— /O.DA(ds,acs)ys. (1.8)

Proof. For notational simplicity we will assume A € C{*CY, 1+B . It is enough to show that, for any
x,y€C]V, the Gateaux derivative of F at x in the direction y is given by the expression above, i.e.

lim F(‘”“y /DA (ds, z5)ys (1.9)

e—0

where the limit is in the Cf*W-topology. Indeed, once this is shown, it follows easily from reasoning
as in Theorem 1.6 that the map (z,y)— [ D A(ds,z,)ys is jointly uniformly continuous in bounded
balls and linear in the second variable; Frechét differentiability then follows from existence and
continuity of the Gateaux differential.

In order to show (1.9), setting for any € >0

As,t(xs + EyS) — ASyt(xS)
3

it suffices to show that J(I'*) =0 in Cf'W. In particular, by Lemma A.33 in Appendix A.6, we
only need to check that ||['¥||o— 0 as ¢ — 0, while ||0I'°||o+ gy stays uniformly bounded. It holds

F;t = *DAs,t(fL's)ysa

I el =

1
/ 1D Ay o5+ Aeys) — D Ay o()]ys dA
0

.
<ePID As,tllg lys I <Pt = s [ Allairs lylls ™

which implies that |||, <e” — 0; similar calculations show that
1

K= [ DAt A =Dtz [ 1D Aws(o Aem) = DAl
0 w
H [DAy 1(xs+ Aeys) — D Ay t(xs)] Ys,u AN
/ [DA, (zs+ Aeys) — DAy 1(x5) — DAy (20 + Aeyy) + D Ay to(20)] Yu d)\H
0 W
Slt =51 DAlla,s 9157 + 1t = s ID Ao,y ([2]5 + [515)
which implies that ||0T||a+gy S 1 uniformly in € > 0. The conclusion the follows. O

Proposition 1.9 provides an alternative proof of Lemma 4.5 from [145].
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Corollary 1.10. Let o, 5,7 €(0,1) such that a4+ fy>1, A€ C,?‘C‘I/J_’rv?,yloc, xl,22€ CJV. Then

/O.A(ds,xi) */O.A(ds,xg) :/O-vds(x;—xf) (1.10)

with v given by

t 1
Ut::/ / DA(ds, x2 4+ Az} —x2)) d); (1.11)
0oJo
formula (1.11) meaningfully defines an element of C*L(V , W), which satisfies
[vla <ClIDAlla,p,r(1 + [2']; + [2%]4) (1.12)

where R2 ||z |loo V ||y |loo and C=C(a, 8,7v,T).
Proof. It follows from the hypothesis on A that the map
1T gt
y€V+—>/ {/ DA(ds,x§+)\(x§x§))y}d)\€W (1.13)
o LJo
is well defined (the outer integral being meaningful in the Bochner sense) and linear in y; moreover

estimate (1.5) combined with the trivial inequality 1+ [z + \(x! — xf)ﬂg <1+ [2, + [27], valid
for any A, 8 €0, 1], yields

1 tDA(ds,wQJrA(xif:ﬂ?))y A\ SIDAla.s.r 1+ [+ [2°]) lyllv.
Al 1,

In particular, if we define v, as the linear map appearing (1.13), it is easy to check that similar
estimates yield v € Cf#L(V,W). The fact that this definition coincide with the one from (1.11), i.e.
that we can exchange integration in d\ and in “ds”, follows from the Fubini theorem for the sewing
map, see Lemma A.32 in Appendix A.6. Inequality (1.12) then follows from estimates analogous
to the ones obtained above. Identity (1.10) is an application of the more abstract classical identity

FzY) - F(2?) = { /0 lDF(:E2 Al - mm] (2! — 22)

applied to F'(x) = [ A(ds, ), for which the exact expression for DF is given by Proposition 1.9. [J
The following It6-type formula is taken from [176], Theorem 3.4.

Proposition 1.11. Let F'e C’?C&W,IOC and x € C]'V with a+ By > 1, then it holds

t t

F(ds,xs)—i—/o F(s,dzs); (1.14)

F(t,xt)—F(o,xO):/

0
if in addition F € CYCUY 100 with B'€ (0,1) s.t. y(1+ ') > 1, then

t

F(t,:ct)—F(O,:co):/ F(ds,:z:s)—i—/o DF(s,)(dzy). (1.15)

0

In particular, if v = [ A(ds, ys) for some A€ CCY, y € CV with y+nd > 1, then (1.15) becomes

t

F(t,z) — F(0, z0) :/

t
F(ds,:rs)+/ DF(s,xs)(A(ds, ys)). (1.16)
0 0

Proof. Let 0=tg<t;<---<t,=t, then it holds

F(tﬂ xt) - F(Ov xo) :Z [Fti+l(xti+1) - Ftl(xtl)]

:Z Fti,ti+1(‘rti) + Z [Fti(‘rti+1) - Fti(mti)] + Z Rt¢7t¢+1 = I{L + IQn + IZ?
where Rti7ti+1 = Fti,ti+1($t¢+1) - Ft¢7t¢+1(‘rti) satisfies

||Rti-,ti+1|| < ||F||Ot-,57||1\|oo [[x]]5|ti+1 - ti|a+ﬁ'y,
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while I and I3 are Riemann-Stjeltes sums associated to Fsl,t =F} +(xs) and Ff,t = Fy(zy) — Fs(xs).
Taking a sequence of partitions II,, with |IL,| — 0, by the above estimate we have I§ — 0; on the
other hand, by the sewing lemma we obtain

F(t,x) — F(0,20) = J (TY) s + T (T'2)y,
which is exactly (1.14). If F e C’?C‘l,fv?/:loc, then setting I'3, := D F'(s, x5) (w5 1), it holds
IT2, — T2 =l F (5, 20) — F(5,29) — DF(s,5) (ze.0) v
:‘ /Ol[DF(s, s+ A2s.) — DF(s,x5)](xs,0)dN y

1 ! ’ ’
SIDF(s,)llgrjafiw s, el 7 SN F o146, 2] |t = 5]70+5)

which under the assumption (1 + 8’) > 1 implies by the sewing lemma that J(I'?) = 7 (I'®) and
thus (1.15). The proof of (1.16) is analogous, only this time consider I}, := D F(s, zs)(As +(ys)),
then it’s easy to check that |12, — I;|lv < |t — s|7F " which implies that J (') = J(I'?). O

The identities from Proposition 1.11 admit further variants, see Remark 2.14 from [141].

1.2 Existence, uniqueness, numerical schemes for YDEs

This section is devoted to the study of nonlinear Young differential equations (YDE for short),
defined below; it provides sufficient conditions for existence and uniqueness of solutions, as well as
convergence of numerical schemes. Before proceeding further, let us point out that by Example 1.8
any Young differential equation

Ty =2x0+ /f(ws)dys

can be reinterpreted as a nonlinear YDE associated to A:= f ® y. Nonlinear YDEs therefore are
a natural extension of the standard ones; most results regarding their existence and uniqueness
which will be presented are perfect analogues (in terms of regularity requirements) to the well
known classical ones (which can be found for instance in [199] or Section 8 of [132]).

Definition 1.12. Let A€ C?C5710C, xs € V. We say that x is a solution to the YDE associated to
(x5, A) on an interval [s,t] C[0,T] if x € CV([s,t]; V) for some v such that a+ By >1 and it satisfies

:c,n:xs—i—/A(du,acu) Vr e [s,t]. (1.17)
S

Throughout this section, for z:[0,7]— V and I C [0, 7], we set

s, ¢l v

[x]y.1:= sup +———

v s,tel |t —s|7
sF#t

as well as [2]+;5,¢ in the case I = s, t]; similarly for ||z||~;s and ||z||;;. For any A >0 we also define

[z]y,a,v=[z]y,a:=  sup HﬂfstH\;
5,¢€[0,T] It —s|
|s—t|€(0,A]

1.2.1 Existence

We provide here sufficient conditions for the existence of either local or global solutions to the YDE,
under suitable compactness assumptions on A. The proof is based on an Euler scheme in the style
of those from [87], [199]; its rate of convergence will be studied later on. Other proofs, based on
compactness techniques or Leray—Schauder fixed point theorem, are possible, see [57], [176].
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Theorem 1.13. Let A€ C,?‘C‘ﬁ/,w where W is compactly embedded in V and a(1+ 3) > 1. Then
for any s >0 and x5 €V there exists a solution to the YDE

¢
$t:$5+/A(dT‘,ZET) Vte s, T]. (1.18)

Proof. Up to rescaling and shifting, we can assume for simplicity 7=1 and s=0.
Fix ne N, set tg =k /n for k€{0,...,n} and define recursively (z})i—1 by 2§ =z and

n  _.m n
TE+1= T + At?7tg+l(xk).

We can embed (z})7—; into CPV by setting

wii=zo+ > Ay aper(@R);
0<k< [ nt]
note that by construction z™ — x( is a path in CgW. Using the identity
t t
Ag 1(zd) :/ A(dr, x7) +/ [A(dr, ) — A(dr, z})]
S S

we deduce that z" satisfies a YDE of the form

t
x?:xo—i—/ A(ds,zd) + o (1.19)
where 0
& (EAtE 1) ViR
w= Y =y [A(dr, a%y) — A(dr, 7).
0<k<n o<k<n vtk

By the properties of Young integrals, ¥" satisfies

tht1
thar b= [ At et - At Sam Al e (120)
k

We first want to obtain a bound for [¢"], A w; we can assume wlog A >1/n, since we want
to take n — oo. Estimates depend on whether s and ¢ lie on the same interval [tf, ¢}, 1] or not;
assume first this is the case, then

/ [A(dr, ) — A(dr, )
s w

SHAs (@) = As o@D llw + [t = s1*CF D) Al [27]0 A, v
St = || Alla,s [2"]5 A, v

w=

154l

Next, given s <t such that |t — s| <A which are not in the same interval, there are around n|t — s|
intervals separating them, i.e. there exist [ <m such that m —l~nl|t —s| and s <t} <--- <ty <t.
Therefore in this case we have

m—1

[ llw <[P epllw + > 108w+ 08 dlw
k=l

SNAla,sle™2 Ay llE— 5|0~ + (m — Dn—o0+0)]
Sl Alla, gl 17 a v llt = 51708 4 [t — 5| nt =20+
SN Ao, plz™8 A v |t — 5|0t —a(+0)

where in the second line we used both (1.20) and the previous bound for v and s ;, while in
the last one the fact that —a8<1— a1+ 3). Overall we conclude that

[¢"a.aw <min' =D Alla s [2"]5 A v (1.21)

for a suitable constant x1 = k1(a, 8) independent of A and n.
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Our next goal is a uniform bound for [2"],a w. Since z™ solves (1.19), it holds

w S Ao (@)lw + [t = s1*CFO AL, [27]0 aw + 193w
Slt = sl Alla, s+ [t = 51 2P| Alla, s[2"10 a,w + [t = 5[*[¥"Ta,0,w
Slt = sl Alla, s + [t = 51 Alla, pl27]5 o w (A + =2 0FD),

(3¢l

Let us divide both sides by |t — s|, take the supremum over all |t —s| <A and choose A such that
AP || A|la.5 <1/4; then for all n large enough, so that n'=*0+A)||A||,.5<1/4, it holds

1 1 1
[z, a,w < |\A||a,ﬁ+§[[$”]]§,a,w5 [Alla,p+5 + 5[ o, a,w;

we used the trivial bound a” <1+ a, which holds for all 3 € [0,1] and a > 0. Overall this implies
the uniform bound [z"]q A,w S14||A|la, g for all n big enough.

The subspace {y € C*([0,1]; W) :yo=0} is a Banach space endowed with the seminorm [y]a, A, w,
which in this case is equivalent to the norm ||yl o, w; {#n — Zo}nen is a uniformly bounded sequence
in this space. By Ascoli-Arzela, since W compactly embeds in V', we can extract a subsequence
(not relabelled for simplicity) such that x, —zo— x —xo in C§~ °V for any € > 0, for some = €
CfV such that x(0) =zo. Observe that " satisfy (1.21) and [[x”ﬂg,Ay are uniformly bounded,
therefore ™ — 0 in Cf*W as n — oo; choosing & small enough s.t. a+ S(a —¢) > 1, by con-
tinuity of the nonlinear Young integral it holds

/ A(ds, ) —>/ A(ds,zs) in CPW.
0 0
Passing to the limit in (1.19) we obtain the conclusion. O

Remark 1.14. If V is finite dimensional, the compactness condition is trivially satisfied by taking
V =W. The proof also works for non uniform partitions II,, of [0, 7], under the condition that their
mesh |II,| — 0 and that there exists ¢> 0 such that |t} —t!| = ¢|II,| for all n€ N, i € {0,..., N,}.

Remark 1.15. The proof provides several estimates, some of which are true even without the
compactness assumption. For instance, by ["]a,a S 1+ ||Ala,s and Exercise 4.24 from [132],
choosing A satisfying A*?||A||,. 5~ 1, we deduce that there exists C; = C1(a, 8, T) such that

iz
[+ < 01<1 Al ) VneN.

Estimate (1.21) is true for any choice of A >0, in particular for A =T, which gives a global
bound; combining it with the above one, we deduce that

14apB

[¢"]a < Ca n1_a(1+ﬁ)(1 + 1Al %5 ) VneN

for some Co=Cs(ax, 8,T). Also observe that from the assumptions on « and S it always holds

1+1—a<2) 1+a5<3.
ap
Under the compactness assumption, since " — z in CYV, the solution x obtained also satisfies
. . 1+ 1;@
[2] o < liminf [2"]4 < Cl<1 + HAHO‘,ﬁ B ) <2041+ ||AH(2X75) (1.22)
n— oo

Finally observe that by going through the same proof of (1.21), for any 7' >0 and «, 3, v such
that a+ By > 1, there exists C3=Cs(«, 5,~,T) such that

[¢"a,a,v < Can' =2~ Ala,5[27]5 ay YnEN. (1.23)

This estimate is rather useful when A enjoys different space-time regularity at different scales, like
in Section 1.4.3.
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Corollary 1.16. Let A€ C’f‘C’g_’WJOC where W is compactly embedded in V and o(1+ 8) >1. Then
for any s €[0,T) and any x5 €V, there exists 7* € (s,T] and a solution to the YDE (1.18) defined
on [s,T*), with the property that either T*=T or

lim ||2¢||v = +o0.
1T+

Proof. The full proof is based on classical localization arguments and iterations techniques and
can be found in [141]. Here we only present a simple a priori estimate on the maximal time T* of
existence; as before it is enough to treat the case s=0,7 =1.

Fix R >0 and consider a localization of A, namely a drift A% ¢ Cf‘Cg,W s.t. AR(t,z) = A(t,x)
for any (t,z) with ||z||y <2R and AR(t,x) =0 for ||z||v > 3R; let Cr:=C(1+ ||A||2.5.3r), where
C' is the constant appearing in (1.22). Then for any zo €V with ||z¢|| < R, by Theorem 1.13 there
exists a solution x to the YDE associated to (x, A%) on the interval [0, 1]; setting 7:=inf {t € [0, 1]:
lze|lv = 2R}, by (1.22) it holds [2]4;[0,-] < Cr, and so

2R = |l v <|zollv + 7°[2]asp0,r1 < R+ 7°Cr

which implies

Cr\™ ¢
>(&R) 1.24
r>(%) (1.2
In particular, since A= A® on [0, 7] x Bag, we conclude that x. is also a solution to the YDE
associated to (zg, A) on the interval [0, 7] and that T* > 7. O

1.2.2 A priori estimates

A classical way to pass from local to global solutions is to establish suitable a priori estimates,
which are also of fundamental importance for compactness arguments. Throughout this section,
we assume that a solution = to the YDE is already given and focus exclusively on obtainig bounds
on it; for simplicity we work on [0, T], but all the statements immediately generalise to [s, T].

Proposition 1.17. Let a>1/2, 5€(0,1) such that a(1+5)>1, A€ C’,?‘Cg, xo€Vand x € C{V
be a solution to the associated YDE. Then there exists C=C(a,3,T) such that

[2]a <CA+IANZ 0 llela<C 1+ |lzollv + [ AllZ,5)- (1.25)

We omit the proof of Proposition 1.17, for which we refer to [141], as it is very similar (actually
simpler) to the one of Proposition 1.18 below; observe that estimate (1.25) is in perfect agreement
with (1.22).

The assumption of a global bound on A of the form A € C’?C’g is sometimes too strong for
practical applications. It can be relaxed to suitable growth conditions, as the next result shows; it
is based on Theorem 3.1 from [176], see also Theorem 2.9 from [57].

Proposition 1.18. Let A€ C?C"ﬁ/’)‘ with a(1+ 8) >1, B+ A< 1. Then there exists a constant
C=C(a, 3,T) such that any solution x on [0,T] to the YDE associated to (xg, A) satisfies

1 1—a

+7
el < Cexp(nAna,ﬁff )(1 +lzollv). (1.26)

Proof. Fix an interval [s,t] C [0,T], set R=||2||co;s,¢- Since x is a solution, for any [u,r] C [s,t] it
holds

lzurlly S [ Aur(@)lly +|r —ul* T D[ALa,p R[22
S Aur(@) = Aur(@s)llv + |r = u*[|Alla, s, 21+ [[25]lv)
Hr—ulolt = s|°?| Alla, 5.5 (1 1210, [0 0
S =l Alla g [+ l@sllv + ¢ = s[* (1 + 2 ) 2ss,0) [2] ;s

which implies, dividing by |r —«|* and taking the supremum, that

[eass.e Sl AN s AL+ Nasllv) + [t = s[* | Alla,px (14 26, 0) [0 o
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By Young’s inequality, for any a,b>0 it holds a*b® < a®*+* + b8+, moreover 5+ A< 1 so that
g
aPt* <1+ a. Therefore we obtain

[#lass.t SIAla,p A+ llzsllv) + [t = 5|7 Alla, g A1+ 2 ]locis.t + [2]ass.e)
SlAlla, g A1+ llzsllv) + 1A la Al = 5| [2] ass. 0

where in the second passage we used the estimate ||z ||co;s,t S || Zsl|v + [2] ;5,6 Overall we deduce
the existence of a constant k1 = k1(«a, §,T) such that

K K
[e]oss.t <G| Alla AL+ lzsllv) + S Allagalt = 51 T2l ass

Choosing [s,t] such that |t — s| = A satisfies #1||A||a, s xAY? < 1, we obtain

[#lass.e < mall Alla, g A (1 [[2s]lv)- (1.27)

If T satisfies k1]|Al|a. 5,2 T*? <1, then we can take s=0,t=T,A=T, which gives a global estimate
and thus the conclusion. If this is not the case, we can choose A <T s.t. k1||Alla, 52 A% =1 and
then (1.27) implies that

[2]a,a <kil|Afla, A1+ [[2]le0) (1.28)
as well as
[2]a S A z]a,a STANL G ANAla, 5,21+ [[2]l00)-
Therefore

e
[ele < mall 4155 (14 ]

where again ko = ko(a, 8, T). In particular, in order to obtain the final estimate, we only need
to focus on ||x|/c. Let us consider, for A as above, the intervals I, :=[(n — 1)A, nA] and set
In:=14||2||co;1,,, With the convention Jo=1+ ||zol|v. Then estimates analogue to (1.27) yield
In <L+ |2(n—1)allv + A%2]a;1,
<1+ A Al ) 1+ 20 1allv)
SO +riAY[Alla,p.2) Jn-1

which iteratively implies

T < [1+ R 0| AL, 5.0] o < exp(s1 n A A

a,8.7) (1+ [[zollv),

where we used the basic inequality 1+ x <e®. Since [0, 7] is covered by N ~TA~! intervals and
we chose A=~ ||A||*/*# up to relabelling s into a new constant 3 we obtain

1 11—

+7
Ut el =sup Jn <exp( s 41553 )1+ )
n<N
Finally, combining this with the estimate for [x], above we obtain
14l 141>
[z]a<r2[|All0, 50X eXP(HB [Alla, X )(1+ [[zollv)

11—«

1+
<rsosp( il A1 )+ olly)
where we used the inequality ze*®* < A\~ 'e?**. The conclusion follows. O
. . 1+(1—a)/(ap) < 2
Remark 1.19. Since a(1+ 3) > 1, it holds 1+ [|A[|, 5 S1+4|A|5. 5.4 and so

|2 lla < Cexp(CAIZ,5,) (L + lzollv) (1.29)

up to relabelling constant C'= C(a, §,T). As in several other estimates appearing later, the
dependence of C on T can be established by a rescaling argument, reducing the equation to an
equivalent one defined on [0, 1].
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In classical ODEs, a key role in establishing a priori estimates (as well as uniqueness) is played
by Gronwall’s lemma, the following result can be regarded as a suitable replacement in the Young
setting. One of the main cases of applicability is for linear equations, i.e. A€ CgL(V).

In the next statement (and the rest of the chapter more in general), we will say that f € Lipy
if it is a globally Lipschitz map, with bounded seminorm

[flLip:=[fli= sup M;
rFYEV lz —yllv

similarly we will write f € Cf'Lipy to denote time-dependent field f:[0,7] x V — V such that

[fla:= Ife=Folla _

sup
sptelor 1E—s[*

Theorem 1.20. Let «>1/2, A€ Cf'Lipy such that A(t,0)=0 for allt€[0,T] and h€ C{'V. Then
there exists a constant C' = C(«a) such that any solution x to the YDE

t
xt:xo—l—/ A(ds, zs) + hy (1.30)

satisfies the a priori bounds 0
[]a < C([A]a,1ll7]loo + [A]a); (1.31)
oo < C exp(CT [ALS ) (lzo + hollv + T*[A].); (1.32)
2 ]|o < Cexp(CT (1 + [A]Z, 1)) [[|o + hollv + (1 +T) [1]a]- (1.33)

Proof. We can assume without loss of generality that T'=1, as the general case follows by

rescaling. It is also clear that, up to changing constant C, inequality (1.33) follows from combining
together (1.31) and (1.32) and using the fact that [[A]]l/a <1+ [A]2 1 since a>1/2. Up to renaming

a,l ~
x, we can also assume hg=0. The proof is similar to that of Proposition 1.18, but we provide it

for the sake of completeness.
Let A >0 to be chosen later, s <t such that |t — s| <A, then by (1.30) it holds

t
[ Atduz)

s 1%
<ot @Iy + malt — 5[ ALt [2a,a + It — 5[*TALa

<[t —s|%( +[Pla + r1A%A] o1 [2]a,a)

and so dividing both sides by |t — s|%, taking the supremum over s,¢ and choosing A such that
k1 AYA]la,1 <1/2 we obtain

[#]a,a <2 ([Ala 1]l 0 + [Pla)- (1.34)
As usual, if K1 [A]q,1 <1/2, then the conclusion follows from (1.34) with the choice A =1 and
the trivial estimate ||2]|oo < ||2o|lv + [%]a. Suppose instead the opposite, choose A <1 such that

k1 A[A] a1 =1/2; define I, =[(n — 1)A, nA], J, = ||z ||cc;1,, then estimates similar to the ones
done above show that

[|@s,ellv<

+Hhs,t”V

n+1 Han”V“i’A [[x]]al
<lznallv (14 2A%A]a,1) + 2[A]a
SJn+ [A]a

which implies recursively that for a suitable constant ko it holds J,, < e®2"(||xollv + [h]a). Since
n~A"t~ [[A]]l/a we deduce that

2]l = sup Jn. S exp( s [ALT) (lwollv + [P])

which gives (1.32); combined with A™*~ [A] 4,1, estimate (1.34) and the basic inequality

[z]a S A7 [|2[loo + [#]a,a
it also yields estimate (1.31). O
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Another way to establish that solutions don’t blow-up in finite time is to the show that the YDE
admits (coercive) invariants. The next lemma gives simple conditions to establish their existence.

Lemma 1.21. Let A€ C?C"B/ with a(l1+ B) > 1, x € C§V be a solution to the YDE associated to
(0, A) and assume F € C*(V;R) is such that

DF(2)(As(2))=0 VzeV,0<s<t<T.
Then F is constant along x, i.e. F(x:)=F(xo) for allt€[0,T).

Proof. It follows immediately from the Ité-type formula (1.16), since it holds

t
Far) = Plao) = | DF(@)(A(ds.2))= (1)
0
for the choice Iy ;= D F(z5)(As +(xs)) =0 by hypothesis. O

Remark 1.22. If V is an Hilbert space with ||z||%- = (z, 2)v, then ||||y is constant along solutions
of the YDE under the condition (z, As +(z))y =0 for all z€ V and s<t. In this case, blow up cannot
occurr, thus under the hypothesis of Corollary 1.16, global existence of solutions holds. Similarly,

if in addition A € C?C‘l/vﬁgc, then by Corollary 1.24 below, global existence and uniqueness holds.

1.2.3 Uniqueness
We now turn to sufficient conditions for uniqueness of solutions; some of the results below also

establish existence under different sets of assumptions than those from Section 1.2.1.

Theorem 1.23. Let A€ C?C‘I,J“ﬁ, a(l+ B) >1. Then for any xo €V there exists a unique global
solution to the YDE associated to (zo, A).

Proof. The proof is based on an application of Banach fixed point theorem. Let M, T be positive
parameters to be fixed later and set
E:={x e C%([0,7]; V): 2(0) = 20, [x]a < M},

which is complete metric space with the metric d(x, y) = [ — y]a; define the map Z by

x—I(x). :x0+/0.A(ds,xs).

We want to show that 7 is a contraction from FE to itself, for suitable choice of M and 7. It holds

IZ(@)s dllv<ll As o(@s)llv + B1[Ala 1 [2]a [t — 5]
<[ As i(@s) = As a(@o) v + | As w(@o) v + mr[Alaa [2]a [t — s>
<[ Allai[2]a st = 5|+ | Alla,ft = s]%+ k1] Ao [z]a [t — s[>
ST+ ) | Al [2]a [t = 5[+ [[Alla,1[t — 5]

Choosing 7 and M such that
1
(4R A<y, M 2[4l
for any x €V it holds

[Z(@)]a <7 [Alla,1(L+ K1) [2]a + [[Alla, < M /2+ M /2< M

which shows that Z maps F into itself.
By the hypothesis and Corollary 1.10, for any x,y € V' it holds

t
/ Udu(mu - yu)
s |4

<Hvs,t($s —ys)llv +riv]alr — ylalt — 5|2a
L[olalz — yla(s* + w1t — s]¥)[t — s|*
<kollAlla,1+8 (14 [2]a + [y]a) [z — ylaT |t — 5%,

”I(x)s,t - I(?J)s,t'

-
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which implies

[Z(z) = Z(Y)]a < R2l| Alla, 1451+ 2M) 7z — yla <[z = y]a
as soon as we choose 7 such that ka||A|o,14+5(1+2M)7% < 1. Therefore in this case T is a contrac-
tion from E to itself; for any xo €V there exists a unique solution z € C*([0,7]; V') starting from x.
The same procedure allows to show existence and uniqueness of solutions x € C*([s,s+7]N[0,7];V)

for any s€[0,7T] and any x; €V, where 7 does not depend on (s, z,); by iteration, global existence
and uniqueness follows. O

By applying classical localization arguments, we immediately deduce the following local well-
posedness result (see [141] for a more detailed proof).

Corollary 1.24. Let Ac C’?C‘l/'ﬁoﬁc, a1+ B)>1. Then for any xo €V there exists a unique mazximal
solution x to the YDE associated to (xg, A), defined on [0,T*) C [0,T], such that either T*=T or

lim ||a¢||v =+o0.
t—T*

In particular if A € C’,?‘C’g"A N C’f‘C"lﬁloﬁC with a(14+ B) >1, B+ A< 1, then global existence and
uniqueness holds.

Once existence of solutions is established, their uniqueness can be alternatively shown by
obtaining more general stability estimates, i.e. comparing solutions to YDEs driven by different
drifts; such results were obtained in [57] and later revisited in [145].

Theorem 1.25. Let R, M >0 fized. Fori=1,2, let €V such that ||z}||y <R, AiEC,?‘C’g’A with
a(14B)>1, B+A<1 and ||A¥|q.5.1 <M, as well as AL € CPCLT7 with || A a1y 5.0 < M; let
x* be two given solutions associated respectively to (xf, AY). Then it holds

[2' —2?]a <C (|26 — 28llv + | A" = A||a,5,2)

for a constant C=C(a, 8,T, R, M) increasing in the last two variables.

Proof. Let 2% be the two given solutions and set e;:=x} — 7, then e satisfies

t t
€t=€0+/ Al(ds,xi)—/ A?(ds, x2)
0 0
t

t t
—eo+ [ Aas,al) = [ aas,ad)+ [ (4 - a2)(dsa)
0 0

0
t
=eg+ / vas(es) +
0

for the choice
t

top1
Vg :/ / DAY(ds, 22+ Nzl —22)dX, oy ::/ (A — A?)(ds, 22)
0Jo 0
where we applied Corollary 1.10. By the same result, combined with estimate (1.29), it holds

[v]o1 <E1I DAY, 3 AL+ |2 lo+ |27l o)
<wzexp(ra(|AMZ, 1450+ 14712, 5,0)) (1 + R)
<koexp(2k2M?) (14 R);

similarly, by Point 4. of Theorem 1.6,

[¥]a <rs||A' = A%lla, g 2 (1+ [[22]15) (1 + [2°]a)
<k || AL = A2 5 2 exp(ra(l + M2))(1+ R).

Applying Theorem 1.20 to e, we have

[o" = 2?0 < ms e 0Ian (|l — v + [$]a)

which combined with the previous estimates implies the conclusion. O
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Remark 1.26. If Ae C’?C‘I/Jrﬁ and we consider solutions z* associated to (zf, A), going through
the same proof but applying instead estimate (1.25), we obtain

[v]a,1 SIDAlla,p(L+ 2o+ 12%la) ST+ AR, 1465
together with (1.33), this implies the existence of a constant C'=C(a, §,T) such that
[+ — 2%)a < Cexp(ClA3,1+5) 2o — 2] v- (1.35)

Namely, the solution map F4: o 2 associated to A, seen as a map from V to C{V, is globally
Lipschitz. Similar estimates show that, if {A,}, is a sequence such that 4,, — A in C’f‘C‘l/+B , then
FAn — A uniformly on bounded sets.

As a corollary, we obtain convergence of the Fuler scheme introduced in Section 1.2.1, with rate

2« — 1. For simplicity we state the result in the case A € C?C’%fw , but the same results follow for

A€ C?C‘1/+B’>‘ by the usual localization procedure.

Corollary 1.27. Given A€ C’?C"lf"ﬁ with a(1+ B) >1 and xo €V, denote by x™ the element of C§V
constructed by the n-step Euler approximation from Theorem 1.13, and by x the unique solution
associated to (xg, A). Then there exists a constant C =C(a, 8,T) such that

o —2"la < Cexp(C [ A]S 14 5) 012 as n— oo.
Proof. Recall that by the proof of Theorem 1.13, 2™ satisfies the YDE
t
o =oo+ [ Alds,ad)+ ot
0

where by Remark 1.15, for the choice =1, it holds
[07]a S (L4 A5 ) nt =2

a,l
Define e™:=x — 2™, then by Corollary 1.10 it satisfies

t

t
= / A(ds, 27) — A(ds, ) + of = / o) + 7
0 0

where again by Remark 1.15 it holds
[v"a1 SN Alla, 148 (1 + [2]a + [27]0) ST+ [ AllG 146

Applying Theorem 1.20, we deduce the existence of k1 =k1(a, 8,T) such that

lle"llo < rrexp(r1[| ALl 146) [¥"]a,

which combined with the estimate for [¢"], yields the conclusion. O

1.3 Flow

Having established sufficient conditions for the wellposedness of solutions associated to (zg, 4),
the next natural step is the study of their dependence on the data of the problem. This section
is devoted to the study of the flow, seen as the ensemble of all possible solutions, and its Frechét
differentiability w.r.t. (zo, A).
In order to avoid technicalities we will only consider A € C,?‘C"l/f|rﬁ A or even A € C?C‘l/+ﬁ , but
143

everything extends easily by localisation arguments to A € C’f‘C’g‘)‘ NCFCY pe-
1.3.1 Flow of diffeomorphisms

We start by giving a proper definition of a flow for the YDE associated to A; recall here that A,
denotes the n-simplex on [0, 7.
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Definition 1.28. Given A € CCP™ with a(1+ 8)>1, B+ A< 1, we say that ®: Ay x V — V is
a flow of homeomorphisms for the YDE associated to A if the following hold:

i. ®(t,t,x)=x for allt€[0,T] and x €V}
5. ®(s,,x) € C¥[s,T]; V) for all s€[0,T] and x €V}
ji. for all (s,t,r) € Ay x R? it holds

~

?

<

t
O(s,t,x) :a:—i—/ A(dr, ®(s,r,x));

w. © satisfies the semigroup property, namely
O(u,t, D(s,u,z))=D(s,t,2) for all (s,u,t) €Az and z€V;

v. for any (s,t) € Ag, the map ®(s,t,-) is an homeomorphism of V, i.e. it is continuous with
continuous tnverse.

From now on, whenever talking about a flow ®, we will use the notation ®s_:(z) = P(s,t,x);
we will denote by @4 ¢(-) the inverse of ®5_,+(-) as a map from V to itself.

Definition 1.29. Given A as in Definition 1.28 and v € (0,1), we say that the YDE admits a
locally ~-Holder continuous flow ® (® is C}.. for short) if for any (s,t) € Ag the maps Ps_.y,
Oy belong to O (V;V); we say that ® is a flow of diffeomorphisms if ®s .4, ®sy € CL(V; V).
Similar definitions hold for a locally Lipschitz flow, or a Cféj’y—ﬂow with y€1[0,1) and n € N.
When V =R%, we say that ® is a Lagrangian flow if there exists a constant C' such that

c! )\d(E) < )\d(q)sgt(E)) < C)\d(E) VE € B(Rd), V(S, t) S AQ,

where )\ denotes the Lebesgue measure on R% and B(R?) the collection of Borel sets.

It follows from Remark 1.26 that, if A€ C’?C‘lﬁﬁ with a(1 4 ) > 1, then the solution map
(x0,t) — x is Lipschitz in space, uniformly in time. However we cannot yet talk about a flow, as
we haven’t shown the invertibility of the solution map, nor the flow property; this is accomplished
by the following lemma.

Lemma 1.30. Let A€ C,?C{j and x € CFV such that a(1+ ) >1, x be a solution of the YDE
associated to (xo, A). Then setting A(t,z):=A(T —t,z) and Ty:=x7_4, T is a solution to the time-
reversed YDE

t,..,
ft::zo+/ A(ds, 7).
0

Similarly, setting Ty = x¢4ys, A(t,xz) =A(t+ s,x) for t € [s,T], then & is a solution to the time-
shifted YDE

t~ ~
:Ei::f:OJr/A(dr,:sz) Vie[0,T — sl.
0

The proof is elementary but a bit tedious, thus omitted; see Lemmas 4.26-4.27 from [145].
As a consequence of Lemma 1.30, Theorem 1.25 and Remark 1.26, we immediately deduce
sufficient conditions for the existence of a Lipschitz flow.

Corollary 1.31. Let A€ C?C‘I/Jrﬁ with a(1 4 ) > 1, then the associated YDE admits a locally
Lipschitz flow ®4. Moreover there exists C =C(a, 3,T,||Alla,1+5) such that

125 (2) = L (Wllas, 7 <Cle—ylv,  [2L.(2)]asr<C Vs€[0,T],2,yeV (1.36)

together with a similar inequality for ®.4(-). Analogous estimates also hold for A € C’?C‘1/+B’)‘
with a(14+ ) >1, B+ A< 1, in which case we need to restrict to ||z|v,|lyl|lv < R and take C'=Cp.

By Theorem 1.25, we can also infer continuity of the flow with respect to the driver A.
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Corollary 1.32. Consider the map ® given by A—s ®* where Ac C”‘C’HB A DA s the flow given
by Corollary 1.31. Then ® is continuous from C{fCLT7* to C([0, T] X V V), the latter being
endowed with the topology of uniform convergence on bounded sets.

Actually, under the same hypothesis as in Corollary 1.31 it is possible to prove that the YDE
admits a flow of diffeomorphisms, which satisfies a variational equation. In the rest of this section,

for simplicity we will always assume A € C?C‘l/+6 with global bounds.

Theorem 1.33. Let Ac C’?C’Hﬁ with a(1+4 ) > 1, then the YDE associated to A admits a flow of
diffeomorphisms. For any x €V, D ®s_+(x)=JF ., where J, € CPL(V; V) is the unique solution
to the variational equation

6_,th+/ DA(dr,®;_,.(z)) o JZ,, Vtels, T) (1.37)

where o denotes the composition of linear operators.

We postpone the proof of this result to Section 1.3.2, as the variation equation will follow from
a more general result on the differentiability of the It6 map. Following [176], we give an alternative
proof in the case of finite dimensional V', where more precise information on ® is known.

Theorem 1.34. Let A satisfy the hypothesis of Theorem 1.33, V. =1R% for some d € N; then the
associated YDE admits a flow of diffeomorphisms and the following hold:

i. For any x€R? and s €10, T], Dy®s_..(x) corresponds to J&_,.€ C([s,T]; R**9) satisfying
Hﬁu/ DA(dr, ®,_,(x)) 7. (1.38)
ii. The Jacobian js—+(x): =det(D,Ps_,+(x)) satisfies the identity

Jos(T) = exp< / div A(dr, @sﬁ,«(x))> (1.39)

and there exists a constant C=C(a, 8,T, || Alla,1+8) >0 such that
C 1< gst(z) <C V(s,t,2) €Ay x R%

In particular, ® is a Lagrangian flow of diffeomorphisms.

Proof. For simplicity we will prove all the statements for s =0, the general case being similar. By
Corollary 1.31, the existence of a locally Lipschitz flow @ is known; to show differentiability, it is
enough to establish existence and continuity of the Gateaux derivatives.

Fix z,v € R? and consider for any ¢ >0 the map 75 :=c~}(®¢_,.(x +ev) — ®o_,.(x)); by esti-
mate (1.36), the family {n°}c>¢ is bounded in CfRR?%. Thus by Ascoli-Arzela we can extract a
subsequence &, — 0 such that 7 — 5 in C* °R< for some 1 € CfR? and any & > 0. Choose § > 0
small enough such that (o — d)(1 + 8) > 1; by Proposition 1.9, the map F(y fo (ds, ys)
differentiable from C& °R¢ to itself, with DF given by (1.8). Using this fact and the chain rule,
we deduce that

q)o_,.(:r + Env) — <I>o_,.(:r)

=1
K Enlgo En
=v+ lim F(®o—.(x +env)) = F(Po—.(2))
en—0 En

=0+ DF(®o_.(x))(n.);

namely, n satisfies the YDE

¢
nt:er/ D, A(dr, ®o_r(x))ny (1.40)
0
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whose meaning was defined in Remark 1.7. Equation (1.40) is an affine YDE, which admits a
unique solution by Corollary 1.24; moreover it’s easy to check that the unique solution must have
the form 1, = J§_,, v, where J¥_,. € CfR?*4 is the unique solution to the affine R?*%valued YDE

t
J=1+ / D, A(dr, B (2)) i
0

whose global existence and uniqueness follows from Corollary 1.24 and Theorem 1.20. As the
reasoning holds for any subsequence ¢,, we can extract and any v € R?, we conclude that ®¢_.(-)
is Gateaux differentiable with D®_,.(x) = J§_.; satisfying (1.38). A similar argument shows that
J§_+ depends continuously on zx, from which Frechét differentiability follows.

Part 4i. can be established for instance by means of an approximation procedure; indeed by
Lemma A.35 in Appendix A.6, given A € Cf* ]Rd , we can find A" € C} C’Hrﬁ such that A — A in
cy CHﬁ and by Theorem 1.25, the solutions y" = ®§_, (x) assoc1ated to (x, A™) converge to
Do, (x ) associated to (z, A). Moreover for A™ the YDE is meaningful as the more classical ODE
associated to 0;A™, so we can apply to it all the classical results from ODE theory; the Jacobian
associated to A" is given by

det(Da®3 () = eXp( [) div 9, A" (r, c1>5:r(x))dr> _ eXp( /

¢
div A™(dr, D4 _.()) ) .
0

Passing to the limit as n — 0o, by the continuity of nonlinear Young integrals, we obtain (1.39).
Moreover by equation (1.36) we have the estimate

sup
te[0,T]

Sldiv Affa,s(1+ [Po—.(2)]a) S Alla,1+8,

[) div A(dr, @ (x))

which gives Lagrangianity. g

It’s possible to show that the flow inherits regularity from the drift, namely that to a spatially
more regular A corresponds a more regular ®.

Theorem 1.35. Letn€N, «, € (0,1) be such that a(1+ §)>1 and assume A€ Cf C’"Jrﬁ Then
the flow ® associated to A is locally C™-regular.

We omit the proof, which follows similar lines to those of Theorems 1.33 and 1.34 and is mostly
technical; we refer the interested reader to [145, 170] and the discussion at the end of Section 3
from [199]. Given Theorem 1.35, we may strenghten Corollary 1.32 as follows. We recall that
convergence in C’?C’"}Joc stands for uniform convergence in [0, 7] X Bg of all derivatives up to order
n, for all R > 0.

Corollary 1.36. For any n>1, the map A— ®4 is continuous from Cf‘C‘7}+B to C,?C{}JOC.

We omit the proof, as it follows from the very same steps from that of Theorem 1.35. Like in
Theorems 1.33-1.34, also in the case of Theorem 1.35 and Corollary 1.36 the assumptions on A can

be weakened to local regularity and growth conditions: it is enough to require A € C?Cg’A together
with Ae C’?C""}ﬁoﬁc (and one still retains continuity of the map A+ ®4 in suitable topologies).

1.3.2 Differentiability of the It6 map

Denote by @2, .(2) the solution to the YDE associated to (x, A); the aim of this section is to study
the dependence of the flow ®4 as a function of A € C,?C’H'ﬁ, namely to identify Dy®2, (x).

For simplicity we will restrict to the case s =0; we will actually fix A€ C§{ CHB consider A+eB
with B varying and set X7 :=®4' ().

Theorem 1.37. Let a(1+4 ) >1, zo€V and consider the Ito map ®y_,.(x): CpCLP = OV, Ams
4, (x). Then ®y_,.(x) is Frechét differentiable and for any B € C’?C’Hﬁ the Gateauz derivative

Da®4 . (z)(B) = lim — (¢A+EB( ) — () € CRV
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satisfies the affine YDE

Y;I:/ODA(ds,Xf)(Yf)—i—/OB(ds,Xf) Vte(0,T] (1.41)

and is given explicitly by
t
DA (@) (B) = Ty | () B(ds, X7) Ve [0.7] (1.42)
0
where J§_,. is the unique solution to (1.57) and (J§_s)~! denotes its inverse as an element of
L(V).

The proof requires the following preliminary lemma.

Lemma 1.38. For any L € C{#L(V), there exists a unique solution M € CfL(V) to the YDE

t
Mt:Ivar/LdSoMs vtelo,T); (1.43)
0

moreover My is invertible for any t € [0,T] and N.:=(M.)~t € C{L(V) is the unique solution to
¢
N, =1dy —/ NyoLgs  Vtelo,T]. (1.44)
0
Finally, for any yo €V and any ¢ € C{'V, the unique solution to the affine YDE

¢
?Jtzyo-i-/ Lasys + ¢ (1.45)
0

s given by

t
yt:MtyO+Mt/ Néd,(/)é (146)
0

Proof. Setting A(t, M):=L;o M, it holds A€ C?Cg(v),loc and so existence and uniqueness of a
global solution to (1.43) follows from Corollary 1.24 and Theorem 1.20; similarly for (1.44) with

A(t,N)=No L, Let M.,N.€ C#L(V) be solutions respectively to (1.43), (1.44); we claim that
they are inverse of each other. Indeed, by the product rule for Young integrals, it holds

d(NtOMt) == (dNt) OMt+NtO (th) :7NtoLdtOMt+NtoLdtOMt:O

which implies N; o My = Ngo My=1Idy and thus N, = (M;)~!. Let y. € CV be the unique solution
to (1.45), whose global existence and uniqueness follows as above, and set zy: =N, y4; then again
by Young product rule, it holds dz; = N; dv; and thus

t t
Nop=z=s+ [ de=m+ [ Nav,
0 0
which gives (1.46) by applying M; on both sides. a
Proof. (of Theorem 1.37) Given A, B € C’?C‘l/+ﬁ, it is enough to show that the limit

i $057 @) — 0 (@)

exists in CgV
e—0 3

and that it is a solution to (1.41). Once this is established, we can apply Lemma 1.38 for the
choice L; = ngxA(ds,Xf), yo=0 and ;= ng(ds,st) to deduce that the limit is given by
formula (1.42), which is meaningful since J§_.. is defined as the solution to (1.43) and is therefore
invertible (again by Lemma 1.38). The explicit formula (1.42) for the Gateaux derivatives readily
implies existence and continuity of the Gateux differential DA(I){J‘L.(JU) and thus also Frechét dif-
ferentiability.
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In order to prove the claim, let Y* € C§{'V be the solution to (1.41), which exists and is unique
by Lemma 1.38; then we need to show that

A+eB _ xT
lim (B2 @) = X2 el
e—0
«
Set X=%:= &4 =B (x); recall that by Theorem 1.25, we have
[ X" = X" a Sel|Blla, s (1.47)
Setting e®:=¢e 1[X% — X% —Y* it holds
t t t
egzé[/ (A-l—sB)(ds,Xj’x)—A(ds,X;”)} —/ DA(ds,Xg)(y;w)—/ B(ds, X2)
0 0 0
T A(ds, X5") — A(ds, X7 t ©
- [[ AR A X - pgas, x0T, X5 < (s, X2

t
:/ DA(ds, X)(e5) + o5
0

where )¢ is given by

e _/tA(ds, X)) — A(ds, X¥) — DA(ds, XO) (X" — XT)
¢ —
O E

t
+/ B(ds, X*%) — B(ds, X*)
0

el £,2
=Pt g0

In order to conclude, it is enough to show that ||¢%||, — 0 as € = 0, since then we can apply the
usual a priori estimates from Theorem 1.20 to e®, which solves an affine YDE starting at 0. We
already know that X% — X% as € — 0, which combined with the continuity of nonlinear Young
integrals implies that ¢5"2 — 0 as e — 0. Observe that ! = 7(I'?) for

5= A l(XD7) = As o(XJ) = DA f(XT) (X" = XT)]
which by virtue of (1.47) satisfies

I ellv e[l As il

orto | X507 = XS S Pt — s Alla1+6

which implies that |I'¢||o, — 0 as e = 0. On the other hand we have

v = ¢!

(015,

1
/ (DA, (XE+ AXE™ = X2)) = DA, (X5 (X5 — X2)dA
0

1
~ [ DAL AT = XD) =~ DALXDIXE - XD v
0

1
< e / [D Ay o(XE +A(XET = X2)) = DAy o(XE)(XEE — X2,)dA
0 1%
1
et / (D Ay (X34 AXE" = X3)) — DAy o(XT+A(XE" — X)) (X5 — X2)dA
0 %4
1
+e1 / [DAuyt(Xff)—DAuyt(Xf)](Xj’””—X,f)d)\
0 Vv

S e Mt = s Ao 145 [X57 = X1+ [XS7 = X 7)o+ [X7]a)
S [t = s Alla46 (14 [X7]a)

which implies that [|0I'*|| (14 ) are uniformly bounded in €. We can finally apply Lemma A.33
from Appendix A.6 to conclude. g

Remark 1.39. Although A~ ®4 is defined only on C{*CH 7, observe that (A, B) — Da®¢-..(z)(B)
as given by formula (1.42) is well defined and continuous for any (A, B) € C’?C‘1/+B X C’?Cg.

We can use Theorem 1.37 to complete the proof of Theorem 1.33.
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Proof. (of Theorem 1.33) The existence of a Lipschitz flow ® is granted by Corollary 1.31, so
it suffices to show its differentiability and the variational equation; for simplicity we take s=0.
Existence of a unique solution J§_,. € C#L(V) to (1.37) follows from Lemma 1.38 applied to

t
Lt:/ DA(dr, ®g_,.(2));
0
by linearity, it’s also easy to check that for any h €V, ¥;*:= J&_,,(h) is the unique solution to
t
Yth:th/ DA(dr, ®g_.(z))(V;"). (1.48)
0

Therefore in order to conclude it suffices to show that the directional derivatives

A A
Dﬂﬁ+@xm:n%¢m+@+e?—®m4m

exist in Cf*V and are solutions to (1.48), as this implies that D,®&",.(z)=J§.,.. Now fix z,h€V
and let y* =®¢', (z +&h), then 2°:=y° — ch solves

t
Z=x +/ A®(ds, 25)
0
with A%(t,v) = A(t,v+¢h), i.e. 25=®E, (). It’s easy to see that, if the first limit below exists, then
0 ys _ yO A A

. z .
lim = lim —h, lim
e—0 9 e—0 9 e—0 €

2f —

=B for B(t,x):=DA(t,x)(h).

By the Frechét differentiability of A+ &3, (z) and the chain rule, it holds

e_ 0 As A
m 2% — i Dh_, .(x) — Ph, ()
e—0 € e—0 €

= Da®4, (x)(B)

which is characterized as the unique solution Z” to

h ' ' A e h ' T A e .
Zh= /O DA(dr, &4 (2))(Z") + /O DA(dr, ®¢.,(2))(h)

This implies by linearity that

yho=zp+h=1im L Y= D,af (x)(h)
£ -

e—0

solves exactly (1.48). The conclusion follows. O

Example 1.40. Here are some examples of applications of Theorem 1.37.

i. Consider the simple case of an additive perturbation, i.e. for fixed (z¢, A) we want to
understand how the solution z of

t
m=%+/A@wm+%
0

depends on v, where ¥ € Cf*V with 1y =0. Identifying 1) with the spatially constant drift
By(t, z): =1, for all z€ V, it holds . = ®; " ¥ (20) =: F(¢), which implies that F is Frechét
differentiable in 0 with

DPO)(w). =T [ (T5-) av,

0

ii. Consider the classical Young case, namely V =R¢9, with

A(t,z):Aw(t,z):a(z)wt:Z oi(2)wi, (t,2)€0,T] x R¢

i=1
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for regular vector fields o;: RY — R% and w € CfR™, a>1/2; let o; be fixed and consider
the dependence on the drivers w, namely the map w— ®5 (z).
For fixed w € C#R™ and x € RY, set X{(w): :(I)S‘it(ac), J§ . ¢(w): :DI(PS‘it(ac); then the
map w — X{’(w) is Frechét differentiable at w with directional derivatives
tm _
DT =T | 3 () (X (1.49)
i=1
The above formula uniquely extends by continuity to the case ¥ € W;l"l, in which case we
can write it in compact form as

T .
Din”(w):[) K(t,r)edr,  K(t,7)=10,4(r) J5—o(J5-,) o (XF). (1.50)

Formulas (1.49) and (1.50) are well known by Malliavin calculus, mostly in the case w is
sampled as an fBm of parameter H >1/2, see Section 11.3 from [132]; formula (1.42) can
be regarded as a generalisation of them.

1.4 Further results

The theory presented so far, although satisfactory, requires quite a lot of spatial regularity on A: if
we allow for o arbitrarily close to 1/2, the conditions of Theorem 1.33 roughly become A € C{C%.
At the same time, we have already seen that, under the weaker requirement A € C#CY:, the equation
is meaningful and existence of solutions holds (at least for V' =R¢% cf. Theorem 1.13). It is then
natural to wonder whether we can obtain a better understanding of the structure of solutions, or
develop different criteria (possibly depending on terms different from A like 9;A, or the solutions
themselves) to ensure uniqueness in this weaker regularity regime.

1.4.1 Topological properties of the set of solutions

We restrict in this subsection to the case V =R% we will adopt the shorter notations C¢ = C2#R?
and CpC2* = CpOp).

Inspired by a series of results by Stampacchia, Vidossich, Browder, Gupta and others (see [270]
and the references therein), we want to study the topological structure of the set

t

C(zo, A) = {x € Cf* such that xt:xo+/ A(ds, zs) for all t €0, T]}
0

where A € C’,?‘Cf)‘ with a(14+ 8) >1 and 8+ A < 1; namely, C(xg, A) is the set of solutions to the
Cauchy problem associated to (o, A). Recall that by Corollary 1.16 and Proposition 1.18, existence

of global solutions is granted, but uniqueness is not unless A € C’f‘Cllotﬁ ; therefore C(xg, A) may

not consist of a singleton. The following result is an extension of Proposition 43 from [139], where
the structure of the set C(xg, A) was already partially addressed.

Theorem 1.41. Let A€ C’,?‘Cf’A with o, B, \ as above, 1o € RY; then the set C(xg, A) is nonempty,
compact and simply connected. Moreover, for any fived y € R%, the map

R? x CFCP A 3 (20, A) — d(y, C(zo, A)) € R
1s lower semincontinuous.
Here we recall that for y € Cff, K C Cf, the distance of an element from a set is defined by
d(y,K) = inf ||y — 2||a-
(y, K) = inf |y — 2|

A main tool in the proof of Theorem 1.41 is the use of the Browder—Gupta theorem from [49]; we
recite here a slight modification due to Gorniewicz. Recall that a map f is proper if it is continuous
and the preimage f~1(K) is compact whenever K is so.
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Theorem 1.42. (Theorem 69.1, Chapter VI from [158]) Let X be a metric space, (E,|"||)
a Banach space and f: X — E a proper map. Assume further that for each € >0 a proper map f.:
X — E is given and the following two conditions are satisfied:

i. || fo(z) = f(z)|| <& for all x € X;
i. for any €>0 and u € E such that |lul| <e, the equation f.(x)=wu has exactly one solution.

Then the set S = f~1(0) is R in the sense of Aronszajn.

Let us recall that an R’-set is the intersection of a decreasing sequence of compact absolute
retracts, see Definition 2.11 from [158]; here we will only need the basic fact that R’-sets are always
simply connected. In order to prove Theorem 1.41, we need the a preliminary lemma.

Lemma 1.43. For A as above and for any y € C, there exists at least one solution x € Cf* to
t
xt:yt+/ A(ds, xs) Vte[0,T]; (1.51)
0

moreover, there exists C=C(a, 8,T) such that any solution satisfies the a priori estimate

Il lla < C exp(CllAIIZ, 5,5+ 5112 (1 + o). (1.52)

If in addition A € C’f‘CHﬁ then the solution is unique.

loc >

Proof. Set A(t,z)=A(t,z)+ y;, then z is a solution to (1.51) if and only if it solves
t ~
o=+ [ Ads,z.
0

where A€ C¢CP* with | Alla. p.a <||Alla. .2+ |¥]la- Existence and the estimate (1.52) then follow
from Corollary 1.16 and Proposition 1.18; A € C#CLT? implies A € C#CLT? and so uniqueness

loc loc

follows from Corollary 1.24. g

Proof. (of Theorem 1.41) We divide the proof in several steps.

Step 1: C(xg, A) nonempty, compact. Nonemptiness follows immediately from Lemma 1.43
applied to y =xo; let 2™ be a sequence of elements of C(xg, A), then by (1.52) they are uniformly
bounded in Cf* and so by Ascoli-Arzela we can extract a (not relabelled) subsequence " — x in
C{ ¢ for all £ >0, for some x € Cf. Choosing € > 0 sufficiently small such that a4+ S(a —¢) > 1,
by Theorem 1.6 the map 2.+ [ A(ds, 25) is continuous from Cy' ™ to C', therefore

=0+ / A(ds, z2) = w0+ / A(ds,z,)=z. in CF,
0 0

which shows compactness.
Step 2: C(xg, A) connected. Given A € C’f‘C’f’)‘, consider a sequence A° € C’f‘C’i+B’>‘ such that

|4 a,8,n A=A in CeCp, ase—0;

a,8.2 <2 4]

this is always possible, for instance by taking A= p®x A, {p®}.>0 being a family of standard spatial
mollifiers. For o€ R? fixed, take R > 0 big enough such that

Cexp(Cll A%, 0+ 2o+ y 21+ |yo+zol) SR Ve € (0,1), y € CF st ylla <1,

where C' is the constant appearing in (1.52); this is always possible due to the uniform bound on
[|A%]|«, 3, 1. Define the metric space E to be

E={zeC:|zla <R}, dp(z',2%)=|2"—2°||a;

also define the maps f, f.: E— Cf* by

f(z):z.fxof/o.A(ds,zs), fg(z):z.f:rof/o.AE(ds,zs).
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By Theorem 1.6, they are continuous from E to Cf¥; reasoning exactly as in Step 1, it is easy to
check that they are proper. Observe that an element x € F satisfies f(z)=y if and only if it satisfies

t
xeCf, xTi=x0+ Yt +/ A(ds,zs) Vtel0,T], |zlla<R,
0
similarly for f.; moreover the bound ||z||, < R is trivially satisfied for all y such that ||y]o <1, by
our choice of R and Lemma 1.43. Tt follows that, for any such y, f-(x)=1y has exactly one solution
x € E. In order to apply Theorem 1.42 and get the conclusion, it remains to show that f. — f
uniformly in E; but by Theorem 1.6 it holds

17(2) = fol2)lla= /0 A(ds, ) - /0 A%(ds, =)

SIA = A%la,5,r (14 I2]la)
S|A— Ao, 5, rR(1+R)—0ase—0

[e3

and the can conclude that f~1(0)=C/(zo, A) is simply connected in E, thus also in Cf".
Step 3: lower semicontinuity. Consider now a sequence (zf}, A™) — (z9, A) in R? x C’?C’f”\, we
need to show that for any fixed y € Cf* it holds

d(y, C(zo, A)) <liminf d(y, C(z§, A™)).

Since by Step 1 the set C(x§, A™) is compact, it is always possible to find 2™ € C'(zg, A™) such that

we can assume wlog that lim d(y, C(zf, A™)) exists, since otherwise we can extract a subsequence
realizing the liminf. Since (x{, A") is convergent, it is also bounded in R x C?C’f A which implies
by estimate (1.52) that the sequence {z"}, is bounded in C{'. It is not difficult to see, invoking
Ascoli-Arzela and going through the same reasoning as in Step 1, that we can extract a (not
relabelled) subsequence such that ™ — x in Cf* where x € C(xg, A). As a consequence

d(y, C(zo, A) < |ly —zfa= lim |ly —2"lo=liminf d(y, C(5, A™))
which gives the conclusion. g

Remark 1.44. For simplicity we have only treated the case V =RY but it’s clear that The-
orem 1.41 admits several variants; for instance one can consider a general Banach space V' and
A€ C,?‘C{j:év with W compactly embedded in V', which implies global existence by Corollary 1.16
and the usual a priori estimates. Other extensions of interest can be those to mixed or fractional
equation, which have been trated in Section 3.5 from [141].

Theorem 1.41 has relevant consequence when considering C(zg, A) as a multivalued map; here
we only recall some key concepts and refer the reader to [55] for a complete overview.
Given a complete metric space (E, d), the space

K(E)={K C E: K is compact}
is itself a complete metric space with the Hausdorff metric

dp(Ky, K3) :max{ sup d(a, K3), sup d(b,Kl)};
a€Ky beK,
moreover
dy (K1, K2)=sup |d(a, K1) —d(a, K2)|= max |d(a, K1) —d(a, K5)|.
acE acK1UK>

If we endow the space (K(F), dy) with its Borel o-algebra, then it’s possible to show that a map
F: (2, A)— (K(E),dg) is measurable if and only if, for all a € E, the map

Qs3w—d(a, F(w))eR

is measurable.
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Corollary 1.45. The map from R%x C,?‘C’f"A to KC(CF") given by (xo, A) — C(x0,A) is a measurable
multifunction.

Proof. It follows immediately from Theorem 1.41 and the fact that lower semicontinuous maps
are measurable. 0

Since composition of measurable functions is still measurable, we readily obtain the following:

Corollary 1.46. Let (0, F) be a measurable space on which an R x CFCP*-valued random
variable (&9, E) is defined; then w— C(&y(w), E(w)) defines a K(CF)-valued random variable (this
is usually referred to as a random set in C§).

We can also obtain the existence of measurable selections for C'(zg, A). To this end, let us recall
the following classical result.

Theorem 1.47. (Theorem 12.1.10 from [258]) Let (G, o) be a measurable space, (E,d) a
separable metric space and y > K, be a measurable map from G to IC(E). Then there exists a
measurable selection of K, namely a measurable map k: G — E such that k(y) € K,Vy €G.

Corollary 1.48. There exists a measurable map X:R% x C?Cf’/\% Cf such that X (xo, A) is a

solution to the YDE associated to (xq, A) for all (zo,A) € R?x C,E’C’f’)‘. In particular, in the setting
of Corollary 1.46, w— X (&(w),E(w)) defines a selection for the random set w— C(&o(w), Z(w)).

Proof. The statement immediately follows from Theorem 1.47 for G =R% x C’,?‘Cf AL a

Let us finally point out a trivial fact: if A is regular, then necessarily C(zq, A) = {®§..(20)},
where ® is the flow associated to A, and X (xo, A) = ®§, (o).

1.4.2 Conditional uniqueness

This section provides several criteria for uniqueness of the YDE, under additional assumptions
on the associated solutions. Typically such properties can’t be established directly, at least not
under mild regularity assumptions on A; yet the criteria are rather useful in application to SDEs,
where the analytic theory can be combined with more probabilistic techniques (see the forthcoming
Chapter 3 and the use of Girsanov transform).

We start with the following result, which states that the existence of a sufficiently regular flow
necessarily implies uniqueness of solutions. It is inspired by the analogue results for ODEs in the
style of van Kampen and Shaposhnikov, see [265], [254].

Theorem 1.49. Suppose A € CS‘C’@’)‘ with a(14+ 8)>1, B+ A <1 and that the associated YDE
admits a spatially locally ~v-Holder continuous flow. If

ay(1+5)>1,

then for any xo €V there exists a unique solution to the YDE in the class x € C{V.

Proof. Let zp €V and x be a given solution to the YDE starting at xo. By the a priori esti-
mate (1.26), we can always find R= R(x) big enough such that

sup_ {zlla+ (s, z5)llass, 7} < B

sE

therefore in the following computations, up to a localisation argument, we can assume without loss
of generality that A € C,E’C’g and that & is globally ~-Hélder.

1.1. Technically speaking, Cf* is not separable, so we couldn’t apply Theorem 1.47 directly. However, we may
replace C§* with Cf ¢, where C‘E denotes the closure of C2° under the C%-norm; K(C{) naturally embeds into
K(Cg ™) and we may take E = Cg ~°. As usual such a loss of regularity is harmless, since we may choose € > 0
small enough so that (oo —£)(1+ 8) > 1, so that the nonlinear YDE is still meaningful.
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It suffices to show that fi:=®(¢,T,x.) — ®(0, T, z0) satisfies || fs.+||v < |t — s|1+€ for some & > 0;
if that is the case, then necessarily f=0, namely ®(¢,T,2:) =®(0,T,x¢) for all t €[0,T]; inverting
the flow we find x; = ®(0, ¢, x), implying that ®(0, -, z¢) is the unique solution starting from x.

By the flow property

[ fsdllv=I12@, T, x¢) = (s, T, z5) v
=®(t, T, z:) —P(t, T, P(s,t,z4))||v
Sl B(s.t, )7

Since both = and ®(s, -, x;) are solutions to the YDE starting from z;, it holds
t t
/ A(dr, z,) —/ A(dr, ®(s,r,xs))
s s |4

Sl As i(ws) = Ao, (@ (s, 5, 2)) v + [t = 5| Ao, p(1+ [0 + [P(s, -, 25)]a)
§/|t - S|a(1+ﬁ)a

||xt—<1><s,t,xs>|v=\

where we used the basic property ®(s, s, x) = x; overall we obtain || fs ||y < [t — s[7*(F5) which
implies the conclusion. O

Remark 1.50. The assumptions of Theorem 1.49 can be weakened in several ways. For instance,
the existence of a -Hoélder regular semiflow is enough to establish that ®(¢, T, z;) = (0, T, xo),
even when @ is not invertible. Uniqueness only requires ®(¢,T, ) to be invertible for ¢ € D, D dense
subset of [0, T]; indeed this implies z; = ®(0,¢,x0) on D and then by continuity the equality can
be extended to the whole [0,7]. Similarly, it is enough to require

sup ||@(t, T, )|y, r<oo foral R>0
teD

for D dense subset of [0,T] as before.

The next conditional uniqueness statements are slightly more subtle and require more setup. We
start by introducing the concept of averaged translation, originally due to [57], cf. Definition 2.13;
we provide a different construction of it based on the sewing lemma (although with the same
underlying idea).

Definition 1.51. Let A€ C?C{j, y € CYV with o+ By >1. The averaged translation T, A is defined
as

t
TyA(t,:c):/OA(ds,z—i—ys) Vte[0,T],z€V.

Lemma 1.52. Let Ac C{CRP, ye CYV with a+ By >1, ne(0,1) satisfyingn<n+ S, a+ny>1.
The operator T, is continuous from C?C‘7}+B to C?C‘7}+B_n and there exists C=C(«, B,v,n,T) s.t.

[Ty Alla,n+ -1 < CllAllan+p(L + [yl)- (1.53)

Proof. Observe that 7,4 corresponds to the sewing of I': Ay — C{}"‘B given by
Lo p=As (- +ys)
It holds ||Ts,¢lln+8 < |t — $]|* || A||la,n+ 8; moreover by Lemma A.34 in Appendix A.6 it holds
(10T, ¢

n-‘rﬁ—n:HAu,t( -+ yé) - Au,t( -+ yu)Hn—i—B—n
Slys = vall v 1 Au,tllnts
Slt= s [yl 1 Alla,nt -

Since o+ 41 > 1, by the sewing lemma we deduce that J (') = 7,4 € CfC{ 77" together with
estimate (1.53). O

Young integrals themselves can indeed be regarded as averaged translations evaluated at z=0.
Iterating translations is a consistent procedure, as the following lemma shows.
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Lemma 1.53. Assume that a+ Sy >1 and A € C?Cg, x€C]V and T, A€ C’,?‘Cg. Then for any
y € C{V it holds

t t
/ (1:A4)(ds, ys) :/ A(ds,zs+ys) Vte[0,T].
0 0
Proof. The statement follows immediately from the observation that for any s <t it holds

/S t(TxA)(d’l“,y'r) — /5, tA(drm_ +u)

‘ SH(TwA)S,t(yS) - AS,t(xs +ys)|| + |t — 5|a+ﬁ’y

Al +2))(3) — Aot gl + [t = 5|5
Skt sfe+

so that the two integrals must coincide. O

The main reason for introducing averaged translations is the following key result, which is a
generalization of Theorem 4.8 from [145].

Theorem 1.54. (Conditional Comparison Principle) Let A', A2 C{CY with a(1+4 ) > 1
for some a, B€(0,1) and let 2* € CRV be given solutions respectively to the YDE associated to
(wh, AY). Suppose in addition that x' is such that 7,1 A* € C{*Lipy. Then there exists C=C(a, B,T),
increasing in the last variable, such that

! — 2]l < Cexp(Cllra AYYS) (14 421, ) (b — 3] + [ A" A2 ). (1.54)

In particular, uniqueness holds in the class C§{*V to the YDE associated to (x4, AY).

Proof. The final uniqueness claim immediately follows from inequality (1.54), since in that case we

can consider A'= A2, z}=23. Now let 2° be two solutions as above, then their difference e = 2! — 2

satisfies

¢ t
€t=€0+/ Al(ds,xi)—/ A?(ds, 22)
0 0
t

t t
—eot [ ats,al) = [ as,eal)+ [ - a0 @5,
0 0

0

t t t
o / i AL(ds, e) + / o Al(ds, 0) + / (A2 A)(ds, 22)
0 0 0

t
:eo+/ B(ds, e,) + 1
0

where in the third line we applied Lemma 1.53 and we take
B(t,2) = —ra, AL(t, 2) 4 7, AV(E,0), b= / — AY(ds, 22).

By the hypothesis, B € C}/Lipy with B(t,0) =0 for all ¢ € [0, T], while ¢ € C§'V. Therefore from
Theorem 1.20 applied to v we deduce the existence of a constant k1 = r1(c,T’) such that

e —a?a < mrexp(raror ATYS) (b — By + []a)-
On the other hand, estimates (1.6) and (1.25) imply that
[V]a < k2 |A" = A2[|a, 5 (1+ [ A2]|2 5)
for some ko= ra(a, §,T). Combining the above estimates, the conclusion follows. O

Remarkably, the hypothesis 7,,A € C{'Lipy allows not only to show that x is the unique solution
starting at xg, but also that any other solution will not get too close to it.

Lemma 1.55. Let A€ C?Cg with a(14+ B) > 1, x, y € C§'V solutions respectively to the YDEs
associated to (zo, A), (Yo, A) and assume that 7,A € C{*'Lipy. Then there exists C =C(a,T) s.t.

C~lex CllmA 1/0‘ inf M su M <Cexp(C|m:A Ua 1.55
p( H x H ) +e[0,7] on—yoHv [OPT] on—yoHv p( H ” ) ( )



1.4 FURTHER RESULTS 47

Proof. The special case of an Hilbert space V was considered in [141], Lemma 5.7; here we give
an alternative, simpler proof, which covers general Banach V.

The first inequality is an immediate consequence of Theorem 1.54, so we only need to prove
the second one. For any fixed 7 € [0, T], by applying the time reversal &; =2, _¢, gt = yr—+ (cf.
Lemma 1.30) and the first inequality, we then deduce that

~ ~ 1 ~ ~
lzo = ollv = 13- = ir v <Cor exp( Cor 7oAl 10.11) 180 = Gollv

<Carexp(Co, 1| A Y s — ye v,

where we used the fact that 7+— C,  can be chosen in an increasing way. Taking the infimum over
7 €10, T] readily yields the conclusion. O

Under the assumption of regularity of 7,4, convergence of the Euler scheme to the unique
solution can be established, with the same rate 2a — 1 as in the more regular case of A€ CfCH7.

The following result is a direct analogue of Corollary 1.27.

Corollary 1.56. Let A € Cf'Lipy with a>1/2, xo € V and suppose there exists a solution x
associated to (xg, A) such that 7,A € C{'Lipy (which is therefore the unique solution); denote by
" the element of C{'V constructed by the n-step Euler approximation from Theorem 1.13. Then
there exists C'=C(a,T) such that

|z — 2" < Cexp(CHuAHl/a)(l + A2 1) nt=2* as n—oo.

a,l

Proof. As in the proof of Corollary 1.27, recall that x™ satisfies the YDE
Tt /OtA<ds,xs> T8, [9aSar (14 AR 0t
Therefore v™ =™ — x satisfies
v?:/OtB(ds,vS”) Tl Bt ) =aA(t,2) — T A(,0), [Bla=[reAla 1.
Applying Theorem 1.20 we obtain that, for suitable x = k(«, T') it holds

|z — 2™ lo < kexp(kllm A YS) [¥7]a

which combined with the above inequality for [1"], gives the conclusion. a

1.4.3 The case of continuous 9;A

In this section we study how the wellposedness theory changes when, in addition to the regularity
condition A € C’?Ctﬁ , we impose 0;A: [0,T] x V =V to exist continuous and uniformly bounded
(we assume boundedness for simplicity, but it could be replaced by a growth condition).

The key point is that, by Point 2. from Theorem 1.6, any solution to the YDE is also a solution
to the classical ODE associated to 0;4; as such, it is Lipschitz continuous with constant ||0:A|| .
We can exploit this additional time regularity, combined with nonlinear Young theory, to obtain
well-posedness under weaker conditions than those from Theorem 1.23, which are at the same time
not covered by the case of Lipschitz 0.A.

While the existence of ;A is not a very meaningful requirement for classical YDEs, i.e. for
A(t,x) = f(z)ys, as it would imply that y € Cf, there are other situations in which it becomes a
natural assumption. One example is for perturbed ODEs & =b(z) + w, in which the associated A
is the averaged field

A(t,z)= /Otbs(x + w;s) ds

for which 9;A exists continuous as soon as b is continuous field; this case will be studied more in
detail in Chapter 3.
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Theorem 1.57. Let A be such that Ae CfCy" and 8,A € CO([0,T] x V; V) with a+ f>1. Then
for any xg €V there exists a unique global solution to the YDE associated to (xq, A).

Proof. Similarly to Theorem 1.23, the proof is by Banach fixed point theorem. For suitable values
of M, 7 >0 to be fixed later, consider the space E :={z € Lip([0,7]; V):2(0) =z, [2]rip < M }; it
is a complete metric space with the metric d(z, y) =[x — y], (the condition [z]ri, < M is essential
for this to be true). Define the map Z by

t

t
I(x)t:onr/ 8,5A(s,x5)ds:xo+/ A(ds, x5);
0 0

observe that, under the condition ||0:A]||ec < M, Z maps F into itself. By the hypothesis and
Corollary 1.10, for any x,y € E it holds

t
/ vdu(xu - yu)
s Vv

<lvs (s = ys)llv + #1 [vlalz — yluiplt — s[>
S[vlalz = yla(s + ralt = s[*)|t — s
<F2T[Alla, 145 (1 + [2lvip + [¥]eip) [z — ylalt = s[*

1Z(x)s,t = Z(y)s,tllv=

which implies
[Z(z) = Z(y)]a < p2 7| Alla 14 8(1+ 2M) [ — yla < [z = Y] a
as soon as we choose 7 small enough such that ko 7%||A|lq,14+8(1 +2M) < 1. Therefore 7 is a

contraction on E and for any xg € V there exists a unique associated solution z € C7([0, 7]; V).
Global existence and uniqueness then follows from the usual iterative argument. O

We can also establish an analogue of Theorem 1.25 in this setting.

Theorem 1.58. Let M >0 fized. Fori=1,2, let A'¢ Cf‘C@ such that 0;A" € C°([0,T] x V; V),
a+B>1 and ||A|a. 5+ |0:AY| 0o < M, as well as A* € CFCLT" with ||AY|a.14 5 <M, and zb € V;
let 2° be two given solutions associated respectively to (xh, AY). Then it holds

[ = 2210 < O(lfeb — adlly + A = 42],5)

for a constant C =C(«, 8,T, M) increasing in the last variable. A more explicit formula for C is
given by (1.56).

Proof. The proof is analogous to that of Theorem 1.25, so we will mostly sketch it; it is based on
an application of Corollary 1.10 and Theorem 1.20.
Given two solutions as above, their difference e = 2! — 22 satisfies the affine YDE

t
€t:€0+/vdses+wt
with 0
t pl t
Ut://DAl(ds,acg—i—/\es)d/\, wt:/ (A — A?)(ds, x2).
0.Jo 0

We have the estimates

Wllar Sepr 1A a1 51+ [2'eip + [2%]Lip) S A a1+ 51+ 064 0o + [10:4%] o0,
1¥tla Sa.pr 1A= Ao, 51+ [2?]Lip) S AT = A%[|a,p(1+ 0:4%]|o0);

combined with Theorem 1.20, they yield

||€||a<f€1 €H1(1+HAlH?y,l+/3)(1+“6tAll|go+HatAZHgo)(HeOHV+ HAl_AQHa,B(l‘f' HatAQHoo))
<Ko eﬂ2(1+\|A1\|§,1+s)(1+II8tA1||?>o+HatA2II?>o)(||eOHV+ AT — A2||4.5)

for some ko= ra(a, §,T). In particular, C' can be taken of the form

Cla, 8,T, M) =r3(a, B3,T) exp(rs(c, B, T)(1+ M*)). (1.56) O
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Corollary 1.59. Given A as in Theorem 1.57, denote by x™ the element of C{'V constructed by
the n-step Euler approzimation from Theorem 1.13 and by x the solution associated to (xq, A).
Then there exists a constant C=C(a, B, T, ||Alla, 148, [|0tA|lsc) such that

| —2™||a <Cn™* as n— oo.
A more explicit formula for C is given by (1.57).
Proof. By Theorem 1.13, 2" satisfies the YDE
" =1x0+ /OtA(ds, )+ =x0+ /OtA"(ds, xd)
where A" (¢, z): =A(t,z) + ¢ and that by estimate (1.23), for the choice A=T, 8=~=1, we have

["]a Sarl[Allaale"lp ™ S Alla,1[[0:Al oo n ™

Defining e™:=x — z", by the basic estimates [|[A — A"||o. 3 S [¢"] o and [|04A™]| 0o S ||0tA || 0os going
through the same proof as in Theorem 1.58 we deduce that

lle"lloc < i1 exp(ra(l+ [|ANI,1) (1 + [|0:All3)) [ A = A"la, s

and so finally that, for a suitable constant kg = ka(a, T'), it holds

le” [l < 2 exp(ra(L + [|AlJZ, 1) (1 +[|0:A %)) n ™. (1.57) O
Finally, we can provide an analogue of Corollary 1.56 to this setting.

Corollary 1.60. Let A be such that Ae CPCY and 8,A € CO([0,T] x V; V) with a(1+ ) > 1,
2o € V and suppose there exists a solution x associated to (xg, A) such that T,A € C¢Lipy (which
is therefore the unique solution); denote by x™ the element of Cf'V constructed by the n-step Fuler
approximation from Theorem 1.13. Then there exists C =C(a,T) such that

1/
a,l

|z —2™||o < Cexp(C’HTxAH )||A||a71|\8tA||oon_“ as n— 0o.

Proof. As usual, 2" satisfies the YDE

t
2" =g+ / Ads, 2™+ 67, [¢"]a Sarr 1A ladlleAll o n=;
0

From here, the proof is mostly identical to that of Corollary 1.56. g

Remark 1.61. The results from Section 1.3 can be generalized to this setting as well. For instance
one can show that, under the assumptions of Theorem 1.58, there exist an associated flow of
diffeomorphisms ®4 and that the variational equation 1.37 still holds. Moreover, if A€ C’f‘C{}J“ﬁ
with 9,4 € C°([0, T] x V; V) and « + 3 > 1, then &4 is locally C™ (which is the analogue of
Theorem 1.35); again we refer to Theorem 4.33 from [145] for a proof. Finally, everything can be
further extended by only requiring local regularity: e.g. in order to have a locally C™ flow, it suffices

to know that 9;A € C°([0,T] x V;V) and A € C’,?‘C{}ﬁfc; in analogy with Corollary 1.36, one then

has a continuous driver-to-flow map A ®4 from C{CY N C’f‘C’{'}ﬁoﬁc to C?C(}JOC.

1.5 Bibliographical comments
As already mentioned, all the material presented here is taken from [141]. There are a few modifi-

cations: I'2 have decided to omit some (not particularly interesting) proofs (e.g. Proposition 1.17,
Theorem 1.35) and slightly extended Section 1.4.1, with the new Corollary 1.48.

1.2. T have decided to drop the plurale maiestatis in these bibliographical, more colloquial, sections. This is in
order to emphasize that several of the statements appearing are not entirely of mathematical nature, but rather
reflect my personal opinion; the reader is of course free to disagree with them.
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I have also omitted Section 3.5 from [141], where two further variants of the ODEs considered
here were treated, namely mixed equations

dlL’t = F(t, Z’t)dt + A(dt, lL't)
and fractional Young equations
(Dg+l’)t = A(dt, $t)

where DJ, denotes the Riemann-Liouville fractional derivative of order ¢ € (0, 1].

Young integrals first appeared in [277] and standard YDEs (i.e. for A(t,z) = f(x)y:) were
first studied by Lyons in [209]. Sharp results, including explicit counterexample to existence or
uniqueness, were given by Davie in [87], who also established convergence of numerical schemes
and provided growth criteria for absence of blow-up like those from Proposition 1.18.

In this sense, all the statements presented here are natural extensions of the standard case.
There is one (extremely sharp!) result which I didn’t cover, again due to [87] and later revisited
in [134]: for A= f ® y, uniqueness of solutions holds when f e C*/* and y e C* (which would
correspond to the borderline case A€ CfCy T for a(1+ 8)=1). In this case however, the associated
flow needs not be Lipschitz nor differentiable (one should consider the analogy with standard ODE
theory, when passing from Lipschitz drifts to Log-Lipschitz ones).

In another direction, here I focused for simplicity only on time regularity measured in Holder
scales; however Young integration theory has a natural formulation in the setting of paths of
bounded p-variation with the use of controls (again see the monography [134] and the review [199]).
Passing from Holder continuity to p-variation can be often established rather simply by a time
reparametrization argument; but there are applications where the p-variation perspective can be
fundamental, see e.g. the discussion on “complementary Young regularity”, Section 11.1 from [132].
An extension of nonlinear Young integration with p-variation has been recently given in [10].

In connection to the above and Malliavin calculus, one could in fact in Example 1.40 consider
general v of bounded 1/2-variation, instead of just ¢ € W1, This fact is particularly important
in the case of SDEs driven by fractional Brownian motion, as it is known that the associated
Cameron-Martin space is made of elements of bounded 1/2-variation for any value of the Hurst
parameter H € (0,1), see [137].

In relation to the a priori estimates like Proposition 1.18 and Theorem 1.20, let me mention the
existence of general Gronwall rough lemmas, see Lemma 3.2 from [175] and Lemma 2.12 from [94];
in the case of rough differential equations, finding sharp growth conditions to avoid finite time
blow-up of solutions is a topic of ongoing research, see Section 10.7 from [134], [87], [200] and [22]
for some results.

Like standard Young equations can be regarded as a particular case of rough differential
equations, nonlinear YDEs are a subclass of the rough flows developed by Bailleul in [20, 21];
alternatively, they can also be solved by means of the nonlinear sewing lemma developed in [45,
47, 46]. Still, there are many good reasons to develop a detailed theory for nonlinear YDEs,
as will become more clear by the applications presented in the next chapters; my impression
is that, deriving the same statements from these more general theories, often results in the need
for stronger assumptions (e.g. more regular coefficients). In a different direction, let me also men-
tion that nonlinear Young integrals are a subcase of the nonlinear paraproducts developed in [13§].



Chapter 2
Nonlinear Young PDEs

This chapter serves as a natural follow-up to Chapter 1. While therein we only focused at the
“particle” level, namely the trajectories z; satisfying suitable differential equations indexed on [0, 7],
here we pass to deal with maps indexed on [0, 7] x R¢ which satisfy suitable PDE-type equations.
The common theme however is that the objects in consideration will not be differentiable in time,
even in a weak sense, making it necessary to employ Young integration techniques. We will only
consider two prototypical type of equations, given respectively by: 1) linear first order PDEs, treated
in Section 2.1; ii) parabolic nonlinear equations, which are still however of semilinear type (thus
allowing for a mild formulation of the problem), cf. Section 2.2.

All the material given here is taken from Sections 6 and 7 from [141], with [145] also being a
precursor regarding Section 2.1. We will adopt the same notations and conventions as in Chapter 1.

2.1 Young transport equations

This section is devoted to the study of nonlinear Young transport equations of the form
uat+ Aar - Vue + carur =0, (2.1)

which we will henceforth refer to as the YTE associated to (A, ¢). We realize the terminology can
be slightly misleading: equation (2.1) is linear in the unknown u and the term “nonlinear” rather
comes from the underlying nonlinear Young integral theory needed to solve it.

We restrict here to the case V =R¢% similarly to Section 1.4.1, we adopt the simpler notations
C’f‘Cf in place of C?Cﬁd. Like in Section 1.3, for simplicity we assume some global bounds on the
driver A like A € CS‘C’;+5 , but standard (a bit tedious) localisation arguments allow to relax them
to growth conditions and local regularity requirements.

Classical results on weak solutions to (2.1) in the case Aq;= by dt, cq: = é; dt can be found
in [97], [4]. Our approach here mostly follows the one given in [145], although slightly less based
on the method of characteristics, and more on a duality approach. We refer to Section 2.3 for more
references in the literature.

Before explaining the meaning of (2.1), we need some preparations. Given any compact K C R¢,
we denote by Cp = Cg(IRd) the Banach space of f € C?(IR%) with supp f C K and by C’Cﬁ = C’f(IRd)
the set of all compactly supported S-Holder continuous functions. C'Cﬁ is a direct limit of Banach
spaces and thus it is locally convex; we denote its topological dual by (C’cﬁ)* Given v, €(0,1),
we say that f e C,?C’Cﬁ if there exists a compact K such that f € Cf‘C’]ﬁ(; similarly, a distribution
we CY(CPY* if ue CF(CL)* for all compact K € R%. We will use the bracket (-,-) to denote both
the classical L?-pairing and the one between Cf and its dual. Finally, M), denotes the space of
Radon measures on R?% Mp the space of finite signed measure supported on K; observe that the
above notation is consistent with Mj,. = (C9)*.

We are now ready to give a notion of solution to the YTE.

Definition 2.1. Let o, € (0,1) such that a(1+ 8)>1.We say that u € L Mioe N CYP(CPY* is a
weak solution to the YTE associated to A € C?C'f, ce C’?C’f with divAe Cf‘C’f if

t
(ug, s0>*<uO7<p>:/ (Ags- Vot (div Ags — cas)p, us) Yo e O, te(0,T] (2.2)
0

51
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Observe that under the above assumptions, for any ¢ € C°, A- V¢ and (div A—c)¢ belong
to CCP; since u e CP(CP)* with a(1+4 ) > 1, the integral appearing in (2.2) is meaningful as a
functional Young integral.?-!

Remark 2.2. For practical purposes, it is useful to consider the following equivalent characteri-
zation of solutions: under the above regularity assumptions, u is a solution if and only if for any
compact K C R? and ¢ € C° it holds

(e 0) = (Avt- Vip+ (div Aur— o )0 udl S Iplloprslt = 520D ul o oy X
% ([ Ala,5+ div A = ). (2.3)

Indeed, (2.2) implies (2.3) by definition; conversely, if (2.3) holds, then necessarily ¢+ (u;, ¢) must
coincide with the sewing of Is ; = (At Vo + (div As ¢ — ¢s.¢) @, us), recovering (2.2).
Clearly, in the Lh.s. of (2.3) one can replace us with u; to get a similar estimate.

Remark 2.3. The presence of ¢ in (2.1) also allows to consider nonlinear Young continuity
equations (YCE for short) of the form

var+ V- (Aar ve) + car ve =0;

weak solutions to the above equation must be understood as weak solutions to the YTE associated
to (A,¢é) with é=c+ V- A.

Let us quickly recall some results from Section 1.3: given A € C’,?‘C;"’ﬁ, a(l+ p)>1, the YDE
admits a flow of diffeomorphisms ®,_,,(x) and there exists C'=C(a, 8,T,||Alla,1+8) such that

85 @) = By (Dllaisr < Clo—y]
[P i(x) —z| < Clt—s|®
[®s—.(2)]ass, 7+ |Da®s—i(z)] < C

for all z,y € RY, (s,t) € Ay, together with similar estimates for ®.._ ;. Moreover

det Dy®,_.i(x) exp( / div A(dr, cpw(x)))

and similarly *

det Dy By y(2) = (det Doy .o(Bory(z))) ) =exp< - / div Adr, @,bt(x))).

Proposition 2.4. Let A€ C’{’C’;"’ﬁ, ce C?Cf. Then for any po € Mioe, a solution to the YTE is
given by the formula

(w o) = [ sa<<1>oﬂt<x>>exp( / t(divAc)(ds,%ﬂ(m))) ho(dz) Vo O, (2.4)

If po(dx) = uo(z)dz for ug€ LE ., then u; corresponds to the measurable function

u(t, z) = uo(Po—t(x)) eXp(—/

0

t

c(ds,(bs_t(a:))> (2.5)

which belongs to LE°LE . and satisfies

[ uteopas= [ M(K)mo(xnpexp( / t(divAc)(ds,%ﬂ(z))).

If in addition c € C’,?‘C’;J“ﬁ, then for any uo € CL. it holds ue CfCL.NCYCL..

Proof. Since |Pg_(x) — x| ST it is always possible to find R > 0 big enough such that
supp ©(Po—+(+)) Csupp ¢+ Bg for all t € [0, T]; by estimates (1.6) and (1.25), it holds

sup
(t,z)€[0,T]xR4

¢
/ (div A —c)(ds,@o_hg(ac))‘ S|Idiv A —clla,p sup (14 [Po—.(2)]a) < o0.
0 zeR4

2.1. What we mean here is that, given f € CJE and g € C//E* with v+ n>1, one can define the Young-type
integral fé(gs, dfs), for instance as the sewing of T ¢ := (gs, fs,¢)-
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It is therefore clear that u; defined as in (2.4) belongs to Li°(CP)*. Similarly, combining the
estimates

|o(@o—t(2)) = (Ros(@)| <[t = 5|°P[@]s[Po—. (2)]3 S [t — 51*[ ]

¢
/(divA—c)(ds,@o_,s(x)) SlE—=s|¥||div A —¢lla, (L + [Po—.(2)]a) S|t —s]%,

it is easy to check that u e C*P(CP)*.
Let us show that it is a solution to the YTE in the sense of Definition 2.1. Given ¢ € Cg and

x € RY, define
t

) = plo—i(a)) exp [ aiv A=) (s, o) )

By the Ito-type formula for Young integrals (cf. Proposition 1.11), z satisfies
t T
zoa(@) = / @(%H,«(:ﬁ))exp( / (div A - ¢)(ds, <I>0ﬁs(x)))(divA &) (dr, B (2))
s 0
t T
+/ exp(/ (div A —¢)(ds, q)oﬁs(x)))Vgo(@oHT(x)) CA(dr, Por(x)).
s 0

By the properties of Young integrals and the previous estimates, which are uniform in x, it holds

Zs,t(x) ~ exp(/os(divAc)(dr,cboﬂr(z))> X
X[p(Po—s(2))(div A = )5 1(Po—s(2)) + V(Po—s(2)) - As 1(Po—s(2))]

in the sense that the two quantities differ by O(|t —s|**#)), uniformly in z € R%. Therefore

(g1, ) = /K  @ofdn)

N/ [As.t- Vo4 (div A —¢)s 1 ] (Po—i()) exp(/s(divAc)(dr,q)oﬁr(x)))uo(dx)
K+Br 0
~(ug, Ast- Vo4 (divA —c)s 1)

where the two quantities differ by O([[¢||crslt — 5|*1+8)). By Remark 2.2 we deduce that u is
indeed a solution.

The statements for ug € L{, . are an easy application of formula (1.39); it remains to prove the
claims for ug € Ct,., under the additional assumption ¢ € C’f‘C;+ﬁ . First of all observe that, for any
(s,t) € Ag, by the aforementioned estimates for .., it holds

1. t(2) = @ s () [l = [|Poes (s mt(2)) = P () 0 S [ Pst(@) — 2 S |E = 5|% (2.6)
as a consequence, the map (¢, ) — uo(®o¢()) belongs to CACY.. Consider now the map

t
g(t,z)::/ c(dr, @, (x)).
It holds 0

/O (dr, @ry(z)) — / e(dr, By o(z)) = / (dr, @y () + /0 Te(dr, By o(x)) — e(dr, Breo(2))];

0
by Corollary 1.10 and estimate (2.6), we have

/().[C(dﬂ@wt(x))—C(d7a¢r~s($))] S llellas(l+[@ i(2)]a + [P s(2)]a) X

X[|@.—t(z) — @.s(2)]]a
< JE—sle

As a consequence, g € C§'CY. and so does u. The verification that u € CYCL, is similar and thus
omitted. 0
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Remark 2.5. Analogous computations show that a solution to the YTE with terminal condition
u(T,) = pr(-) is given by

()= [ otirtoness( [ (e —div A)(ds, .o r(o)) ) urlds) Ve

In the case pr(dz) =ur(z)dz with ur € LE , it corresponds to

) = ur(bea (o)) exp( [ s, i)

t

This solution satisfies the same space-time regularity as in Proposition 2.4. Moreover by the
properties of the flow, if g (resp. pr) has compact support, then it’s possible to find K c R¢
compact such that supp u; C K uniformly in ¢t € [0, T]. In particular, if ¢ € C’?C’;Jrﬁ and ug € C}
(resp. ur € C}), then the associated solution belongs to C#C2 N CYC..

The next result is at the heart of the duality approach and our main tool to establish uniqueness.

Proposition 2.6. Let u€ CfCONCYCL be a solution of the YTE
uar + Aar - Vur + cqru =0 (2.7)
and let v e L (CO)*NCP(CP)* be a solution to the YCE
Var+ V- (Aarvg) — car vy =0. (2.8)

Then it holds (vi,us) = (vs,us) for all (s,t) € Aa. A similar statement holds for ue C2C N CYOL,
and v as above and compactly supported uniformly in time.

The proof requires some preparations. Let { pc}-~0 be a family of standard spatial mollifiers (say
p1 supported on By for simplicity) and define R¢, for sufficiently regular g and h, as the following
bilinear operator:

Re(g,h)=(g-Vh)*—g-Vh=p"x(g-Vh) —g-V(p°*h); (2.9)

the following commutator lemma is a slight variation on Lemma 5.11 from [145], which in turn is
inspired by the general technique first introduced in the pioneering work [97].

Lemma 2.7. The operator Re:CLHP « C’lloc—>C'1€C defined by (2.9) satisfies the following.

loc

1. There exists a constant C' independent of ¢ and R such that
[B(g,P)lls. r < Cllglli+p,rr1llPll5, R4 1
it. For any fized g € Cllotﬁ, he C@C it holds R%(g,h) =0 in ngc as e —0, for any 8’ < .
Proof. It holds

Re(g. (@)= [ ha=<2) w Vp(2)dz — (hdiv g)(z)

—:R(g,h) () — (hdiv g)*(a).

g,R< |||

Thus claim i. follows from ||(hdiv g)®| 1,R+1]|9ll1+8,r+1 and

|B(g,h)(2) = B (g, h)(y)| <

/9 (h(x—e2) — h(y — gz)]w Vp(2)dz

/Blh(m B EZ)[‘q(ﬂﬁ —ez)—g(x) gly—e2)—g(y) ] Y p(2)de

+
3 3

N

& — 9P hlls.ra1 g m e[V ol
1
ko, re1 / / Vg(z —eb2) — Vg(y — 262)
Bl 0

S lz—ylPlhlls.miallglie s ria

2]V p(2)] dz
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where the estimate is uniform in z, y € Bg and in € > 0. Claim 7. follows from the above uniform
estimate, the fact that R°(g,h) —0in C{. (cf. Lemma 5.11 from [145]) and a standard interpolation
argument. g

Remark 2.8. It is difficult to stress enough the tremendous importance that commutator esti-
mates have in modern PDE theory. In order to explain why Lemma 2.7 is so important and
nontrivial, let us point out the following fact: as e — 0, we know that (g- Vh)® (resp. g-Vh®)
converges to g- Vh, which is only known to belong to C{.. since h € CL., therefore we cannot expect
the family {(g- Vh)}es0 to be bounded in Cf.. The commutator lemma is telling us that, if
don’t deal with the terms (g-Vh)® and g- Vh® separately, but rather take their difference, we can
transfer the higher regularity of g (in some kind of integration by parts fashion) to boundedness
of the family {R*(g,h)} in the better space C{,.

Proof. (of Proposition 2.6) We only treat the case u€ C#C2NCYCL, v e L(C2)*N C’f‘ﬁ(C’f)*,
the other one being similar. Applying a mollifier p° on both sides of (2.7), it holds

ugqe + Adae - Vug + (car ue)® + R°(Aar, ug) =0

where we used the definition of Rf; by Remark 2.2, the above expression can be equivalently
interpreted as

[lus ¢ 4+ As¢ - Vug + (5,0 us)® + R (As 1, us)|| 0o Se |t — s|“(1+ﬁ) uniformly in (s,t) € As.
Since v is a weak solution to (2.8), it holds

<U§, Ut> - <'U,§, vs> :<u§,t7 vs> + <'Uf§, vs,t>
~e — <As,t : VU% + (Cs,t ut)g + RE(As,ta ut)7 'Us> + <As,t : vu% + Cs,t U%a Us>
~ (s tuf — (s pue)® — RE(As 1, ut), vs)

where by a ~.b we mean that |a —b| <. |t —s|* 7). As a consequence, defining f§:= (u,v;), we
deduce by the sewing lemma that f; — f5 = J(Is ;) for the choice

Fse,t = <Cs,t u§ - (Cs,t ut)‘E - Ra(As.,ta Ut), Us>-

Our aim is to show that J (I ;) — 0 as € = 0; to this end, we start estimating ||I"?|
It holds

a,a(l+6)-

6Fs€,r,t = <Cs,rua€~,tavs>_<Cr,tU§>'Us,r>
+<Cr,t Us,ry v§> - <Cs,r Us, v$7t>
+<R8(AT,75’ ut)’ US7T> - <RE(AS,7“’ Ur,t)a Us>-

Therefore, up to choosing a suitable compact K C R?, we have the estimates

T <l udlleg + Nes.e w)llog + 1B (As w)lep) loslcg-
St =sl%Ulclla, s + 1 Alla. ) l[ullcpcellvsl (g -
as well as
10T el < lles,rur ellog sl ogy =+ ller e Ui”c{i ||Us,r||(c{§)*
JF”CT,tUS-,THCP( ”vf”((]}’()* + HCS-,TUSHCIQ ||U78“,t| (cfy
FIREAr il 45 lull cpllvs, el gy + IR T As 46 llurdllog lvsll cg) -
S =510 (ella,s+ BN Alla,1+6) X

x(llulloooy v Hcgﬁ(c;g)* +llullepegllvllLecg)-)-

Overall we deduce that ||I'*||, and [|0I°||o(148) are bounded uniformly in e > 0; moreover by
properties of convolutions and Lemma 2.7, it holds Iy ; — 0 as ¢ = 0 for any (s,t) € Ay fixed. By
Lemma 1.1 it holds

|fe e =TS S|t — s
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uniformly in € > 0, so passing to the limit as e -0 we deduce that
(g, ve) — (ug, vs)| S [t — 5|8 V(s,t) € As.

This immediately implies that ¢+ (us, v;) is constant and thus the conclusion. O

We are now ready to establish uniqueness of solutions to the YTE and YCE under suitable
regularity conditions on (A4, c).

Theorem 2.9. Let A€ C?C;+B, ce C’?Ci‘w with a(1+ B) >1. Then for any ug € CL, there exists
a unique solution to the YTE (2.7) with initial condition ug in the class C§CLNCYCL,, which is
given by formula (2.5); similarly, for any po € Mo there exists a unique solution to the YCE (2.8)
with initial condition g in the class Li°(C2)* ﬂC’f‘B(CCB)*, which is given by formula (2.1).

Proof. Existence follows from Proposition 2.4, so we only need to establish uniqueness. By linearity
of YTE, it suffices to show that the only solution u to (2.7) in the class C&CL. N CYCL, with
o= 0 is given by u=0. Let u be such a solution and fix 7 € [0, T]; since (div A —¢) € CCY,
by Proposition 2.4 and Remark 2.5, for any compactly supported p € M there exists a solution
ve LPMg N CP(CP)* to (2.8) with terminal condition v, = p, up to taking a suitable compact
set K. By Proposition 2.6 it follows that

(ur, p) = (tr, vr) = (uo, vo) = 0;

as the reasoning holds for any compactly supported p € M, u, =0 and thus u=0.
Uniqueness of solutions to YCE (2.8) in the class L(C2)* N C2P(CF)* follows similarly. [

2.2 Parabolic Young PDEs

We present in this section a generalization to the nonlinear Young setting of some of the results
contained in [161]. Specifically, we are interested in studying a parabolic nonlinear evolutionary
problem of the form

dl‘t:—Aftdt-i-B(dt,l't) (210)

where — A is the generator of an analytical semigroup.

In order not to create confusion, in this section the nonlinear Young term will be always denoted
by B. As we will use a one-parameter family of spaces {V,}4eRr, the regularity of B will be denoted
by BeC} CI?V_’ u» with W and U being taken from that family; whenever it doesn’t create confusion,
we will still denote the associated norm by || B ||, 3.

Let us first recall the functional setting from [161], Section 2.1. It is based on the theory of
analytical semigroups and infinitesimal generators, see [234] for a general reference, but the reader
not acquainted with the topic may think for simplicity of A=1—A, V = L*(R%) and V,, = H?*(R%)
fractional Sobolev spaces.

Let (V,||-|lv) be a separable Banach space, (A, Dom(A)) be an unbounded linear operator on
V, rg(A) be its range; suppose its resolvent set is contained in ¥ ={z € C: |arg(z)| >7/2-0}UU
for some ¢ >0 and some neighbourhood U of 0. Further assume that there exist positive constants
C, n such that its resolvent R,, satisfies

[Rallcary <C(n+la)™" VaeXx.

Under these assumptions, —A is the infinitesimal generator of an analytical semigroup (S(¢)):>0
and there exist positive constants M, A such that

1SE)|l vy < Me™ Vit >0.
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Moreover, —A is one-to-one from Dom(A) to V' and the fractional powers (A% Dom(A®)) of A
can be defined for any o € R; if aw <0, then Dom(A%) =V and A% is a bounded operator, while for
a>0 (A% Dom(A%)) is a closed operator with Dom(A%) =rg(A~%) and A%= (A=)~

For a >0, let V,, be the space Dom(A%) with norm ||z ||y, = ||A%||y; for « =0 it holds A°=1d
and Vp=V. For a <0, let V, be the completion of V' w.r.t. the norm ||z||y, =|A%||y, which is
thus a bigger space than V. The one-parameter family of spaces {V,}aer defined in this way is
such that V5 embeds continuously in V,, whenever § >« and A*A° = A%+9 on the common domain
of definition; moreover A~% maps V,, onto Vs for all « € R and 6 > 0.

The operator S(t) can be extended to V,, for all @ <0 and ¢ >0 and maps V,, to Vs for all a € R,
0 >0, t > 0; finally, it satisfies the following properties:

[A*S(t)|| vy < Mat=*e > for all a >0, ¢t > 0; (2.11)
IStz — z||v < Cat*|| A%z ||y for all x € V,, a €(0,1]. (2.12)
Remark 2.10. It follows from the statements above and the semigroup property of S(t) that for
any « € R, 6 €(0,1], p=0 and any s <t it holds
[S(#)x = S(s)x|lv, =[St —s) = 1] S(s)z|v,
Saslt = s°118(8)x Ve s Sasp [t = s°Is| Pz llv s -

In particular, for p=0 we find ||S(t) — S(s)||lz(vi s.v) S|t —5]°, equivalently S(-) € CYL(Vays, Va).
It also follows that for any given xo € V4 s, the map t — S(t)zo belongs to C{V,, with

[S()zols, v, Sa.s lzollv, 4 5- (2.13)

Before dealing with (2.10), it makes sense to consider the linear equation
dIEt = *AlL't de + dyt,

whose solution is formally given by the mild formulation
t
xe=5(t)xo+ / S(t — s)dys,
0

which is actually rigorous for y € C}V_,. The next result, which is taken from [161], states that
the solution map can be extended by continuity to suitable non differentiable functions y € CYV.

Theorem 2.11. Let o € R and consider the map = defined for any y € CLV_q by

E(y)e= /OtS(t —5)ysds.

Then for any v > a, = extends uniquely to a map =€ L(CJV_q; CFVs) for all § € (0, — «) and all
k€ (0,7 —a—17). Moreover there exists a constant C =C(«a, k,0,7) such that

[EW)]k.v: <C Yy, vo. S[%PT]HE(y)stw <CT" 2 [yly v, (2.14)
te|0,

Proof. (Sketch) For the full proof, we refer to Theorem 1 from [161]. Here we will only show
one of the main steps, namely the estimate for sup;c(o, 7] [|Z(y)¢/|vs; it is quite a nice proof, as it
presents the general “sewing procedure” which is also at the heart of Lemma 1.1. By time rescaling,
we can assume wlog T'=1 and simplify the problem by only estimating ||=(y)1||v;; we only need
to consider y € C}V_,, as the general case follows by a standard density argument.

For fixed n € N, consider the dyadic points ¢} = k2™ and define Z"*(y); = =" by

2" —1
=N = Z S(l — t}?) ytg?t},CL+1.
k=0
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It is cleat that =" is a Riemann-Stjeltes sum converging to =*° 1= fo 8)Ys as n—r 00.
In order to obtain an estimate on Z°° in Vj, by telescopic sums it sufﬁces to control

e
|2 =0y, < 3 B - 27y,
n=0

For any n € N, it holds

2" —1
= =n_ +1 +1 +1
Errtogn= (SO =15 Dy e, — SO =8 gy, = SO =5y, ]
=0
2" —1
ST S5 - SO - B e
k=0

In view of Remark 2.10, choosing 8 >1— a —J, we can then estimate the term as follows:

1= ==y, <Y (L=t O 5L e Ve

k
k —w+a+6)7n
S (1 §> 2 (5+7)[[y]]v,v,
k
27Oyl v, Y kTR SamrOme Ty
k=0

Since v — a — § >0 by assumption, we can conclude that

o0
IZllvs <IEv; + ) IIE™H = ="y,
n=0

SISMyollvs+ [ylvv. Y 27" ) Syl v
which yields the conclusion. O

Definition 2.12. Given A as above and B € C,?C@,Vp, p< 0, we say that x € CiVs is a mild solution
to equation (2.10) with initial data xo € Vs if v+ x> 1, so that de(ds, xs) is well defined as a
nonlinear Young integral, and moreover x satisfies

O /O 'S(t — $)B(ds, 22) = S(t)o + 5( / B

(ds,xs)) Vte[0,T] (2.15)
0

t

where = is the map defined by Theorem 2.11 and the equality holds in V,, for suitable «.
We are now ready to prove the main result of this section.

Theorem 2.13. Assume A as above, B € C'VCIJFB with p>0 — 1 and suppose there exists k € (0,1)
such that
v+ Pr>1 (2.16)
K<Yy+p—0~ ’

Then for any xo € V51, there exists a unique solution with initial data xg to (2.10), in the sense
of Definition 2.12, in the class C¥VsN CVs .

Moreover, the solution depends in a Lipschitz way on (xo, B), in the following sense: for any
R >0 ezists a constant C=C(B,7,6, p, k, T, R) such that for any (zh, BY), i=1,2, satisfying
l2bllvs. . VI Bly,14 8 < R, denoting by a' the associated solutions, it holds

[o' = 2?]w.v, < C(l26 — 28llvsy . + 1B = B2[ly.14.)-

Remark 2.14. If B¢ C;YC‘Q/&,va then it is possible to find « satisfying (2.16) if and only if
29+p—=0>1;

in the case p=4 we recover the usual condition v >1/2. Instead the regime p < — 1 would enforce
the requirement > 1, making the statement vacuous.
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Proof. The basic idea is to apply a Banach fixed point argument to the map

t

2 T(@)e: =S ()70 + 5( /O B(ds, acs)> (2.17)

defined on a suitable domain.

By Remark 2.10, if 2 € Vs, then S(-)zg € CVs; moreover B € C’;YC'%/J_%, so under the condition
~+ £ >1 the nonlinear Young integral in (2.17) is well defined for x € Cf'Vj, y,= ng(ds, zs) €CYV,
and then Z(y) € CfVs under the condition k < v+ p —d. So under our assumptions Z maps CfVjs
into itself; our first aim is to find a closed bounded subset which is invariant under Z.

For suitable 7, M to be chosen later, consider the set

o} {x e C5([0, 7): Va) : 2(0) = 20, [2] v M, sup ||zellvs,, < M};

te[0,7]

E is a complete metric space endowed with the distance dg(z1, z2) = [£1 — ®2]«,v;- It holds

(Zss <ISCrralese+ 3 [ B(daa))ﬂws ool + | [ 'B(ds,xs,,)ﬂm;

for the nonlinear Young integral we have the estimate

LtB(dr, Xr)

SIBs, (@) llv, + [t = s [Bly alz]s,vs

v,
S|IBs i(@s) — Bs,s(o)||lv, + [t = s|||Blly.0 + [t — 8|7 75[ B 1[2]
Slt=s|71Blly (1 + 7], v)

and so

|[/0.B(dr’ ) ]L,vp SIBlya(t+ 7], v)-

Overall, we can find a constant x; such that
[Z(2)]w,vs < Ballzollvs . + £1l Blly 1 (L + 7% [2] 1, v5)-
Similar computations, together with estimate (2.14), show the existence of ko such that

AT O (L4 72k vy)-

sup || Z(x)¢llvs.... < K2llwollvs,.. + K2l Bl
tel0,7]

Therefore taking 7 <1, k3= K1V Kg, in order for Z to map F into itself it suffices

Kallzollvs . + K3l Blly,1(1+7°M) < M,

which is always possible, for instance by requiring
263|| Bllyam" <1, 263 wollvsy, +2638]| B[y, < M.

Observe that 7 can be chosen independently of |zo|v;.,; moreover for the same choice of 7,
analogous computations show that any solution z to (2.10) defined on [0, 7] with 7 < 7 satisfies
the a priori estimate
[2]s.vs0.7+ sup |lzdlvs, . <ra(llzollvey .+ 1Blly.1) (2.18)
te[0,7]
for another constant k4, independent of xg.

We now want to find 7 € [0, 7] such that Z is a contraction on E, E being defined as E in terms
of 7, M. Given z', 22 € E, it holds

dE(z(xl),I(x2>>|[E</O'B(ds,x§) /O.B(ds’x?))]]n v

)

5|[(/0'B<ds,x;>/O'B(ds,xi))]]wp
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and under the assumptions we can apply Corollary 1.10, so we have

t t t
[ Barah - [Bara)| | [otel-a
s s s V;,

SIt = s o]y cllzs = allv, + |t = s [vly, el = 27wy,
Slt=s|IBlly 14501+ M) 70 [zt — 2y v,

Vo

This implies
|[ / B(dr,be(dr,x%)ﬂ <1IBlly a1+ M) — 2]y,
0 v, Ve

and so overall, for a suitable constant xs,

dp(Z(z"),Z(2?)) < k5| Blly,1+p(1+ M) 7  dp(z', 22).

Choosing 7 small enough such that ks||B||y,148(1 + M)7" <1, we deduce that there exists a
unique solution to (2.10) defined on [0, 7]. Since we have the uniform estimate (2.18), we can
iterate the contraction argument to construct a unique solution on [0, 7]; but since the choice of 7
does not depend on gy and z, € Vy ., we can iterate further to cover the whole interval [0, 7] with
subintervals of size 7.

To check the Lipschitz dependence on (xg, B), one can reason using Theorem 1.25 as usual,
but let us give an alternative proof; we only check Lipschitz dependence on B, as the proof for xg
is similar.

Given B?, i=1,2 as above, denote by Zg: the map associated to B’ defined as in (2.17); we
can choose 7 and M such that they are both strict contractions of constant kg <1 on E defined
as before. Observe that for any z € E it holds

a5 [ 00520~ [ 08|

5|[/O'Bl(ds,zs)/0'32(013,25)}]%% |

S(L+M)|B' = By, 5.
Denote by z* the unique solutions on E associated to B?, then by the above computation we get
[[.1‘1 — IQ]]HJ/& ZdE(IBl(l‘l), IB2(1‘2))
SdE(IBl(.Z‘l), IBI(.Z'2)) + dE(IBl($2),IB2(I2))
<hig 2! —2?] vy + K7 (1+ M) B' = B?||,

which implies that
R7

1—/%6

[z — 2%, v5 < (1+M)||B' = By 5

which shows Lipschitz dependence on B® on the interval [0,7]. As before, a combination of a priori
estimates and iterative arguments allows to extend the local estimate to a global one. g

By the usual localization and blow-up alternative arguments, we obtain the following result.

Corollary 2.15. Assume A as in Theorem 2.13, B € C’?C‘l/;%loc with p> 3 —1 and suppose there

exists k € (0,1) satisfying (2.16). Then for any xo € Vi1, there exists a unique mazimal solution
x starting from xo, defined on an interval [0,7*) C[0,T], such that either T*=T or

Jim v, = +oc.

Remark 2.16. For simplicity we have only treated here uniqueness results, but if the embedding
Vs =V, for 6 >« is compact (as is often the case, at least on bounded domains) one can use
compactness arguments to deduce existence of solutions under weaker regularity conditions on B,
in analogy with Theorem 1.13. Once can also consider equations of the form

dl‘t = —A$t dt + F(l't)dt + B(dta xt)a
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in which case uniqueness can be achieved under the same conditions on B as above and a Lipschitz
condition on F', see also Remark 1 from [161].

2.3 Bibliographical comments

As already mentioned, all the material presented here is taken from [141], with [145] as a precursor
for Section 2.1.

In the style of Section 1.4.3, one could have treated the special case of continuous 0;A, obtaining
an exact analogue of Theorem 2.9 (now under the assumption that 9;A, d:c are continuous and
bounded and A,ce C’;’Ci"‘ﬁ with a4+ 8 >1). The proof in this case is much simpler, as it doesn’t
require the use of commutator lemmas, see Section 5.1 from [145].

Transport equations of the form dyu+b- Vu=0 can be solved classically by the method of
characteristics, whenever the coefficients are sufficiently smooth (e.g. b Lipschitz). There are now
much more advanced theories, dealing with only weakly differentiable coefficients, giving rise to
the concepts of renormalized solutions and generalized Lagrangian flows, see [97, 4].

Quite surprising, I haven’t found in the literature any systematic study of transport equations
in the standard Young setting (i.e. with b- Vu replaced by b- Vudy; for some y € C%), even in the
regularity regime where the existence of a flow associated to the YDE is granted. There are some
recent works, all coming from the nonlinear Young setting, see [56], [L76] and Chapter 9 from [218].
However [56] and [218] only deal with the (much simpler) case of continuous 9, A, while the validity
of the results from [176] (which claim an analogue of Theorem 2.9, see Section 3.4 therein) is quite
debatable, see Remark 5.10 from [145]. In particular, the authors in [176] try to go through the
standard proof based on characteristic functions, but the validity of the chain rule breaks down
due to insufficient space-time regularity of the inverse flow ¢ +— ®g.+(-) (such regularity is restored
under the stronger, non-optimal assumption A € C?Cﬁ +h ). It is interesting to observe how in the
Young setting, even when the flow is known to exist (which immediately suggest the validity of
the classical solution formula u; = ugo ®g—¢), a complete proof still requires a weak definition of
solution (cf. Definition 2.1) and the use of advanced tools like commutators (Lemma 2.7).

I have the impression that the case of Young transport equation has been overlooked since
many authors have immediately passed to the study of the more advanced rough path case, see
for instance [23, 96, 35|, as well as [94] and the references therein for more general equations.
Nontheless, I find it extremely interesting to understand whether many concepts from the theory of
generalized Lagrangian flows, carry to the Young regime, in particular if one can only impose weak
differentiability assumptions on A; for instance one could investigate the validity of Ambrosio’s
superposition principle ([4, 5]), the uniqueness of renormalized solutions [97], or try to develop a
quantitative approach in the style of [81]. The only formidable (but incomplete) attempt I know in
this direction is [23]; I believe that studying the simpler Young setting first would provide a better
insight to the problem.

Finally, let me mention Chapter 4 from [27] for the study of a nonlinear, Burgers type equation,
in the nonlinear Young framework.

Section 2.2 is an extension to the nonlinear Young setting of the work [161], which was first able
to solve classical parabolic Young equations. The general strategy in the proof of Theorem 2.11
has then lead to the development of so called “mild sewing lemma”’, which has allowed to tackle
the rough path case as well, see [164] and subsequently [153] and Exercises 4.16-4.17 from [132].
Recently, this mild version has been incorporated in the stochastic sewing, see [202].

In a similar direction, “Volterra sewing lemmas” have been developed in [169]. The recent
work [58] incorporates such sewing in the study of the parabolic problem

O =Au~+b(u) + g(u)€ +wy;

after a suitable change of variable, this equation is “translated” to the nonlinear Young setting,
where the authors develop a solution theory comparable to the one given here, cf. Section 4
from [58].






Chapter 3
Regularising ODEs by additive perturbations

We are now ready to harvest the fruits of our preparations from Chapters 1-2 to present a well
developed theory for perturbed ODEs of the form

t
act:xo—i—/ bs(zs)ds 4+ wy (3.1)
0

where w is a continuous path in R¢ and b: [0, 7] x R — R¢ is a time-dependent drift; to convey
the main ideas, in this introduction we will restrict to autonomous drifts bs(xs) = b(z5), although
the general case will be treated throughout the chapter.

Let us shortly recall the main well-known results for (3.1) when w =0, which transfer easily to
the case of any given continuous w (for the proofs, we refer to [115] and the references therein):

e If b is globally Lipschitz, then existence and uniqueness of solutions to (3.1) holds for any
x0 € R?% they form a Lipschitz flow of homeomorphisms. If b is more regular, say Cf’., the
same regularity transfers to the flow.

e If b is merely continuous and enjoys some linear growth conditions, existence of solutions
holds by Peano’s theorem; however, for any « € [0,1), one can find examples of «-Holder
continuous drifts and zo € R such that there are infinitely many solutions to (3.1).

e There are examples of measurable and bounded b for which there exist no solutions to (3.1).

e Finally, if b is not even a measurable function but only a distribution, it’s not even clear
how to give meaning to (3.1), since we cannot pointwise evaluate b(zs) and so we cannot
define the integral in the Lebesgue sense.

The question we want to address is whether a well-chosen additive perturbation w can cure the
above pathologies; in particular, the endgoal is to identify some intrinsic properties of w (hopefully,
but not necessarily, of analytic type) which imply such a regularising effect. Further, we would like
these properties to be satisfied by a large class of paths, either in the sense of sampling w from
suitable stochastic processes, or by showing that they hold for generic functions. This program
is carried out here and in the upcoming Chapter 5 (based respectively on [145] and [143]), which
constitute the main body of this thesis.

The fundamental intuitions in order to tackle (3.1), which we are now going to illustrate, are
due to [57]; the material presented here can be regarded as a follow-up and refinement of that work.
Firstly, in order to expect something different for (3.1) compared to its counterpart with w=0, we
need the path to be sufficiently “active”, in some sense to be formalized rigorously; then, given the
structure of the pertubed ODE, we expect any solution to be of the form x =6+ w, where formally
0 should solve

¢
Gt:onr/ b(0s + ws)ds. (3.2)
0

63
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In particular, if there is any way to make sense of the integral appearing in (3.2), then 6 should
be fairly regular in time and so x should be “as active as w”. Put in other terms, w and 6 should
represent respectively the fast and slow components of the system; any oscillation of w should
happen at a time scale where 6 is almost constant and the solution x should behave like w. If we
accept this philosophy to be true for the moment, then it should be possible to approximate the
integral in (3.2) by finite sums of the form

t tit1
b(0, +w,)dr ~ / b(6¢, +wy)dr
R YRR

over finer and finer partitions of [0, T]. Defining the averaged field T*b as

t

Tb(z) =TYb(t, z) := / b(z4+wy)dr, Tb(z) =T"b(t,z) —T"b(s, z) = /tb(z + w,)dr,

0

we can rewrite the previous sums as

tip1
Z / b(oti +ws)ds = Z Ttg},ti+1b(0t¢>'
i b i

But now the last term is an old friend of ours, namely the Riemann-Lebesgue sums used to
approximate nonlinear Young integrals f g A(ds, 6) from Chapter 1 for A=T"b!

Although the above reasoning is very heuristical, it can be at least shown that such an identi-
fication is in fact rigorous whenever b is at least continuous, see Lemma 3.31; yet, we do not know
how to treat the case of distributional b. But we can now apply a standard principle from rough
path theory, which amounts to postulating the existence and space-time regularity of T%b! If for
instance we assume 7" € C'C} for some v >1/2, then we can rigorously construct, for any 6 € C7,
the nonlinear Young integral

t
/ Twb(ds, 0)
0

which now defines the object fgb(@s + w,)ds even when the intepretation in the Lebesgue sense
breaks down. It then makes sense to look for solutions x into the restricted subset of continuous
paths of the form DY =w + Cy = {w+6:0 € C/' }, which rigorously and quantitatively encodes the
idea that 6 should be regular (or slowly varying) compared to w.

All in all, by applying the abstract theory of nonlinear Young integration from Chapter 1, the
problem of existence and uniqueness of solutions to (3.1) entirely reduces to that of establishing
regularity of T"b, without any reference to the ODE problem; for instance, it would be enough to
verify that 7"b € C;C2. This now provides a rigorous mathematical way of measuring how “active”
or “oscillatory” the path w is (but it is not the only possible one! See Chapter 5 for a deeper
discussion of this point). Furthermore, the nonlinear Young interpretation allows to construct
an associated flow of solutions (which gets more and more regular as T"b does so) and treat the
transport equation as well.

In order to find interesting examples of paths regularising the equation, we will first sample w
as a typical realization of fractional Brownian motion (fBm) W of Hurst parameter H € (0,1); we
refer the reader to Appendix A.1 for its definitions and main properties.

This choice is relevant for the following main reasons:

e When H+#1/2, W is not a semimartingale nor a Markov process; in particular, all standards
tools employed to analyse the associated SDE (It6 calculus, martingale problem, Zvonkin
transform, Dirichlet forms, etc.) completely break down. Regularisation by noise results for
SDEs driven by fBm are in general difficult to obtain and of interest on their own.

e Working with a specified stochastic process provides us with a specific structure, which we
can exploited in order to get as sharp results as possible. This is embodied by Theorem 3.30,
whose derivation relies heavily on the so called Girsanov transform.
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e By varying H €(0,1), we get a better picture of how the regularity of the path W interplays
with its regularising effect on the ODE. In particular, we will be able to rigorously prove
the (both natural and counterintuitive) principle that “the rougher the noise, the better the
reqularisation”, cf. Theorem 3.54.

Another extremely nice feature of working with fBm is that it will naturally enlarge our perspective
by allowing to derive genericity results in the sense of prevalence, as will be shown in Section 3.3.
For more details on its exact mathematical definition and main properties, we refer the reader to
Appendix A.3. Here let us only mention that it is a natural generalization of the “for Lebesgue a.e.
x € R? property to the infinite dimensional setting (where the Lebesgue measure is ill-defined)
and that it allows for probabilistic tools in the proof (which is why we can obtain it starting from
our analysis of fBm trajectories). In particular, all our main results will transfer to statements
involving “almost every Holder continuous function”, see Theorem 3.59.

Structure of the chapter. We start by introducing rigorously averaged fields T%b in Sec-
tion 3.1, first by defining them analytically for any given path w and then passing to study
their space-time regularity when w is a typical realization of fBm. We then apply these results,
together with probabilistic arguments based on Girsanov transform, to prove strong existence and
path-by-path uniqueness for SDEs in Section 3.2; results concerning the regularity of the flow of
solutions and wellposedness of the associated transport equation are given as well. In Section 3.3,
we extend all our considerations to the case of generic (in the sense of prevalence) continuous
additive perturbations. Finally, in Section 3.4 we provide some additional bibliographic references
and outline some open problems for future research.

Notations and conventions. We will keep adopting all the same notations from Chapter 1,
with the only major difference that we will use 7 as a parameter denoting time regularity in
nonlinear Young considerations, as a will be used instead to measure the regularity of the drift b
appearing in the SDE. This means for instance that we will use the notation C;C?* =} C’]g‘;i)‘Rd
to denote the weighted Holder spaces already given in Definition 1.4. 7
We will use the notation By =Bj ,= Bj ,(R%R™) for Besov spaces (see Appendix A.2 for their
definition and main properties), L2 = LP(R% R™) for standard Lebesgue spaces, H:=W"*= B3
for fractional Sobolev spaces, S =S(IR% R™) for the space of Schwarz functions and S’ for its dual.
Finally, M, = M(R%R™) denotes the space of (vector-valued) finite Radon measures, endowed
with the total variation norm.

We will always work on a finite fixed time interval [0, T]. Given a Banach space E, we will
denote by L{E = L9(0,T; E) the space of all strongly measurable functions f:[0,7]— E (up to
equivalence class) such that

T
1f g = / £l dt < oo;
0

when g = o0, the above norm is replaced by the essential supremum as usual. We might use the
longer expression || f||La(0,r; ) to stress that the integral is taken over [0, 7] C [0,7]. We denote by
P(E) the space of (tight) probability measures on E.

We will keep using as in Chapter 1 the notation CJE =C7([0,T]; E) for the space of E-valued,
v-Holder continuous functions; similarly for CYF, endowed with the supremum norm. When E =
R?, we will drop it for simplicity and just write w € L or w € C}'; in the latter case, we might
sometime use the notation [w],;(o,+) for some 7 < T to denote the Holder seminorm restricted to
telo,7].

The above conventions are adopted in particular for the choices of F outlined above, thus giving
rise to spaces like LIBE, CYM,, C7C2* and so on, with norms denoted by [-lzaBg, [I-lcom, ete.

With a slight abuse of notation, we will also use expression like L{F, where F' is a Frechét space

with distance induced by a family of seminorms ||-||,, 7, to mean that fOT | fellk p < oo for all n. This
applies in particular to the choice F'=3S8, so that we might write f € L$°S to mean that f€ L°H;
for all s € R; similarly for the locally Hélder spaces Cf .= Cf (R R™) as in Definition 1.4.



66 REGULARISING ODES BY ADDITIVE PERTURBATIONS

Given a space-time dependent drift b: [0, 7] x R? — R™, we will use the shortcut notation
b(t,z)=0by(x). The standard heat kernel will be denoted by Py, so that P.f =p;* f, where * stands
for convolution and py(z): =(27t)~%2e~1#1°/2¢_ We will use the notation Br = Bg(0) for the closed
ball around 0 of radius R in R

Even when not specified, whenever talking about a random variable X, we will assume it to
be defined on an underlying complete probability space (2, F,P); we will use LEE = LP(2; E) as
a shortcut for L?(Q, F,P; E) and directly drop E whenever it coincides with R™ (in which case
we might directly write LP). Typical elements of Q) are denoted by w, so that X (w) stands for
the evaluation of the r.v. X, and E denotes expectation w.r.t. IP. Whenever a filtration {F;};>0
appears, it is implicitly assumed to satisfy the usual assumption (completeness, right-continuity);
we will use the shortcut notation IE; to denote the conditional expectation E[-|Fy]. If F; is not
specified, it is taken as the natural filtration of the stochastic process W in consideration.

3.1 Averaged fields: analytic definition, stochastic estimates

3.1.1 Analytic definition

We provide here the definition of the averaging operator T for measurable paths w: [0, 7] — R4,
together with some basic properties which will be fundamental for later sections. Our definition is
rather abstract and works for a general class of Banach spaces E, but keep in mind that for our
purposes E will always be a Besov space B, , with p € [2,00). Also, we will consider for simplicity
the scalar-valued case, i.e. £ CS'(R%) =S&’; everything immediately generalises to the vector-valued
case S’(R%R™) by reasoning componentwise.

Let us assume that F is a separable Banach space that continuously embeds into S’ (so that
there is also a dual embedding S — E*) such that translation 7%: f+—7Vf = f(- +v) act continuously
on it and leave the norm invariant: |7Vf||g =|| f ||z for all v € R% and f € E. Assume moreover that
the map v+ 7V is continuous, in the sense that if v,, — v, then 79»f — 7Vf for all f € F.

Definition 3.1. Let w: [0, T] — R? be a measurable function, E as above. Then we define the
averaging operator T™ as the continuous linear map from LIE to CYE given by

t
T3°b = (Tb); = Tb(t) := / Twibsds  Vie(0,T].
0

We will refer to T™b as an averaged field to stress that b is fized, while w might be varying.

The definition is meaningful, since by the continuity properties of v+ 7Y, the map s+ 7%sb is
still measurable and, by the invariance of ||-||z under translations, ||b.||L1g=||7*b.||L1g. Continuity
of T*b and the bound || T%b||cog < ||b||r1£ follow from standard properties of Bochner integral, as
well as the linearity of the map b T"b. Similarly, it is easy to see that, in the case b enjoys higher
integrability, 7% can also be defined as a linear bounded operator from L{E to C’t1 / q,E, where ¢’
is the conjugate exponent of g. Furthermore, if w and w are such that w, = w; for Lebesgue-a.e.
t€[0,T], then Tb and T™b coincide for all b, so that T can be defined for w in an equivalence class.

Lemma 3.2. Let w"—w in L} and b€ LIE, then T*"b— T%b in C\//E.
Proof. Up to an extracting subsequence argument, we can further assume wlog that w;* — w; for

Lebesgue-a.e. t. Since 7% b, — 7%th; for a.e. t and |79 b; — 7%h||? < ||bg]|9 € L}, by dominated
convergence it holds

~

T
|\T”“’b7wa||Cl—1/qE</ 797y — 7thy|| L dt =0 as n— o0,
0

which gives the conclusion. O
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The advantage of the above definition of T is that it is intrinsic and does not depend on any
approximation procedure by mollifiers. However, a possibly more intuitive description of T"b can
be given by duality. Recall that in the sense of distributions (7¥)*=7"", so that for any p € S— E*
it holds

(T, ) = / (ber (- — we))ds

where the pairing is integrable since [(bs, (- —ws))| Sy ||bs||z. The above relation holds for all p €S
and therefore uniquely identifies Ty"b as an element of S, for all ¢t € [0, T]. The advantage now
is that the map (¢, z) — ¢(x —w¢) can be regarded as an element of L§°S,3! to which standard
operations on S such as differentiation and convolution can be applied.

Lemma 3.3. Let w and b be as above. Then:
i. Averaging and spatial differentiation commute, i.e. for alli=1,...,d, 0; T*b=T"0;b.
1. Averaging and spatial convolution commute, i.e. for any K € CS° it holds

K« (T%b)=T"(K xb)=(TYK) *b.
Proof. The statements follow easily from the duality formulation. For any ¢ €S, ¢t €[0,7] it holds
t
(0i Tib, o) =—(T}"b, Oip) = 7/0 (br, Oip(- — wy))dr

- /O (Oiby, - —wy))dr = (T, o).

If K €2, then denoting by K its reflection, by duality it holds

. t t
(K+Ty", @) =(T;"b, K * ¢) :/ (b, 77 (K % sﬂ)>d7":/ {br, K (77 ")) dr
0 0

t
:/ (K % by, 77 rp)dr = (T (K %), ¢).
0
A similar computation shows the other part of the identity. O

Remark 3.4. Let us point out that if w € Lg°, then the averaging operator has finite speed of
propagation and so behaves well under localisation. Indeed, if b€ LiE is such that supp b; C Br
for all ¢ €[0, T, then supp 7;b C Bry ||w|.. for all t € [0, T}]; similarly, if b and b are such that their

restrictions to Bg coincide for all ¢, then T%"b and T%b coincide on Br_jjw]| e

In view of the applications in Sections 3.2-3.3, our main goal is to establish conditions under
which T%b € CJ'F, where y>1/2 and F' is another Banach space enjoying better regularity proper-
ties than E; typically F'=C#:* for suitable values of 3, ), so that the theory outlined in Chapter 1
can be applied.

For this reason, we are going to assume from now on that b € L{F for some ¢ > 2. The idea
behind this restriction is that sometimes averaging allows to trade off time regularity for space
regularity (think of the analogy with parabolic regularity theory) and therefore in order to have

TYbh e CYF, knowing a priori only that T%b € C’tl/q,E, we need to require at least3-2

1 1
1-—-= — 2.
q>’y>2 = q>

3.1. Technically, this is only true if we impose w € L{°, which we will do in general in this chapter. In the case
of less abstract spaces like E = Bj, ;, we can take ¢ to belong to the dual E*, which can be identified with B;fq,,
which is now a normed space with a translation invariant norm; in this case, the claim that (¢,z) — ¢(z —w¢) can
be regarded as an element of Lt"OB;,’Sq, is true for any choice of w, regardless of its integrability.

3.2. The situation could be slightly different if we allowed for the use of controls; indeed, the most general version
of Young’s integration theory (and associated solvability of YDESs) only requires to work with paths of bounded
p-variation for p < 2. Setting p =1/, this amounts to an estimate of the form |z, ¢| < w(s,t)”, where w is a so

called control, see [134] for more details. The case we consider corresponds to w(s,t) =t —s|, v>1/2.
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Remark 3.5. Despite our use of the terminology “regularisation by averaging”, what we mean
is really that we fiz a drift b and we want to establish that, for almost every path w (either in
a probabilistic or prevalent sense), the averaged field T"b has nice regularity properties. This is
different from trying to establish that the averaging operator T™ as a linear operator from L{F
to CJ'F is bounded, which is false due to the time dependence of the drifts we consider. Indeed,
given any b € E, defining by =7 "b, by definition of averaging we obtain Tslftf): (t — s)b, which
shows that 7“b cannot have better spatial regularity than b. The situation is more interesting if
one defines T for time independent drifts only; this situation will be analysed in Chapter 5.

In order to show prevalence of regularisation by averaging, we first need to show that such
a property indeed defines Borel sets in suitable spaces of paths. To this end, we require F' to be
another Banach spaces which embeds into S’ which enjoys the following Fatou type property: if
{z,}n 1s a bounded sequence in F' and x,, converge to x in §’, then z € F' and ||z ||p < liminf ||z, ||#.

In the next lemma we allow any € (0, 1), but our primary focus will be y=1/2.

Lemma 3.6. Let F be as above, b€ L]E for some ¢ >2. Then for any ¥ € (0,1) the set
AV ={w:[0,T] = R? such that Tb < CF for some v>~}

is Borel measurable w.r.t. the following topologies: LY with p € [1, 00|, Cf with a > 0.

Proof. We can write A7 as a countable union of sets as follows:

A= |J AL.= |J {w:0,7]—R? such that [|Tb||cs+1/mp<n};

m,neN m,neN

in order to show the statement, it suffices to show that for every m,n the set Azﬁbm is closed in
the above topologies. We only need to deal with the L'-topology, since it is weaker than any of
the others considered. Let w”* be a sequence in A, ., such that w*—w in L{, then by Lemma 3.2

we know that 7%"b— T%b in Q?E and so that for any s <t, ﬂﬂkb%ﬂf’tb in F and in §’. On the
other hand, by definition of A7 it holds

m,n

sup HT‘Swtkb”F <n |t _ S|’7+1/'m
k

which implies by the Fatou property of F that T,,b€ F and that | T%b||r <n [t — 5|7/ ™ as well.
As the reasoning holds for any s <t, it follows that T"b € Ajmn. O
Remark 3.7. Any weakly-x compact Banach space F which embeds in S’ satisfies the Fatou
property. In the following we will always work with L?-based function spaces with p € [2, o0], so
that this property holds automatically. Let us also point out that the proof actually works more
generally for conditions of the form T%b € C’f) F, where ¢ is a prescribed modulus of continuity.

We conclude this section with some lemmas on approximation by mollifications which will be
very useful in Sections 3.2-3.3.

Lemma 3.8. Let p € C’f’A for some B, A >0 and let {p°}c>0 be a family of standard spatial
mollifiers; set ¢°:= p®* . Then ©*— p in C’f_‘w‘ for any 6 >0 and it holds

lefllsaSllelisn ¢ —@lls—sxSpe® Vee(0,1].

Proof. We can consider 3 € (0,1), as the general case follows by considering D¥y in place of ¢; we
will only prove the second inequality in (3.8), the first one being similar. By standard properties
of mollifiers, for any € € (0, 1] and any z, y € Bg we have the estimates

l () — * ()| <|lz — y|° ], r+1 S [lpa ] — y| PRA
lo%(z) — ()] <P [lp, rr1 S P [0l AR
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interpolated together, for any 6 € (0, 1) they provide

[05(2) — ¢°(y) — () + e(y)| Sp e~ DP | — y|P[el g AR Va,y € Br.

Taking the supremum over x,y € Bg and choosing § =1—§/ 3 yields [¢° — ¢]5—s5.1 S &%; together
with a similar estimate for |©(0) — ¢(0)|, we deduce (3.8). O

Lemma 3.9. Let be LIE such that T¥be C7CP for some v€(0,1], 8,A>0 and set b := p° b
for some spatial mollifiers {p°}e>o. Then for any § >0, TYb* —T™b in C’?C’f—‘s’A as e—=0; a
similar statement holds with C? in place of CP.

Proof. The lemma is a slight improvement on Lemma 3.9 from [145] and Lemma 11 from [139];

for simplicity we only give the proof for C]C’f A In view of Lemmas 3.3 and 3.8, for any s < ¢ it
holds p®* T;b =1;";b* and we have the estimate

IT5530° = Tedlls—5,0 S 1t = 8| IT“bll oo

which readily implies [7“b° — Tb] c~cs—s.» S €% and thus the conclusion (recall that 7%b(0,-) =0
by definition and that we work on a finite interval [0, 7). O

3.1.2 It6—Tanaka formula for averaged fields

We are going to prove an It6—Tanaka type formula for averaged functionals, in the same spirit of the
one considered in [80]. We first need to recall the Clark—Ocone formula, see [225]. Given a two-sided
standard Brownian motion B on a space (2, F,P), Fr=0(Bs, s <t), and a Malliavin differentiable
random variable A with Malliavin derivative D.A, the Clark—Ocone formula states that

+oo
A=E[4] +/ E,[D,A]dB, (3.3)
— 00
where we recall the shortcut notation E,[-]=E[-|F,]. From (3.3) it follows immediately that, for

any s € R, we have the more general identity
“+o0
A=FE;A+ / E,[D,A]dB,.
We do not provide here the general definition of Malliavin derivative of a Brownian variable, which

can be found in [225]. Let us only mention that in the specific case of our interest, for A:=f(X),
where f is a smooth function and X = [ j;jK sdBs, the Malliavin derivative is given by

DA=Vf(X) K,. (3.4)

Lemma 3.10. Let b:[0,7] x R*— R be a smooth, compactly supported function, then for any fived
0<s<t<T, He(0,1) and x € RY, there exist cz, g >0 s.t. the following identity holds P-a.s.:

t t
/br(x+I/Vr)dr = /P(;H‘T,SPHbT(:rJrIESVVT)dr (3.5)

t rt
+CH//PgH‘7._u|2HVbT(ZL'+E5m)|T'7U|H_1/2d7"dBu.

Proof. For H=1/2 the above formula is well known and coincides with a standard application
of the It6—Tanaka trick, combined with the mild formulation of solutions to the heat equation, see
for instance the discussion in [80]; so we can assume H #1/2. Let us fix x € R% Since b is smooth,

for fixed r we can apply Clark—Ocone formula to b,.(z + wH ) to obtain
.
br(x + W) =E; [by(z + W,)] + / E.[Vb,(z+ W) cg(r —u)?—1/2.4dB,

— éH‘T_S|2HbT(£L'+]E5m)+CH/ P&HM._UPHVbT(.T‘i’Eum”T—u|H—1/2.dBu;
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in the above, we used both the representation of W in terms of a stochastic integral (cf. (A.1)), as
well as the decomposition W,. = (W,. — E, ;) + E, W, with the first term independent of F, (see
Appendix A.1). Integrating over [s,t] and applying stochastic Fubini’s theorem (which is allowed,
since we are assuming b smooth and compactly supported) we obtain

t t
/ by(2+ W) dt = / Pay oo ot by (@ + W) dr
S S
t T
+CH//P5H|r,u‘zHVbr(:E+lEuVVT)|r7u|H71/2~dBudr
t
:/ P5H|7._s|2HbT(IL'+ESM/;~)dT

t ot
+ cH/ / Py ir—u26Vbo(z + E W) |r —ul® ~1/2dr -dB,
which gives the conclusion. O

The previous result can be strengthened by considering for instance b € C} instead of smooth, or
showing that we can find a set of full probability on which the identity holds for all 0 < s <t < T
we don’t do it here since it is not needed for our purposes. Instead, we need to strengthen the
result to the following functional equality.

Theorem 3.11. Let b:[0,7] x R — R be a smooth, compactly supported function, H € (0,1). Then
for any fired 0 < s<t < T, P-a.s. it holds

t t t
Ts‘f‘{b:/ péH‘T_S|2H by (- —i—]ESW,-)dT—FCH/ / P5H|,_u‘zHVbT(. +EW,)|r _UIH—l/er -dB,
S S u

where the first integral must be interpreted in the Bochner sense, while the second one as a func-
tional stochastic integral.

We omit the proof, as it is quite technical and requires some knowledge of stochastic integration
in UMD spaces; up to technical details, it is mostly a rewriting of the statement already contained
in Lemma 3.10, without further insights. The interested reader can find the details in Appendix A.3
from [145].

3.1.3 Stochastic estimates in martingale type 2 Banach spaces

We provide here the regularity estimates for T7"b when W is sampled as a fBm of parameter H:
besides being results of independent interest (for fixed x, T"b(x) is usually referred to as an additive
function of the process W), they will pave the way for our development of a solution theory for
(possibly singular) SDEs associated to W, as well as prevalence statements.

The main ingredients in the proofs are the use of the functional It6—Tanaka formula from
Theorem 3.11, Burkholder’s inequality (Theorem A.24 from Appendix A.4), heat kernel and inter-
polation estimates (Lemma A.13 and Proposition A.9 from Appendix A.2).

We will restrict to the case of b€ L{B,, but the strategy is fairly general and works for other
classes of spaces (e.g. Lebesgue and Bessel spaces), up to the requirement that the aforementioned
tools are still available. However, in order to apply Burkholder’s inequality, we will restrict to
scales of LP-based spaces with p € [2,00); see Appendix A.3 from [145] for a deeper discussion on
this point. We will see later in Section 3.1.4 how to treat other values of p.

Theorem 3.12. Let W be a fBm of parameter H and let be L{B, for some p, q€ [2,00). Then
for any p >0 satisfying
1/1 1
p<ﬁ<5_6)7 (3.6)

there exists v >1/2 such that T"b € C]B;ﬁp with probability 1; moreover, there exist positive
constants \, K such that

T2 v
Elexp| A——F—— | | <K Vbe L{B;\{0}. (3.7)

612
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Proof. To simplify the notation, we give the proof in the case s =0 (s being the regularity
parameter in Bj), the other ones being identical; from now on, we will freely use s as a time
parameter instead.

First assume b to be a smooth function; by Theorem 3.11, f;br(' +W,)dr :I;t + If,t for

t t rt
Isl,t:/ Py jr—sppubr(- + EW,)dr, Is2,t:CH/ / P5H|T_,u‘2HVbT(-+]Eum)|7“—u|H_1/2dr-dBu.

From now on for simplicity we will drop the constants cg, ¢y, as they don’t play any significant
role in the calculations. For the first term, we have the deterministic estimate

t
||I~17 Bf= /P‘T,S‘sz( +EW dr / HP‘T S|21—1b ||de7”

5/ Ir— |28 |1b, | pgdr
S

t !
/ |r —s|~PHddr
S

SIbllpapolt = s|'=/a=r,

/

<[Ibllzemy

where we used heat kernel estimates for Besov spaces (Lemma A.13) and the fact that the B/-norm
of b, is not affected by a translation by E;W,. By condition (3.6), pH¢'<land1—1/qg— pH >1/2;
we deduce that there exists v >1/2 such that, uniformly in w € Q,

”11”6"’355 ||bHL<IBg- (3.8)

For the second term, we apply Burkholder’s inequality (A.16) (which is allowed since B) with p>2
is a martingale type 2 space, see Appendix A.4); we obtain
9 k
du .
By

E([

We can control the inner integral by deterministic estimates, similar to the ones above:

E[|112. 135 ] < (Ck)* (3.9)

t
/ Py puV (- +E W) |1 — w7124y

t
g/ 1Pl gy gl — ]~/
u

t
/ P|7“—u\2HvbT(' + Wu2,r)|r - u|H_1/2dT
u B

t
< / [r— | HOFDHE=2 ) o
u

t ;o \1/4
<|b||mg( / |r—u|<Hﬂ+1/2>qdr)

Shollzape [t — w|l/2=1/a=Hp,

/

where again we used the fact that (Hp+1/2)¢’ <1, thanks to (3.6). Set e:=1—2/q— 2Hp;
inserting the estimate inside (3.9) we find that, up to relabelling C, it holds

E[|172/135] < (CR)|[b[|2 polt — 5 [P0+,

oo A 122 4|2 Mg 122 415
[t — s ]1b] 700 i Itfs|’“<1+€>|\blli’230

<Z <Z (ACe)*

as soon as A < (Ce)~ L. It follows from Lemma A.27 that, for any ¢’ <¢, [2€ C’,}/Q'FEIBS and that
there exists another A >0 (not relabelled for simplicity) such that

But then we have

E

12212 /24 e g0
E|exp| \————2 | |[<K (3.10)

161750
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for a constant K independent of b. Together with (3.8), this proves the claim for smooth b.

Now let b be a generic element of L?BIO,; we can then find a sequence b,, of smooth functions
such that |[b—by|[rapg— 0 as n— co. We know that in this case TV (b, — b)[lcopo— 0, uniformly
on w € . On the other hand, it follows from (3.7), applied to b,, — b,,, that for any & it holds

E[ HTW(bn - bm)”%’kVB;ﬂ Sk ”bn - bm||%If€1Bg§

hence the sequence TWb, is Cauchy in L2*(€,; C’,?B;,’) and it admits a limit, which must then
coincide with Wb € L?*(Q; C7BY). By Fatou’s lemma, it holds

Tb||2 TWb,,||2
. )\” ||chg o )\” HCWBI’,’ <K
LIBY nllL1BY

which gives the conclusion. g

E <liminf E

n— oo

Remark 3.13. Theorem 3.12 formally does not cover g = oo, since L{°B, is not separable. How-
ever, we can readily embed L{°B, — L{B, with ¢ arbitrarily large (recall that we are on a finite
[0,7]) and apply the result therein to Conclude that, if b € Ly°B;, then P-a.s. TWbe Cl/2+BS+p
for any p<1/(2H).

Remark 3.14. Theorem 3.12 immediately implies that, under assumption (3.6), the random
averaging operator TW:b+— T"Wb is a linear bounded map from L{Bj into L*((; C’?B;"’p), for any
k € N. Observe the difference with Remark 3.5.

We can actually further improve the regularity result of Theorem 3.12, by allowing an arbitrarily
large constant A appearing in (3.7).

Corollary 3.15. Let be LB, with p€[2,00), p>0 and assume (3.6) holds. Then there exists
v>1/2 and a function K(X\) independent of b such that

HTWb”é'vB;+P

E| exp <K\ <oo VAER.

1b11Z45;
Proof. As before, we can assume wlog s=0. If p satisfies (3.6), then there exists € >0 such that
also p+ ¢ satisfies (3.6); it then follows from Lemma A.9 that

IT™blle g SIHT™0ll G gl T DN o+« < bl g TB N o<
where § =¢ /(s +¢) and we used the fact that ¢ >2 due to condition (3.6). It follows that

Wy, 112/ Wi, (12
1Tl _ ™1 5p+-

~ 2
([ b1 02

where 1/0= (s +¢)/e =: 8. Applying Theorem 3.12 to p + ¢, we obtain that there exist A, K
independent of b such that

T e NT7BNZ 0 o _
E| exp )\$ <E|exp C’a)\¢ <K.

1b117 750 16/1Za
Since 8> 1, the conclusion follows with K(\) given by the (S8-dependent) optimal deterministic
constant such that exp(Az?) < K(\)exp(\228) /K for all x> 0. O

In the limiting case in which (3.6) becomes an equality, slightly more careful estimates still
allow to obtain a regularity result in space, at the cost of lower time regularity.
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Theorem 3.16. Let be L{B, with p€[2,00), g€ (2,00) and let p>0 satisfy

= of1-1), 1

Then P-a.s. T"be C?B;+p and there exist positive constant A\, K such that

AP

E|exp| A <K VbeL{By\{0}.

6170

Proof. As before, we can assume s =0, b smooth; again we decompose T"b = I' + I%2. Going
through the same calculations for I', we obtain

123 dllss S 10l aplt — s |~/ 9=PH = [|b]| Lapolt — s|'/2
where the estimate is uniform in w € Q; it follows immediately that
1912
E[exp(A[|1 HCoBgﬂ <00
and so we only need to focus on I2. By Burkholder’s inequality, we have
T 2 k
/ ds
0 By

and as before we want to estimate the integral inside in a deterministic manner. Going through

similar calculations we obtain
2 T T 2
du§/ (/ |r—u|HO‘1/2|b,.|Bodr) du.
Bzf: 0 u P

T
E[||1?(|&p] < (CR)*E / P21V (- + E W) |r —ul =1/ 2dr

T
/ P21 V(- + B W) |r —ul 1/ 2dr

&

Due to the assumption on the coefficients, we can now apply the Hardy-Littlewood-Sobolev
inequality to obtain

T/ T 2 1/2
( / ( / |r—u|Hal/2|br||Bgdr) du) < blugs
0 u

so that
E[||12)Z 5] < (C7R)* 5]y,
The conclusion follows by expanding the exponential and choosing A small as before. O

We end this section with several remarks discussing various technical point and extensions, and
which can be skipped on a first reading.

Remark 3.17. Heuristically, condition (3.6) can be seen as a time-space weighted regularity
condition, where time counts as 1/ H times space (which is in agreement with parabolic regularity
in the case H =1/2 of Brownian motion). Indeed, we know that the averaging operator 7" maps
L{B; into I/th"qBé; if we assume that regularity can be distributed between time and space, it
should also map L{B;, into I/Vte’qB;Hl_e)/H for any 6 € (0,1). In order to achieve 1/2+ ¢ regularity
in time it is then required § — 1 /¢ > 1/2, which implies that the regularity gain in space is at most

1-0_1(1 1
H H\2 ¢
which matches exactly condition (3.6) for p.

Remark 3.18. The restriction to work with B, , with p= g, is not particularly relevant since by
Besov embedding if b€ L{B} 3, then it also belongs to L{B, if p <p and to L{B,* for any ¢ >0 if
D= p, so that we can first embed it and then apply the estimate there. Also the restriction p# oo
can be overcome, as will be shown in the upcoming Section 3.1.4. In the special case where b is
known to be compactly supported (e.g. b= dg), one can more directly embed B, into B,™° for

any € >0 and p < c0.
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Remark 3.19. The restriction to work with LP-based spaces with p > 2 is more restrictive and
it would be of fundamental importance to weaken it, especially reaching the case p=1; this was
already pointed out in Conjecture 1.2 from [57]. The reason is that, by the properties of averaging,
we know that for any K € C:° and time independent b it holds K« T*b=T"(K xb) = (T*K) xb; if
we were able to show that TK € C] Bf with an estimate that only depends on the L'-norm of K,
then we could automatically deduce regularity estimates of the form K «T"b e C’]B;+p with be B
for any p € [1,00]. We could then consider a family of mollifiers obtained by rescaling K (which all
have the same L'-norm, so the same estimate in C] BY) to get estimates for the map b+ T%b in any
L? based space with p €[1,00] (as above, only time independent b considered). Unfortunately, it is
now understood that Conjecture 1.2 from [57] is at least partially false, see the upcoming discussion
at the beginning of Chapter 5 and Remark 3.7 from [170]; nontheless, a complete picture is still
missing. A partial contribution to the case p € (1,2] will be presented in the upcoming Section 3.1.4.

Remark 3.20. A closer look at the proofs shows that both the It6—Tanaka formula from The-
orem 3.11 and the regularity estimates from Theorems 3.12 can be generalised to Gaussian processes
X different from fBm, but still satisfying a strong form of local nondetermism. For instance
one can take X of the form

t
Xt:/ K(t,s)dBs,
0
for some deterministic matrix-valued function K, such that for some H € (0,1) it holds
Var (X, | Fs) = Var(X; — EX,) > |t — s|*H Vs<t (3.12)

where F; =0 (Bs: s <t). Condition (3.12) is a type of strong local nondeterminism (SLND); these
type of processes satisfy many interesting properties, which will be discussed in detail in Chapter 5.

Remark 3.21. It follows immediately from the above results and from Besov embeddings that if
be L{B;, for some ¢ >2, p€[2,00), then for any 3 such that

1/1 1 d

there exists v >1/2 such that T"b e C?C’f with full probability. For instance in the case s =0,
ie. be L¢BY, in order to require TWb € C;CY it is enough

D
l +H é < l’
¢ p 2
while in order to require 7"b € C)Cy} it suffices
1 +H d < 1 H.
g p 2

If be LIBS, with spatially compact support, uniform in time, then T"b € C;C% if
<L (l - l).
n—s\2 gq

3.1.4 Stochastic estimates in other Banach spaces

As already mentioned in Remark 3.19, the techniques employed in Section 3.1.3 come with the
fundamental restriction of using LP-based spaces with p € [2,00). Here we present some alternative
strategies, which cover the cases p € (1,2) and p= oo, but come at a certain price.

We start by dealing with p € (1,2); to this end, we first present a lemma of independent interest,
which is a generalization of Lemma 45 from [143] and Theorem 4.3 from [57]. We recall to the
reader that the notion of martingale p space and its properties may be found in Appendix A.4.

Lemma 3.22. Let E be a Banach space of martingale type p € (1,2], (X¢)ieo,1) be an E-valued
stochastic process. Assume that there exist deterministic constants Cy,Co such that, for any s <t,

P-a.s. it holds
[ Xs.tllE<Cult =], [[EsXs,¢lle < Co. (3.14)
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Then there exist constants v, K >0, only depending on E, such that

P
E eXp(u&>] <K Vs<t. (3.15)

CLC8 Tt —s|

Proof. By linearity, we may assume C; =1. Suppose first that |t — s| < Cs, then we have the trivial
estimate

1Xs,ellf <1t —slP <]t —s|CE 7,
which immediately implies (3.15) in this case.

Suppose now that Cy < |t — s|. Let n € N to be fixed later; define ¢t =s+ k(t —s)/n for
ke{0,...,n} and
Zk‘ = Etk+1Xs,t - Etk-Xs,t'
Setting Sy = Zf;ol Zj, {Sk}k is an E-valued martingale and it holds X, ;= S, + E;X, ;. We have a
trivial bound on E; X, ; by the assumption and the condition Cs < |t — s|; thus it suffices to estimate
ISn|lE, which we plan to do by means of the Azuma-Hoeffding inequality, see Theorem A.25 in

Appendix A 4.

It holds Zy =IEy, Xt 1,0 — Ep, Xo ¢ + Xy, and so by assumption 3.14 we have the estimate

tht1
| Zklle <202+ |t —s|/n  P-as.
Applying Theorem A.25, there exist constants p, K >0 only depending on E such that

Efexp(p|Sal?/Cn)] < K

where the constant C), is given by
n—1
Cp= Z (2C; + [t —s|/n)P SnCE +nl=P|t — s|P.
k=0

Choosing n s.t. n~ |t —s|/Cy, we obtain C,, ~ |t — s|C5 !, and so for u sufficiently small it holds
Elexp(u|Su|?/C5 |t — s])] < K;
the estimate is uniform over s < ¢, which yields the conclusion. g

We can use Lemma 3.22 to get averaging estimates in LP-based spaces with p € (1,2).

Corollary 3.23. Let f be a smooth function with f supported on AA, where ACR? is a fived
annulus, let p € (1,2] and p’ denote its conjugate exponent. Then there exist constants u, K,
depending on p, H, A, such that

1
N T e

& <K. (3.16)
|t —s|” || fllr

E| exp| p

Proof. We can assume || f||p»=1. Setting X, ;= fstf( +W,)dr, it holds || X, ¢||re < |t — s|; moreover
an application of Lemma A.4 from Appendix A.2 gives

t t
[Es X dllr = / Peplr—spuf (- + EW:) dr §/ e_kzc%"r_sledTSA_l/H.
s Lr S

Since LP spaces with p € (1, 2] have martingale type p, we can apply Lemma 3.22 to conclude. O

Proposition 3.24. Let se R, pe (1,2], p’ its conjugate exponent. Then there exist constants p,
K, depending on p, H, such that

TS 1/
P

lt—s*7 || f s

p

E| exp| p

<K VfeB:\{0} (3.17)
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As a consequence, for any q € [1,00] and any a<1/p, v<1/(p'H), there exist ji, K depending on
the previous parameters such that

WP
”T f”Can,fq”

Proof. In the following we will apply the convention that 0/0=0. Let f € B with || f||ps=1, then
=%, X for X'y = f;Anf( + W,.)dr; since A, f is a smooth function supported on 2™A for
a given annulus A, we can apply Corollary 3.23 to it. Together with Jensen’s inequality, this gives

2=t | X3|E
ps , =K exp ‘utfs -1 Anf ;Dp2 H M)
o] ( sl A 12T

wrat X2
< ||Anf|”pE[exp(u2 AR )| <
2 1AndIE T s[1A.fTE

SKY  [AnflEr=K
n

E|exp( ult —s| TS|

which proves (3.17). Next, observe that given any ¢ € [1, 00|, we can always embed B, , into B, ™ *
and apply (3.17) therein, which provides

|‘Ts1%f|3s+1/(p’H)fa 3 s
E| exp| u PRI <K VfeB, \{0}
estimate (3.18) then follows from an application of Lemma A.27. O

Remark 3.25. Let us comment on both the advantages and disadvantages of Proposition 3.24,
compared to results from the previous section like Theorems 3.12 and 3.16. On one hand, it becomes
clear that the expected regularity gain, for b € L{°Bg, is morally T"b € C’]B;J“p with

1

p :(])’/\—Q)H’ (3.19)

where the expression is now expected to be true for all p € (1,00). Also observe that, as pl1, plO0,
confirming that working with L'-based spaces is particularly difficult and might not even possible
for general H € (0,1). Proposition 3.24 reaches the critical regularity p=1/(p’H), while not giving
up on the time regularity a~1/p (compare with Theorem 3.16!). However the proof is not very
robust: already treating f € L§°B, provides some technical challenges. Moreover, while Theo-
rems 3.12 and 3.16 generalize easily to B, ; with p# p (heat kernel estimates are still available),
the proof of Proposition 3.24 crucially requires p= p as the explicit summability of the LP blocks
is needed when invoking Jensen’s inequality (at least for proving (3.17)). On the upside, the proof
generalizes to the case p €[2,00) as well, up to requiring this time f € B, , instead of B,.

We now move to the case of Besov-Holder spaces BZ,; here we can obtain very similar results
to those of Section 3.1.3, up to the price of dealing with T"b belonging to suitable weighted spaces
Cf ”\, like the ones already considered in Chapter 1.

Proposition 3.26. Let be L{B5, with s <0, q € (2,00], W be a fBm of parameter H € (0,1);
suppose (s, q) satisfy
1 1
=1—= H>—. 3.20
07 . +sH > 5 (3.20)
Then for any § <~y there exists an increasing function K (depending on d,T and the above para-

meters) such that

E

' 2
exp (Tb”quT |:|:A bT(x‘i’Waﬂ)dT:ﬂ >‘| SK(’)]) Vn>0,x€Rd, bGLngO\{O} (321)

5
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Proof. Arguing by density, we may assume b to be smooth and compactly supported; up to

reasoning componentwise, scaling and shifting, wlog =0, b€ C([0,T] x R?) and ||b|| aps. = 1.
Since BZ, is not a martingale type 2 space, we cannot apply Theorem 3.11; yet, for fixed z =0,

Lemma 3.10 is still available, so we can decompose f:br(m)dr:1}7t+137t:171,t +thJu_,t'dBu for

t t
I}y :/ Peplr—r b (EWVT)dr,  Jy e :cH/ Py r 2 Vo (B W) |r —u|H =12y,

As before, in the following we will drop the constants cg, ¢g. The terms I ; and J, + can still
be estimated by means of heat kernel estimates in B3, (Lemma A.13), similarly to the proof of
Theorem 3.12. For instance, one obtains

t
| Ju 5/ 1Py —ajerr Vb e | —ul T4 2dr S [t —ul7712
u

Applying Burkholder-Davis-Gundy inequality with optimal asymptotic constant, combining the
estimate for Ifyt with a similar one for Ii +, we deduce the existence of 77, C' > 0 such that

({552

Together with Lemma A .27, this implies that for any 4 < v there exist (relabelled) 77, C' >0 s.t.

E{exp<nﬂ/o'br(m)drﬂi>] <C V<. (3.22)

In order to conclude, it remains to show that we can improve inequality (3.22) by allowing any
value 1 > 0; to do so, we will resort to an interpolation trick, similar in style to Corollary 3.15
(although slightly more involved).

First, observe that if s, ¢, H satisfy (3.20) and we fix § <+, then we can find & > 0 sufficiently
small so that v*:=1—-1/¢— (s —e)H >1/2 and J < ~%; then by estimate (3.22) (for s — e in place
of s) and linearity, there exist 7 >0 and C' > 0 such that

E <C Vn<n, s<t.

| 8|”

_ - 2 B
E| exp +H/ bT(WT)drﬂ <C Vbhe LB %\ {0}. (3.23)
HbHLqu € 0 Yy

We may assume ||b||paps, =1; fix ¢ >0 as above. For N € N to be chosen later, we decompose b as

bt:b%+b%5 b% = Z Ajbta b%: Z Ajbta

J<N i>N
where A; denote Littlewood-Paley blocks; there exists C' > 0 such that
D lope <C25, 82 pue - < C 27
Now for a given 1> 0, choose N = N(n) € N such that
n<C222Ne—1p

and decompose b as above; we may assume that b~ =0, otherwise the stated estimate is trivial.
Clearly, under (3.20) it holds 4 <1 — 1/ g; therefore setting S=1—1/qg — ¥, we have the P-a.s.

H/b 7“:|] (1+T)B||b1||cho<C(1+T)62 Ns— CN(.,])

Combining this with (3.23) applied to b= b2, we get

sless (o] f o )| <l (20] [ van] foromar|[)
e"p<|62nm35 |[ }m

<exp (2nCRy) E

Sexp (2nCR ()



78 REGULARISING ODES BY ADDITIVE PERTURBATIONS

where the estimate now holds for all n > 0. |

Corollary 3.27. Let be L{BS, with s<0, ¢ € (2,00], W be a fBm of parameter H € (0,1) and let
p€(0,1]; suppose (s, p,q) satisfy

1 1
Then for any § <~ there exists an increasing function K (depending on d,T and the above para-
meters) such that

o

uniformly over x4y and be LIBS,, b#0; moreover, for any X,e;>0, P-a.s. TWbe C) ~1CP~>*,
Suppose now that b€ L{BS, for a € (—o0,1), q € (2, 0] satisfying
1 1

g T

[f0r(x+ W )dr — [ br(y + We)dr]s

E
[0llLaps |z —yl?

2
)] <K(n) Vn>0, (3.25)

(3.26)
then the following hold:

1. There exists 5>1/2 such that, for any A\ >0, P-a.s. TWbe C’jCi"A.

2. There exists §>1/2 such that for any b',b*> € LB and any n € N

. . n 1/n T 1/q
|[/ bl(r,m)dr—/bQ(r,m)dr]] <n (/ |bi—bf|;a1dr> Vrelo,T].
0 0 7;10,7] 0 o

3. IfH<1/2, a<0, there exists Y > H +1/2 and an increasing function K such that

exp (ﬁﬂ / 'br(w;)dr]]z)

Proof. Given b as above, z # y fixed, define by(-) = |x — y|~? [by(x +-) — b(y +-)]; by the behaviour
of Besov spaces under translations (Lemma A.7) it holds

E

E <K(n) Vn>0,beL{B,b+#0.

16l aps» S 10llLons,

Inequality (3.25) then follows from (3.21) applied to b, since by assumption (3.24) §=s — p satisfies
condition (3.20); TWb belonging to C;~°'C?~>* is a consequence of Garsia-Rodemich-Rumsay
lemma, as stated in the version of Corollary A.30.

We now assume (3.26) holds and prove Points 1-3.

If be LIBS, then Db € LIBL ! with s =a — 1 satisfying (3.20), so we can find p >0 small
enough such that (s, p) satisfy (3.24) as well. It follows that P-a.s. TWD.b= D, T"be C7~°C>?,
namely TWb e C7~¢CH*, for any ¢ >0, showing Point 1.

For 7 =T, the statement in part 2 is again a consequence of (3.21) (for x =0 and s=a —1)
and linearity of b+~ T"b. For general 7 € [0, T, define bi=1i 1j0,+)(t) and observe that

[ W’“)drﬂmﬂ -| [ W«)drﬂw[o,ﬂ;

the estimate for general 7 thus follows applying the one for 7 =T to bi.
Finally, in order to prove 3 it is enough to show that

fyzlf%+aH>H+1/2,

as in that case we can find ¥ € (H +1/2,v) such that (3.21) holds. But the above condition on ~y
is exactly (3.26). O

Let us finally write more explicitly a specific consequence of Corollary 3.27, which will be of
fundamental importance in order to apply the theory from Chapter 1.
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Corollary 3.28. Let be L{BS, for parameters (q, ) satisfying ( 3.26); then we can find parameters
v, B,A€(0,1) such that v >1/2, y(148)>1, B+ A<1 and P-a.s. TWbe C7CP*nCyCi,

3.2 Main results for SDEs perturbed by fBm

In the following, whenever referring to a distributional field, we will mean an object of the form
be LICY for some g € [2,0] and a € R (so that on one hand TWb is analytically well-defined by
Section 3.1.1, while on the other the results from Sections 3.1.3-3.1.4 are available, at least under
suitable conditions).

We are now ready to present the main class of drifts we will work with in this section.

Assumption 3.29. Given H € (0,1), the distributional drift b satisfies the following:

o IfH>1/2,thenbe ceHCONCoCe for some a>1— % > 0; this is equivalent to requiring
the existence of a constant C >0 such that

be(2)| <O, |ba(2) —bs(W)| SC(It = s + ]z —y|*) Vs,t,z,y.

o IfH<1/2, thenbe L{BS for some (a,q) ER X [2,00] satisfying condition (3.26), namely

Hgq 2H
In both cases, we will use the notation ||b||g for E=C{CINCYCE when H >1/2, respectively
E=LIBS when H<1/2.

The main result of this section, which is a combination of the ones obtained in [145] and [146],
can then be summarized as follows.

Theorem 3.30. Let W be an fBm of parameter H € (0,1) and let b satisfy Assumption 3.29. Then
for any xo € R? strong existence, pathwise uniqueness, path-by-path uniqueness and uniqueness in
law hold for the SDE

t
Xt:xo—l—/ b (X)) dr+ W, Vtel0,T).
0

Moreover we have strong stability estimates for SDEs driven by different drifts, in the following
sense. Given xb € R? and b* satisfying Assumption 3.29, i=1,2, denote by X* the solutions asso-
ciated to (z,b") and driven by the same noise W; let M >0 be a constant such that ||b'||gz < M for
i=1,2. Finally, let (a, q) be another pair satisfying (5.26), with the same « as in Assumption 3.29
and §< q (GE[2,00] if H>1/2).

Then there exists y>1/2 such that, for any p € [1,00), there exists a constant C >0 (depending
on~y,p, M,T,d,G and the parameters appearing in Assumption 3.29) such that

SR

E[HXl_X2H5;[O,T]] gC("r(l)_xa—’—Hbl_b2||[/"7(O,7';B§<;1)) VTG[()?T] (327)

The concepts of strong existence, pathwise uniqueness, path-by-path uniqueness and uniqueness
in law will be introduced in the upcoming Section 3.2.1, and are especially needed in the regime
H <1/2 where a <0 is allowed (namely, b can be a true distribution and not a function, think of
b=1Jp) so that the interpretation of the SDE is a priori unclear.

However, let us immediately spend a few words on the stability estimate (3.27), which was first
obtained in [146]. A first important consequence is that, given any sequence of smooth drifts b™
such that [[b™ —bl| a1, the associated solutions X™ will converge to X; this allows to compare
our notion of solution to others that might be given, especially in the case of a truly distributional
drift b, where there is no canonical definition. In particular, if we were given a completely different
concept of solution, which still shared the fundamental property of being the unique limit of smooth
approximations (a basic requirement that any reasonable notion of solution should satisfy), then
it will automatically coincide with ours.
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Additionally, observe that in equation (3.27), the difference of the two drifts is measured in
the weaker norm L?Bg‘gl, while in order to achieve wellposedness the drifts b® are required to
belong to at least LIBS (or even more when H >1/2). This idea the “stability should come at
one regularity less than uniqueness” is ubiquitous in analysis, think of the basic results from ODE
and SDE theory (where tipycally b € W1 is needed for uniquess but stability comes in C°) but
also the more advanced versions from DiPerna—Lions theory like in [81] (where uniqueness requires
be WP but stability comes in LP). Finally, even when H > 1/2, since we are always considering
non-Lipschitz drifts (otherwise the wellposedness result is trivial), it holds e — 1 < 0; in other terms,
even if b’ in this case must be continuous, convergence only needs to hold in a negative Besov norm.

The rest of the section is devoted to proving Theorem 3.30, which requires some preparations.

3.2.1 Solution concepts

We start by introducing the exact notions of solutions we will work with, so to make the statement
of Theorem 3.30 fully rigorous, and explain the relations between them. We begin with a simple
lemma, establishing that the interpretation of the perturbed ODE as a nonlinear Young equation
is in fact a natural generalization of the classical setting.

Lemma 3.31. Let b:[0,T] x RY = R%, w:[0,T] — R? be continuous functions and assume that
Tvbe C)CL. for parameters v € (1/2,1], B (0,1] satisfying v(1+ 8)>1. Then x is a solution to
the ODE33

t
Te=x0+ / bs(zs)ds+wy VE€[0,T]
0
if and only if x =0+ w, where 8 € Cy solves the nonlinear YDE

t
9t290+/ T“’b(ds,@s) VtE[O,T]
0

Proof. The proof is a simple application of Theorem 1.6. Assume first that x is a solution to the
ODE, then 0 as defined above solves 0, =0y + f o (05 + ws)ds. By definition of T%*b and continuity
of b, O/T"b(z) = by(z + wy), so that 6, =0+ fo 0TS b(0s)ds = 6y + fOwa ds, ;). It is also clear
that 8 € CY (in fact 6 is even Lipschitz continuous).

Conversely, assume that 6 € C} solves the YDE , then f o I'*’b(ds, 6) corresponds to the limit
of the Riemann-type sums

t t1+1
Awa(ds,H = lim ZTt t:,0(0;) = lim Z/ bs(0:, +ws)ds

|| —0 |7r|—>0

Using the fact that the b and 6 are uniformly continuous on compact sets, it is easy to check that

the last expression must coincide with f o 0s(0s +ws)ds = f o bs(@s)ds, which readily implies that x
solves the ODE. 0

Lemma 3.31 motivates the following definition, which is taken from [139]. It covers a general
setting, which does not require W to be sampled as an fBm and also allows for the presence of
random initial data.

Definition 3.32. Let (Q,F,P) be a probability space, (£,W) an R® x CP-valued random variable
defined on it and let b be a distributional field. We say that another CP-valued random variable X
on (Q, F,P) is a pathwise solution to the SDE

X, = §+/b Dds+W, Vtel[0,T] (3.28)

3.3. In the following we are always implicitly assuming wo=0 (which comes wlog since the term wgy can be
reabsorbed in z¢ if needed). Otherwise, in the ODE (3.28) the term w; should be replaced by w; — wp, since it is
formally obtained by integrating dws over [0,t]. A similar observation applies the process W and the SDE (3.28) in
Definition 3.32, as well as this thesis in general.
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associated to (b, &, W) if there exists ' CQ with P(Q') =1 and deterministic v, 8, \ satisfying

ve@,l), B,A€0,1], ~(1+pB)>1, B+A<1 (3.29)

such that for all w € Q' the following hold:
1. TW@heoyel,
2. 0(w):=X(w)—W(w)eCy;

3. O(w) satisfies the pathwise meaningful nonlinear Young equation

0,(w) = &(w) +/OtTW(“)b(ds, 0,(w)) VYtel0,T). (3.30)

Remark 3.33. Let us comment on Definition 3.32, which is nonclassical and inspired by the
work [114] (which in turn builds on [4]). Under the above assumptions, w— T )b is a well-
defined C’ng *_valued random variable (adapted to W); we can therefore invoke Corollary 1.46
to define the random compact set in C7 given by w s C(&(w), W (w)): =C(&(w), TV “)b), where
the latter denotes the set of solutions to the YDE associated to (&(w), T “)b). Condition 3. in
Definition 3.32 can then be rephrased as

O(w) € C(§(w), W(w)) for P-a.e. w.

Alternatively, we can disintegrate the measure Lp(X, &, W) wrt. v=L({, W) (see e.g. The-
orem 5.3.1 from [5]34), i.e. write it has

‘C]P(Xa g, W) (dx’ dy) = k‘y(déﬁ) V(dy)

where {k,},craxco is a probability kernel. In this sense, the definition of pathwise solution can
be purely rephrased at the level of the laws by imposing the following equivalent of Condition 3.:

supp (ky) C C(y) for v-a.e. y;

here we used with a slight abuse C(y) = C(y1, y2) whenever y= (y1, y2) € R% x CY.

In a sense, X is a random solution to a random YDE, rather than a solution to an SDE; in
other terms, differently from classical SDEs driven by Brownian motion, all integrals appearing
are pathwise analytically defined, which is why we chose the terminology of pathwise solution.

Finally, let us mentioned that, depending on the context, other notions of solutions for SDEs
with distributional drifts are possible, see e.g. [15] and [123].

Definition 3.34. Let b be a distributional field, v € P(R? x C?). A tuple (Q, F,P; X, &, W) given
by a probability space (2, F,IP) and a C? x R4 x C?-valued random variable is a weak solution to
the SDE (53.28), associated to the imput data (b,v), if Lp(§,W)=v and X is a pathwise solution
associated to (b, &, W) in the sense of Definition 3.32. We say that X is a strong solution if it
is adapted to the filtration Fy=0{&, Ws|s<t}.

Definition 3.35. Consider the SDE (3.28) associated to imput data (b,v) as in Definition 3.34.
Then we say that:
i. uniqueness in law holds if any pair of weak solutions (', F¢ P4 X ¢ W), i=1,2,
satisfies Lp1(X') = Lp2(X?).
ii. pathwise uniqueness holds if any two given solutions (X' &, W) defined on the same
probability space, w.r.t. the same (b, &, W), satisfies X' = X2 P-a.s.

iii. strong existence holds if there exists a strong solution (Q,F,P; X, &, W); similarly for
weak existence.

3.4. Technically speaking, in order to apply the disintegration theorem, we need to be on a Polish space, so
Holder spaces are ill-suited. The issue can be resolved easily like in Section 1.4.2: for any € >0, Cf* embeds into
C{ ™%, the latter being the separable space obtained as the closure of C§° w.r.t. the C{*~ *-norm; similarly, C’;’C’f’A
embeds into C; 7EC£ —eA (as partially already shown by Lemma 3.9). We can choose ¢ small enouch so that
(y—¢€)(1+ B —¢) >1, so that the YDE is still perfectly meaningful.
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As standard in the probabilistic literature, if strong existence holds, then (2, 7,IP) can be
chosen to be the canonical space, namely with Q =R%x C?, P =v and F the completion of
B(R9 x CP) under v. Consequently, one can construct a strong solution on any other probability
space (Q, F,P) where a random variable (£, W) with law v is defined.

Although we have given Definitions 3.32-3.35 in full generality, from now we will focus for sim-
plicity only one the case of deterministic initial data & =zo€ R? (the other standard alternative is
to take £ independent of W, which can be reduced to the deterministic setting by first conditioning
on £). We will need another (very strong!) notion of uniqueness, declined in two variants; the first
one comes from [86], for the terminology involving the second one we follow [139] (although the
notion already appeared before in the literature, at least outside of the nonlinear Young context).

Definition 3.36. Let b be a distributional field, W a C?-random variable defined on (Q,F,P)
such that P-a.s. TWbe CﬂCf’A for some (v, B, \) satisfying (3.29); we can therefore define the
random set C(xg, W) as in Remark 5.33. We say that:

i. path-by-path uniqueness holds for the SDE (5.28) if

P(w € Q: C(xg, W (w)) is a singleton) =1 VxoeRY
ii. path-by-path wellposedness holds for the SDE (3.28) if

P(w € Q: C(xo, W(w)) is a singleton VrgeR?Y) =1.

Remark 3.37. It is clear that path-by-path wellposedness implies path-by-path uniqueness; the
opposite needs not to be true, since we are not allowed to exchange expectation and the uncountable
quantifier Vao € R%.

Observe that, since C(xg, W (w)) only depends on W (w), both conditions depend exclusively on
the law of W and not the specific probability space in consideration. The condition “C(xg, W(w))
is a singleton” encodes the idea that, for the fixed realization W (w), existence and uniqueness of
solutions to the YDE holds (recall that under our assumption, by Theorem 1.41, C'(zo, W (w)) is
always nonempty, so uniqueness is truly the important part here).

It follows that path-by-path implies pathwise uniqueness: if C(zo, W(w)) = {F(W(w))} for
P-a.e. w, where F(W(w)) € C}, and X* are two solutions associated to (zg, W,b), then P-a.s. it
must hold X!(w) = F(W(w)) = X?(w) Moreover, path-by-path implies uniqueness in law3-: by
the disintegration argument from Remark 3.33, we have Lp(X, zo, W)(dx, dy) = ky(dz) v(dy)
where now for v-a.e. y it holds supp k, C C(y) = {F(y)}, which implies ky, = dp(,) for v-a.e. As a
consequence, Lp(X,zg, W) (and thus Lp(X)) is entirely determined by v.

Remark 3.38. As we will shortly, in our setting path-by-path uniqueness will in fact imply
strong existence (and thus effectively give us everything we can desire from the SDE). We have
however cheated a little bit: in line of principle, the full condition TWb € C}' Cf X with parameters
satisfying (3.29) is not needed to give pathwise meaning to the equation, as it would suffice to ask

for TWbe C7CL, and 0 € C7 with (1 + ) > 1, or even more generally TWbe C)CE ., 0 € Cf with
v+ B6>1. A good reason for asking the stronger T"b C’?Cf’)‘ (besides it being always satisfied
in our cases of interest) is that otherwise we cannot define associated the random compact set
C (g, W) (solutions might blow-up in finite time, we cannot guarantee their existence up to T') and
thus compromise part of the arguments presented so far. Several facts can still be recovered, up
to the price of considering the lifetime of the solution as a stopping time 7 (so that the pathwise
relation (3.30) is satisfied for t € [0, 7) and potentially IP(7 <T') > 0); however this requires much
more technical work and makes it difficult to develop arguments at the level of the laws of solutions.

Proposition 3.39. Let b be a distributional field, W a C?-random variable defined on (Q,F,P)
such that P-a.s. T"be C’gC’f"A for some (v, B, ) satisfying (3.29) and assume that path-by-path
uniqueness holds, in the sense of Definition 3.36. Then for any xo € R? there exists a (unique)
strong solution for the associated SDE, in the sense of Definition 3.35.

3.5. In fact, one could readapt Yamada-Watanabe’s argument (Proposition 1 from [276]), based on disintegration
of measures, to show that pathwise uniqueness implies uniqueness in law also in the nonlinear Young framework,
but for the sake of simplicity we will not do it here.
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Proof. Fix any we Qs.t. TV ©be C7CP* and C(xo, W (w)) is a singleton, C(zo, W (w)) = {0(w)}.
Since b is distributional, setting b = p° x b, it holds b¢ € L2C} and therefore there exist a unique
solution X¢(w) to .
Xi(w)==0 +/ be(s, X5)ds + Wy(w) Vitel0,T].
0
Moreover, by Lemma 3.31, Xj(w) = 0f(w) + Wi(w), where 65(w) solves the YDE associated to
(2o, TV @e). By Lemma 3.9, TW®@ps - TW @ in C?C’f_é’)‘ as € — 0; in particular, since
{TW @)} _- o is also bounded therein, by Proposition 1.18, we have a uniform bound on [6°(w)]c~.
We can therefore extract a (not relabelled) subsequence such that 6(w) — f(w) in C7~° for
some é(w) € C7; combined with TW @b — TW(@)p up to choosing § small enough, we conclude
that 0(w) € C(zo, W(w)). But since C(zo, W(w)) ={#(w)}, it must hold §(w)=0(w); as the rea-
soning holds for any possible subsequence we can extract, we conclude that the whole sequence
{6°(w)}e >0 converges to O(w) and so that X&(w) — X (w) := O(w) + W (w) in C}.
As the argument works on a set of w of full probability, we conclude that X¢— X IP-a.s.; on the
other hand, by classical SDE results, the solutions X¢ are adapted to the filtration F}" generated
by W, and so must be their P-a.s. limit X. In other terms, X is a strong solution to the SDE. [J

Without the assumption of path-by-path uniqueness, we have a much weaker (but still of
interest) result, concerning existence of pathwise solutions.

Lemma 3.40. Let b be a distributional field, W a CY-random variable defined on (Q, F,P) such
that P-a.s. TWb € C,?CE’A for some (7, B, \) satisfying (3.29). Then for any zo € RY, weak
existence holds for the associated SDE, in the sense of Definition 3.35.

Proof. The proof is actually an immediate consequence of Corollary 1.48. In fact, given the map
F as defined therein, it is enough to define X (w):= F(xo, TV ©b) + W (w); it is a well-defined
random variable since it is given by the composition of measurable maps and a pathwise solution
to the SDE by construction. O

Remark 3.41. As the solution X appearing in the proof of Lemma 3.40 can be expressed as
X (w)=G(W(w)) for some measurable map G, one might be tempted to conclude that it is a strong
solution. This needs not to be the case. Indeed, setting as before F{V = o (W,.:r <t), it is true that X
as a path is F¥ -adapted, but this is not enough to guarantee that X, is 7}"-adapted for all t € [0,T7.

3.2.2 Girsanov transform and path-by-path uniqueness

Thanks to Remark 3.37 and Proposition 3.39, in order to establish strong existence, path-by-path
uniqueness, pathwise uniqueness and uniqueness in law for the SDE (thus completing the proof of
the first part of Theorem 3.30), we are reduced to the verification of two facts:

1. under Assumption 3.29, P-a.s. TWbe C7CP** for some parameters satisfying (3.29);
2. path-by-path uniqueness holds for the SDE.

Point 1. will easily follows from the results from Sections 3.1.3-3.1.4 (in the case H >1/2, under
Assumption 3.29, b is actually continuous and bounded, so we don’t even need Point 1.).

Thus we are left with verifying path-by-path uniqueness; this is accomplished, as in [86] and [57],
by the use of Girsanov’s theorem (which in the setting of {Bm is recalled in Appendix A.1, see The-
orem A.1). The importance of Girsanov transform comes from the fact that, whenever Novikov’s
condition can be checked successfully, not only it immediately yields existence and uniqueness in
law, but it also provides a huge deal of information on the behaviour of the solution X. In particular,
it provides another measure @), equivalent to IP3-6, under which X is distributed as an fBm; this
implies that X has all the same pathwise properties as W! We will see shortly how we can exploit
this information crucially.

3.6. Actually, the upcoming Proposition 3.44 does not even need Novikov to be verified, and in fact we will
exhibit a measure Q> P such that X under @ is distributed as a fBm (the notation is a bit misleading since in
the proof of Lemma 3.44 the roles of IP and @Q will be inverted). However, in our cases of interest (i.e. b satisfying
Assumption 3.29) Novikov condition will also always be satisfied, see the proof of the upcoming Proposition 3.49.
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Before proceeding further, let us present two short lemmas (still formulated at the pathwise
level) which will be needed in the following.

Lemma 3.42. Let b be a distributional fields and let w, 0 be continuous paths such that T,
T e CYCPL., where v(1+ B)>1 and 0 € C). Then for any 6 € C} it holds

t - t B

/ Tw+O(ds, 6) = / Twb(ds,0,+0,) Vie[0,T].
0 0

Proof. Although the result follows easily from an application of Lemma 1.53, let us give a self-

contained proof. Since 6,  are continuous, we can assume wlog that T%b, T+ ¢ C’]Cf.
Assume first that b is continuous, then again by Theorem 1.6 it holds

t _ t ~ t ~
/Tw+9b(ds,95):/ bs(ws+95+6‘5)ds:/ Twb(ds, O + 0).
0 0 0

For general b, we can consider the mollifications ¢ = p® % b; by Lemma 3.9, T"b* — T"b and
Tw+0ps — Tw+0p in C’?Cf_é for any ¢ > 0; moreover by the previous step, identity (3.42) is true
for b replaced by b°. Choosing ¢ small enough so that v(1+ 8 —4) > 1 and taking the limit as e —0
we can conclude that (3.42) holds due to continuity of Young integrals (Point 4. of Theorem 1.6). O

Lemma 3.43. Let b be a distributional field, w a continuous path such that T*b€ C]CL,. for some
v>1/2; assume there exists a solution 6 € C} to the nonlinear YDE

t
9t=90+/ Twb(ds,0,) Vtelo,T] (3.31)
0

such that T* % € C)CL. as well. Then 0 is the unique element of C; solving (3.31).

Proof. The proof follows from the general abstract framework of Theorem 1.54, but again we
give a self-contained argument. Assume we are given another solution 6 € Cy to (3.31), defined on
[0,T7]; since {;:t € [0,T]}U{f:t € [0,T]} is compact in R% we can localize everything and assume
wlog that Twb, T % e C7CL. Setting e:=60 — 0 € C;, by Lemma 3.42 it holds

t t
o= / Th(ds, O+ e,) / Twh(ds, 6,)
0 0
t

t t
:/ T“”“eb(ds,es)f/ Tw+9b(ds,0):/ A(ds, 6)
0 0

0
for the choice Ay i (x): :E‘f’t+9b(ac) - ﬂ‘f’{"eb(O). Observe that under our assumptions A € C;CL and
A(t,0)=0 for all t € [0,T], therefore by Theorem 1.20 we deduce that e=0, namely § = 6. |

We are now ready to explain how Girsanov transform enters our framework with a general
abstract result.

Proposition 3.44. Let W be an Fi-fBm of parameter H on (2, F,{Fi}i>0,P) and let b be a
distributional drift. Suppose that:

1. There exist parameters v, B, \ satisfying (3.29) s.t. P-a.s. TWbe C’gC’f’Aﬂ CJCL.;

2. for any xo € R%, Girsanov’s theorem is applicable to the process W — h, where
t
hy:= / bs(zo 4+ Wi)ds = TVb(z0).
0

Then path-by-path uniqueness holds for the SDE (3.28), in the sense of Definition 3.36.

Proof. As already mentioned in Remark 3.37, the notion of path-by-path uniqueness does not
depend on the specific (R, F, {Fi}+>0, P) in consideration, so we can take it to be the canonical
space Q= CY endowed with the fBm law P = . Let us define the set

A={we:TV@he)CP nCyCL, ).



3.2 MAIN RESULTS FOR SDEs PERTURBED BY FBM 85

By the usual decomposition X =6 + W for pathwise solutions, we can rephase the content of
Lemma 3.43 in the following way: it holds

AN{w e Q: C(xo, W(w)) is a singleton} DT,
for the choice
Loy =AN{w e Q: 30 € O(xo, W(w)) such that TW @+ c CYCL }.

In light of the above, in order to conclude, it suffices to show that pf(T}) =1 for all zg€ R%

By hypothesis, u7(A) =1, so we only need to focus on the other set defining I,,. By definition
of h, the process X =xg+ W satisfies

t t .
Xi=xo +/ TWb(ds, x0) + [W; — hy] =: 10 +/ TXb(ds,0) + Wy (3.32)
0 0

by hypothesis, Girsanov’s theorem is applicable, so we can construct a new probability measure Q,
absolutely continuous w.r.t. to pf, such that W is an F,-fBm under Q. Observe that by the
assumptions, since TWb e CJCP*, the process h = TWb(zo) € C]' P-a.s. and thus by absolute
continuity also Q-a.s.; similarly, TXb=7%T"p e CJCL. P-a.s. and Q-a.s. Applying Lemma 3.42,
we can then deduce from (3.32) that Q-a.s. X (w)=h(w)+ W (w) with h(w) € C} and

t
Xy(w) =20+ / TW@h(ds, hy(w)) + Wi(w);
0
namely, (Q, F,Q; X, zo, W) is a weak solution to the SDE associated to b, in the sense of Defini-
tion 3.34. Since W has law 1 under @, we can finally obtain
1 (Ty) =Q(AN {w € Q: 360 € C(xo, W (w)) such that TW ) +0 ¢ C{Cioc})
>Q(AN {weQ: h(w) € C(zo, W(w)) and TW @) +h@)p ¢ C{Cloc})
>Q(w e Q: h(w) € Clag, W(w)) and TV )@ e 010k ) =1,

which gives the conclusion. g

With Proposition 3.44 at hand, we are only left with establishing sufficient conditions in order
for Girsanov’s theorem (Theorem A.1 from Appendix A.1) to hold, which is the main goal of the rest
of this section. In particular, one needs to understand under which assumptions condition (A.10)
holds, which requires a good control of the quantity || Kz h||z> in terms of h; we recall that the
operator K ' is defined by formula (A.7), in terms of fractional derivatives D* as defined in (A.4).
The following basic fact will be quite useful.

Lemma 3.45. Let f € C’tﬁ such that fo=0, then Df is well defined in Cy for any o < ; moreover
D*f e C7 for any v < f — a and we have the estimate

1D fller Sv,a [l llos- (3.33)

Proof. The statement follows from an application of Theorem 2.8 from [236]: on a finite interval
[0, T, the space H?:? considered therein corresponds to the functions f € C’tﬁ such that fo=0. O

Lemma 3.46. Let o€ (0,1/2) and he CP for some B>, ho=0. Then s*D*s~*h € L} and there
exists a constant C=C(a, 8,T) such that

15D~ h|| 2 < C|h | . (3.34)

In particular, for any H € (0,1), if h€ C’tﬁ for some B> H+1/2, hg=0, then Kl}lh € L? and there
exists a constant C=C(H, B,T) such that

Kz b2 < C Al s (3.35)
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Proof. We have

tp=ap, —s—ap,
anac—a — _ -1 a U
(s*Ds*h)(t) =T(1 — «) [ht—i—at /0 o) ds|.

Since h € C’tﬁ, it clearly also belongs to L?, so we only need to control the term

ti—ap _ —« ty—a o —a__ 44—«
ta/ t=%hy—s hsds‘ <ta/ t= O he — ha + (s =t~ b
0 0

& —s)otl {t —s)otT
Pt —8)0 4 (57—t~
< «
<lhlloste [ L= = D g,

! 1 ! (1—u%)
= I R —, [T L S A S
[hllgst {t /0 a )1 ﬁdu /0 U 1—w)! du

Srllbllest™

Since a € (0,1/2), t=* € L? and so we deduce that the overall expression belongs to L7, as well
as estimate (3.34). Regarding the second statement, the case H =1/2 is straightforward since
Kz'h="' In the case H >1/2, combining formula (A.7) for K;;' with estimates (3.33) and (3.34)
for the choice a = H —1/2, choosing & > 0 sufficiently small we have
1Kz Bz S Bl ga /2 S I | oo

the case H <1/2 is analogous. O
Remark 3.47. We have given an explicit proof of Lemma 3.46, but a similar (stronger) type
of result can be achieved by a more abstract argument. Indeed, it follows from the proof of
Theorem 5.4 from [236] that ||s*D*(s~“h)||p2 ~ || D?h||12 and similarly || Kz h|[p2~ | DT+ 2R)||2;
we have already seen that if h € C’tﬁ with 8>« and hg=0, then D%h is a continuous function, so
its L?-norm is trivially finite. The inclusion C’tﬁ C I*(L?) is strict and therefore the hypothesis of

Lemma 3.46 are non optimal, but they are rather useful when dealing with functions h which are
not of bounded variation.

We can now state a general result on the applicability of Girsanov transform together with a
good control on the density defining Q.

Theorem 3.48. Let (Q,F,{F;}1>0,IP) be a filtered probability space, W be an Fy-fBm of parameter
H €(0,1) and h be an Fi-adapted process with trajectories in C’tﬁ, B>H4+1/2, s.t. hg=0 and

Elexp(n||h[|gs)] <oo  VneR. (3.36)

Then Girsanov transform for W =h+ W is applicable, i.e. W is an Fy-fBm of parameter H under
the probability measure ©Q given by (A.9). Moreover the measures Q and P are equivalent and it

holds
dQ\" dpP\"
Proof. By hypothesis (3.36) and Lemma 3.46, it follows immediately that

Elexp(n||K 'hlf2)] <oo VneR;

therefore Novikov’s criterion is satisfied and Theorem A.1 is applicable. The proof of the second
part of the statement follows from classical arguments, but we include it for the sake of complete-
ness. Let us prove integrability of the moments: for any o > 1, it holds

[ T
EP[(%‘;) }zlE]p[exp<oz / <KH1h>-dB—a2|KH1h|%2+(a2—%)||KH1h|%2)}

T 1/2
SJEJP[eXp<2a/ (Kp'h)-dB —2a” IKthlizﬂ Eplexp((20® — )| Ki7 'h|72)]'/?
0

=Ep[exp((20° — )| K7 'h|72)]"/? < o0,
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where in the second line we used the fact that the integrand in the first term is again a probability
density by Novikov’s criterion, this time applied to the process h =2ah. Now in order to show
that the measures @ and P are equivalent, we need to show that the inverse density dIP /dQ is
integrable w.r.t. Q. Again by Girsanov, since we have W =W — h, the inverse density is given by

d—IPZGXp</T(K1h) - dB,—l/T|(K1h) ,|2ds)
dQ 0 H S s 2 0 H S

where B now denotes the standard Bm associated to W, i.e. such that W; = fOtKH(t, 5) dB,. Since
we have

EQ{GXP(%/OTI(KE%)SI%)] E]P[GXp(%/OTKKI}lh)SF ds)%}

g]E]p{eXp</OT|(KH1h)S|2ds)]1/2]E]1{<3%>2]1/2<oo

we can conclude, again by applying Novikov, that dIP/d@Q is integrable w.r.t. Q. Reasoning
as before it can be shown that dIP /d@Q admits moments of any order w.r.t. @, which gives the
conclusion. 0

We are now finally ready to verify that Girsanov’s theorem holds for the class of SDEs we are
interested in.

Proposition 3.49. Let H €(0,1) and b be a distributional drift satisfying Assumption 3.29. Then
for any xo € RY, Girsanov is applicable to the process W — h, for h as defined in Proposition 3.//.
In particular, h satisfies condition (3.36) and all the conclusion of Theorem 3.48 hold.

Proof. It suffices to check that the conditions of Theorem 3.48 are satisfied by h.= f(')bs(xo +W;)ds;
up to shifting b, we can assume without loss of generality xqg=0. We treat separately the cases
H>1/2and H <1/2 (the case H=1/2 being classical).

Let H >1/2; the process h belongs to CtH's'l/Q's'8 if and only if the map t — by(W;) € CtH_l/2+8.
Recall that for any € >0, W € C’tH_a; then by Assumption 3.29 it holds

[be(W) = bs (W)l < [[bll (|t — 517 + [We = Wil *) < [[bll(|t = 5|7 + [W]g— [t — 5]+ =2).

Since av>1— we can find € >0 small enough and a constant C' =C(T, ||b||g, @, ) such that

1

2H’
[[b.(W)]]CH+1/2+a < C(l + [[W]]%H—s).

As the exponent « < 1, by Fernique’s Theorem [111] we deduce that

Elexp(n[[h]|Gs-+1/2-2)] S Elexp(nC [W]gh )] <o VneR,

which by Theorem 3.48 implies the conclusion in this case.
The case H < 1/2 is actually even simpler, since we already have Proposition 3.26 at hand.
Indeed, observe that here Assumption 3.29 on b is exactly equivalent to requiring

1 1
=1-= H>H+—;
il p +aH >H+ 5
therefore, up to choosing € >0 such that v —e > H +1/2 as well, we can conclude that
Elexp(n [h]--:)] <oo VneR
which allows again to apply Theorem 3.48. g

We can summarize everything we have achieved so far in the next statement, which proves the
first part of Theorem 3.30.
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Theorem 3.50. Let W be an fBm of parameter H € (0,1) and let b satisfy Assumption 3.29. Then
for any xo € R? strong existence, pathwise uniqueness, path-by-path uniqueness and uniqueness in
law hold for the SDE (3.28). Moreover, given any sequence of smooth drifts b™ converging to b in
E, the associated solutions X™— X in CY P-a.s.

Proof. By Corollary 3.28, if the drift b satisfies Assumption 3.29, then P-a.s. TWb € C,?C’f‘)‘ N
C)Cis. for parameters satisfying (3.29); on the other hand, by Proposition 3.49, Girsanov is applic-
able, so by Proposition 3.44 path-by-path uniqueness holds. Pathwise uniqueness and uniqueness
in law then follow from Remark 3.37, while strong existence from Proposition 3.39.

The last claim can be obtained arguing as in Proposition 3.39. Indeed, by the linearity of the
operator b+ T"Wb and the estimates coming from Corollaries 3.27-3.28, it is easy to check that if
6™ —b|lz— 0, then TWb"™ —TWb in C}CP*NC)CL.. Then one can fix any we Q s.t. C (o, TV “)b)
is a singleton (hence coinciding with {f#(w)}, where X =6 + W) and, arguing by compactness as
usual starting from the Young a priori estimates (Proposition 1.18), deduce that the sequence
{0™(w) }nen must converge in C} to 6(w), which implies X"(w) — X (w) for every w belonging to
a set of full probability. O

Assumption 3.29 is fairly general and can be applied to several classes of drifts b, especially
when we combine it with functional embeddings.

Corollary 3.51. Let H<1/2 and be L{B} o, with q€[2,00], p€[1,00] and a € R such that
1+H<ﬂ—a><l_H. (3.37)
q p 2

Then path-by-path uniqueness for the SDE (3.28), in the sense of Definition 3.36. Special cases
of the above result include b € LILY with
Liwdl gy (3.38)
q p 2

and b€ LIM,, (here M, denotes the space of finite signed Radon measure) with

%+Hd<%—H. (3.39)

Proof. Let &:=a —d/p, then by Besov embeddings L{Bg ., — L{B% and condition (3.37) becomes

1 . 1 - 1 1
therefore Assumption 3.29 is satisfied and Theorem 3.50 applies. The cases (3.38) and (3.39) are
similar and based on the embeddings L? «— BS,OO and M, — B?,oo- O

Let us concluce this subsection by shortly comparing Theorem 3.50 and Corollary 3.51 to other
results existing in the literature.

In the regime H >1/2, Assumption 3.29 coincides with the one from [226], although therein
pathwise uniqueness is shown only in the case d =1, while here we obtain path-by-path uniqueness
in any dimension. In the case H=1/2, we can allow b€ L°Cg for any a.> 0; the result is comparable
to the one from [86], where sharper estimates allow to reach b€ L%, see also [254, 255] for further
extensions. Finally, in the regime H < 1/2 we can allow b to be truly distributional; in this case,
we recover the results from [57] and further extend them to time-dependent drifts, which might be
only integrable in time (in particular, our work [145] is to the best of our knowledge the first one to
consider the case b€ L{By with a <0 and ¢ <oc0). In the case b€ L{L? with (¢, p) satisfying (3.38),
it was already shown in [194] that strnog existence and pathwise uniqueness holds®7; here we
strengthen the result to path-by-path uniqueness.

3.7. Actually, although not stated, in the work [194] the restriction to g, p € [2, co] must be imposed. Indeed
the proof of Theorem 6.2 therein builds on the availability of Girsanov transform as checked in Theorem 6.1, whose

proof is based on the fact that |b|2 € Lg/QLg/Q and Lemma 6.4, which requires ¢q/2,p/2 € [1, o0]. Instead in our
result such a restriction is never needed (although ¢ > 2 arises naturally from (3.38)).
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3.2.3 Stability estimates

We are now ready to complete the proof of our main result.

Proof. (of Theorem 3.30) It remains to prove the stability estimate (3.27); the argument is
taken from the proof of Theorem 3.13 from [146]. First observe that, thanks to Theorem 3.50, we
can assume without loss of generality b! and b to be smooth functions, as the general case will
then follow from a standard approximation procedure. For simplicity, we will only prove (3.27) in
the case =T, the general case being almost identical.

Recall that, by Proposition 3.49, to any solution X* we can associate a measure Q?, equivalent
to IP, such that X? is distributed as z§ + W under Q% moreover, as the proof of Proposition 3.49
shows, all the estimates involving Ep[(dQ?/dP)"] with n € Z only depend on ||b%||gz and are
therefore uniform over ||b%||z < M as in our assumptions. This also implies that both solutions
admit a decomposition X? =z} + "+ W, where there exists ¢ > 0 such that

Elexp(n||0%]|2m41/24:)] S K(n, M) <oo VneR. (3.40)

Next, define Y = X' — X2 yo=xf —2d; for A€ [0,1], set z) = zd+ (1 = N)xd, 02 = 0"+ (1 — \)6>.
Since b’ are smooth, by the mean value theorem it holds
t

Vizwt [ (XD — b(X2))ds + JRGEERESTE

t 1 t
=yo+/ U Dbg(AXg+(1—A)X3)dA}-sts+/ (b —b?)4(X2)ds
0 0 0

t

t 1
:y0+/ U Db;(:r6\+0§+Ws)d>\]}gds+/ (b' —b?)o(X2)ds.
0 0 0

Setting
t

t 1
At:=//Db;(xa+9§+Ws)dAds, 1/)t::/ (b —b?)o(X2)ds,
0JO 0

we see that the above can be written compactly as an affine equation for Y of the form

t t
th:yO‘i’/As}/;d8+1/)t:y0+/Ads}/;+wt
0 0

where we changed notation in the last passage to stress that the integral can be interpreted in the
Young sense, i.e. ngdsY; corresponds to the sewing of I's ;:= A + Y.
We claim that there exists v >1/2 such that

1
Elexp(n [A]¢-)] < K(n, M) VneR, E[¢[&]7 S[b" =62 apa1. (3.41)
Let us first show how we can obtain the conclusion once we have accomplished (3.41). Since v>1/2,
intepreting the affine equation for Y as a Young differential equation, we can apply Theorem 1.20

to deduce the existence of some C' >0 (also depending on T') such that

1/y 2
1Y | So e“Me7 (ol + 19 llom) Sre11er(yol + [ ]lc)  P-as.

Next, taking the L norm on both sides and applying Minkowsky’s inequality, we find

SR

E[|Y ||2.]7 SE[eCPIAI | yo| + B[ PIAIE | 4| 2,,]
Ele

2 1 2 1 . 1
SBCPIE o] + BT B 22
Slyol + ||bl_b2HLéB§;1

where we used Cauchy’s inequality and (3.41) several times; given the definition of Y and gy, the
final estimate is exactly (3.27) for 7=T.
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It remains to prove the claim (3.41). The second inequality is realtively simple: since by asump-
tion (g, ) satisfy (3.26) and X? is distributed as an fBm under @2, it holds

Pogp F
- 00

T el (i) T
] EQZ[ 51@2”2

where in the last passage we used the properties of Q2 and Point 2. of Corollary 3.27.

EP[W%V];:EQ{ [ oo

[ @ = xnas
0

<EQ2[

=EP[ [ @ =)t was

SJM”b1 - b2||L§B§;1>

We pass to proving the first inequality in claim (3.41). Observe that, for any A € [0, 1], by
Jensen’s inequality the process 6* satisfies

Elexp(n |0MEm+1/242)] S AE[exp(n [10M[E1/2+2)] + (1= NE[exp(n 023 m1/242)] < K (1, M).

Therefore by Proposition 3.49, for any A € [0, 1] there exists Q*, equivalent to I, such that W + 6*
is distributed as W under Q*; moreover we have controls on E[(dQ"/dP)"], for n € Z, which
are independent of A € [0, 1]. As a consequence, applying again Jensen’s inequality (and Fubini’s
theorem), we have

Elexp(n[A]2)] :]E[exp( H/ /Dbl xo—i—eA—i—W)dsd/\ﬂcv)}

1 2 1
g/ E{exp(nﬂ/ Dbg(xa+9§+m)dsﬂ )}d/\::/ I\
0 0 cv 0

and now it suffices to control the quantity I, uniformly in A € [0, 1]. But by the previous consid-
erations, we have

: 2
A:]EQA[exp<n|[/ Dbsl(:c3+9§+m)ds]] )LPA}
0 cv/) dQ

1

<]E]p{exp<2n|[/0'Dbsl(x()\+VVs)dsﬂiw)rEQ{(ddq];\) ] < K(n, M)

where in the final passage we applied Proposition 3.26 (for the choice s=ca — 1). This proves the
claim (3.41) and concludes the proof. O

3.2.4 Existence of the flow and application to transport equations

Theorem 3.30 provides very sharp conditions for the strong wellposedness of the SDE, among
the best known in the literature for H #1/2 (see Section 3.4 for more details on other works and
what are expected to be the optimal results). On the other hand, we have seen that its proof
requires a sophisticated interplay of analytical (nonlinear Young integrals) and stochastic (Girsanov
transform) tools.

Here we take a step back and apply more directly the nonlinear Young theory presented in
Chapter 1, whenever T"b is sufficiently regular to allow so, thus keeping the analysis entirely at
the pathwise level. While this comes at the cost of requiring more generous assumptions on the
drift b (which is still non-Lipschitz and possibly distributional), it presents several advantages: it
immediately yields an associated random flow of diffeomorphisms for the SDE (something which
is typically quite difficult and technical to obtain working at the stochastic level) and allows to
solve the associated transport and continuity equations as well. As we will see in the Section 3.3,
this approach also works well in the context of generic additive perturbations.
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We start again by considering again the ODE driven by a drift b perturbed by a continuous
path w (which for the moment is not required to be a realization of fBm). In light of Lemma 3.31,
we will say that  solves the Cauchy problem

¢
xt:x0+/ bs(zs)ds+w; Vte[0,T] (3.42)
0

if T¥be CYCL, for some v, € (0,1) with y(1+ 8) >1, 2 =0+ w for some 6 € C; and

loc
t
Gt:x0+/ Tb(ds,ls) Vtel0,T]
0

where the integral is meaningful in the nonlinear Young sense. The next statement collects some
of the main results from Chapter 1 specialized to equation (3.42).

Theorem 3.52. Suppose that either one between the following holds:
a) there exist v, B, \ satisfying (3.29) such that T*b € C’;YC'f’A NCJCL., or
b) be L, and there exists y>1/2 such that T"b e C’?C’i’/Q.

Then for any xo € R? there erists a unique global solution to (3.42); moreover the perturbed
ODE admits a flow of diffeomorphisms. If additionally T*b € C7C in point a), respectively
TYb e CJC';L+1/2 in point b), then the flow is locally C™.

Proof. The statement is useful rewriting of the results from Sections 1.3 and 1.4.3, applied to
the choice A =T"b, keeping in mind as stressed several times throughout them that the global
regularity condition on A can be weakened by standard localization arguments, once growth con-
ditions are available. The claims under assumption a) follow from Theorems 1.34 and 1.35; instead
under b) they come from Remark 1.61. Here we are cheating a little bit, since Section 1.4.3 would
require 0;A(t, x) = 0,1;"b(x) = by(x +w;) to be continuous, while here we only have 9;A € Lg%, but
we invite the reader to observe that that this doesn’t create any real issue. In fact, the hypothesis
O A € C?,I is only needed in order to guarantee that any solution € to the nonlinear YDE is Lipschitz
continuous, something which is still true for b € L7%,. Alternatively, one could first replace b by
suitable mollifications b°, construct the flow therein, and then pass to the limit as € — 0, which is
allowed since the estimate on ||b%||co=||b%||Le < ||b||1 is uniform. O

Remark 3.53. It also follows from the results of Chapter 1 that, under the assumptions of

Theorem 3.52, the map that sends T"b to the associated flow is continuous in suitable topologies.

For instance, in the setting a), it will be continuous from CﬂCf’A NCICE to CPCT. for any n>1.

At this point, we can go back to the study of the SDE (3.28) and understand whether 7" )y
P-a.s. satisfies the assumptions of Theorem 3.52; since its conclusion at fixed w involve the set of
all possible initial data, and not just a fixed xo € R? in consideration, we obtain a path-by-path
wellposedness result, in the sense of Definition 3.36.

Theorem 3.54. Let W be a fBm of Hurst parameter H € (0,1) and let b € L{°BS, with

1 3 1
Then path-by-path wellpossedness holds for the SDE ( 3.28), which moreover admits an associated
random flow of diffeomorphisms. If moreover

1 1 1
for some n>1, then the flow is locally C™.

Proof. If « >2—1/(2H), we can apply Corollary 3.28 to both b and Db to deduce that P-a.s.
TVb e C7CP* N C)C*; we can then invoke the pathwise statement from Theorem 3.52 to any

w € Q such that TW“)p satisfies the above regularity to get the conclusion. More generally, if
a>n+1—1/(2H), the same argument shows that P-a.s TWbe C7C>*ncpom,
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The case a >0, o >3/2—1/(2H) proceeds among similar lines, only this time we cannot
immediately invoke Corollary 3.28 to get the conclusion. However, since Db € LB ', by the
assumptions and Corollary 3.27 we can find p >1/2 such that

y=1+(a—1-p)H>1/2,

namely such that condition (3.24) is satisfied for s=a—1, p>1/2 and g=o0. It then follows that
(up to relabelling v>1/2)

sup [E
z#£ycRE

Wp( ) — % 2
exp<n|DT o)~ DT b<y>|lv>]<K(n>,

which combined with standard Garsia-Rodemich-Rumsay estimates yields DT"be€ CJCL ¢ P-a.s.;

loc

overall TWb e C7CLEP~ and we can then conclude by Theorem 3.52. The case of higher regularity

of the flow can be treated similarly. O

One can draw a nice analogy between the pathwise techniques developed here, which ultimately
lead to Theorem 3.54, and the general philosophy of rough paths theory (see e.g. the mono-
graphs [132, 134]). The idea in rough path theory is that, in order to analytically define and study
an equation of the form

dXt = O'(Xt)dn,

driven by an irregular map Y (typically Y € C} with v<1/2), the information contained in Y
alone is not enough. Instead, one needs to enhance the imput data Y into (Y,Y) by additionally
considering a sufficient amount of iterated integrals of Y against itself (or in general its signature); if
Y is a stochastic process, the resulting solution map will admit a so called It6-Lyons decomposition,
namely it will consist of the composition of a measurable lift of ¥ into (Y,Y) and a continuous
(actually, differentiable) map sending (Y,Y) into the corresponding solution X.

The situation here is analogous: if b is a truly distributional drift, it is a priori unclear how to
give meaning to the perturbed ODE (3.42); in order to do so, one needs to enhance the data of the
problem by not only considering b and w singularly but also taking into account the regularity of
T™b. In the stochastic setting, this leads to a decomposition solution map decomposing into the
measurable map W+ T"b and the continuous maps T"b+s ®, where ® is the flow of the associated
YDE.

There is however one major difference in the two settings: in rough path theory, there are
multiple (infinite) choices for the enhancement (Y,Y), which lead to different solutions; instead
here, as we have seen in Section 3.1.1, TWb is always uniquely defined in the sense of distributions,
and the question is really just whether it is regular enough to carry out the analytical part of the
argument.

Remark 3.55. Let us shortly compare Theorems 3.30 and 3.54. The proof of Theorem 3.30 relies
crucially on Proposition 3.44, and thus the availability of Girsanov transform, in order to achieve
path-by-path uniqueness. In the regime H >1/2, this comes at the price of requiring the drift b to
be Holder continuous in the variable ¢, as prescribed by Assumption 3.29. However, Theorem 3.54
covers nontrivial situations where Girsanov is not applicable, e.g. when H >1/2, be LCY for
a € (0,1) such that

a> § — L

2 2H’

observe that the above condition allows for nontrivial values ae <1 for every H € (1/2,1).

Remark 3.56. A statement in the style of Theorem 3.54 could also be given for b € L{BS.; going
through the same proof, applying Corollary 3.28, in order to have a locally C"™ flow it would be

enough to impose the condition
a— L >n+1- L
Hgq 2H"

Observe however how it gets more and more restrictive as ¢ 2 and/or n1+o0.
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Next, we pass to the study of transport and continuity equations associated to the perturbed
ODE; again, we start by considering the case of a given fixed continuous path w, where they are
formally given respectively by

8tu+b~Vu+(;—1:-Vu:0, 8t1/+V-(b1/)+(31—1:-V1/:0. (3.45)

As the path w is not differentiable in general, there is no classical way to give meaning to the
above equations; however, we can reabsorb the term dw/dt-V by a simple Galilean transformation
(which is the equivalent at the Eulerian level of the change of variables § =2 — w at the Lagrangian
level). Indeed, if we set a(t, ) =u(t,z +wy), O(t, ) =v(t,z +w;) and b(t,z) = b(t, z + w;), under
the assumption that w were differentiable and b smooth, equations (3.45) would be equivalent to

Oii4+b-Vi=0, 8p+V-(bv)=0. (3.46)

Now, if b is a measurable function, equation (3.46) is perfectly meaningful (possibly in a weak sense)
without any regularity assumption on w, so we can define u (resp. v) to be a solution to (3.45) if
and only if @ (resp. 1) solves (3.46)38. If b is not a function, observing that fot be(x)ds = Tb(x),
we can rewrite (3.46) as

a4+ T Vig =0, a+ V- (Tfbio) =0 (3.47)

which can be finally given meaning as a Young transport (resp. continuity) equation like the ones
studied in Section 2.1, at least under the assumption that A=T"b is regular enough.

In conclusion, from now on, whenever referring to the transport and continuity equations
appearing in (3.45), we will systematically interpret them as (3.47). We can then restate the results
from Section 2.1 in our setting as follows.

Theorem 3.57. Let T™b, b satisfy one between assumptions a) and b) from Theorem 3.52. Then:

i. For any ug € CL., there exists a unique solution to the transport equation in (8.45), in
the class u € C)CP, N CPCL., which is given by uy(x) =uo(Pot(x)), where ® is the flow
associated to the perturbed ODE.

it. For any vg € My, there exists a unique solution to the transport equation in (5.45), in the
class v € LM, N CY(CH*, which is given by duality by {(p,v) = (o(Po—+(-)), vo), where
® is the flow associated to the perturbed ODE.

Proof. The statement is mostly an application of Theorem 2.9 to our setting. Although therein
global bounds T"b € C’?C’i+ﬁ , the usual localization arguments allow to weaken them to local
bounds combined with growth conditions (in particular, =1 would correspond to T"b satisfying
condition a) in Theorem 3.52). The case of b, T"b satisfying assumption b) instead does not follow
from Theorem 2.9 but, as explained at the beginning of Section 2.3, can be found in Section 5.1
from [145]. a

Next, we can specialize Theorem 3.57 to the case where w is sampled as an fBm.

Theorem 3.58. Let W be a fBm of Hurst parameter H € (0,1) and b satisfy the assumptions of
Theorem 3.54. Then existence and uniqueness holds (in the suitable classes of solutions) for the
stochastic transport and continuity equations

8tu+b-Vu+%/-Vu:O, atu+v-(bu)+‘z—?/

which are P-a.s. pathwise meaningful in the nonlinear Young sense.

-Vv=0

Proof. Arguing as in the proof of Theorem 3.54, the assumptions therein guarantee that P-a.s.
b and T"b satisfy either condition a) or b) from Theorem 3.52; the conclusion then follows from
Theorem 3.57. O

3.8. There is a nontrivial aspect concerning this type of arguments, that will also appear in Section 5.2.2.
The idea that we can freely pass from (3.45) to (3.46) and viceversa is based on the assumption that the chain
rule holds; in the case of irregular w, this is usually achieved by assuming that we are working with a geometric
rough path. For instance, if w were sampled as a Brownian motion, to be rigorous we should be working with
du+b-Vu+odW - Vu=0, where odW denotes the Stratonovich differential.
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3.3 Prevalence statements

The advantage of the approach presented in Section 3.2.4 is that it solely relies on the pathwise
properties of the process W as encoded by the regulartiy of the averaged field TW (“)b. As such, it
allows to extend our considerations outside of the probabilistic framework, by addressing the more
sophisticated question:

“Do generic additive perturbations w regularise the ODE?”

Before moving further, we need to explain what we mean here by generic, as there are sev-
eral options in the literature, including topological ones like those based on Baire sets. Here
instead we will adopt the measure theoretic concept of prevalence, which is explained in detail
in Appendix A.3. Without going into too much detail here, let us only mention the following
facts: i) while being a purely analytical concept, prevalence allows for the use of probabilistic
tools in the proof; ii) in RY a set is prevalent if and only if it is of full Lebesgue measure.
In light of the second property, from now on whenever we say that a property holds for almost
every (a.e.) ¢ € E, F being a suitable Banach space, it will be interpreted in the prevalence sense.

For simplicity, in the following we will often restrict to the case of time-independent drifts b3-9;
the main result of this section goes as follows (we will use the variable ¢ for generic continuous
paths, instead of w which will still sometimes be used for typical {Bm realizations).

Theorem 3.59. Let b€ BS,, a € (—00,1), 6 €(0,1) and consider the perturbed ODE

t
xt:x0+/ b(xs)ds + v — ©o. (3.48)
Then the following hold: 0

i. If 6 < (2 —2a)~', then for a.e. ¢ € CY it holds T¥be C)CL. and ODE has a meaningful
interpretation; moreover for any initial xo € R? there exists a solution to the ODE.

. If § < (2—2a)~" and we fix xo € RY, then for a.e. ¢ € CY there exists a unique solution to
the ODE with initial condition xg.

iii. If 6 < (4—2a)~" then for a.e. ¢ € CY the ODE is wellposed and it admits a locally C* flow.
w. If 6 < (2n+2—2a)~" for some n>1, then for a.e. @ €C} the flow is locally C™.
v. Finally, for a.e. ¢ €CY the ODE admits a smooth flow.

Let us shortly comment on Theorem 3.59. First of all, we see that, as § gets smaller (in other
terms, generic elements ¢ € C9 become more irregular), the solution properties of the SDE improve.
This is a rigorous formalization in the case of ODEs of the general principle “the rougher the noise,
the better the regularisation”, which is expected to hold also in many other contexts. Secondly, we
see that in the limit case of generic ¢ € CY, there are no conditions on «,n anymore; this means
that we can take o € R arbitrarily low and we will still obtain a smooth flow for the equation,
displaying the infinite reqularising effect of continuous functions.

Finally, on a more technical side, as the concept of prevalence is of measure-theoretic type,
the order of quantifiers matters. This is why, in Point ii. above, we need to first fix zo € R% and
only then we can give a statement for a.e. ¢ € C?: we not allowed to exchange quantifiers, namely
to provide a statement of the form “for a.e. ¢ € C{ there exists a unique solution to the ODE
with initial condition x for any xo € R?”, unless we impose more regularity on b (which yields
the stronger conclusion of Point 4ii.). The same argument applies for the quantifier associated
to b € BS,, which is why we fix b at the very beginning of Theorem 3.59; understanding whether
generic ¢ regularise the ODEs associated to all b€ E, for a suitable class F, is in general a more
difficult question, which will be addressed in Chapter 5.

3.9. As will become evident from the proofs, many statement can be generalized to the time dependent frame-
work; however, like in Theorem 3.30, one then needs to take into account the time regularity of the drift b, which
makes the statements more technical and less uniform in § (with a fundamental distinction between § >1/2 and
§<1/2). In the regime § < 1/2, one could also consider b€ L{BS, with ¢ > 2, under the condition

o<

which leads to an associated C7}. flow.
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The rest of this section is devoted to the proof of Theorem 3.59; we start by an intermediate
result of interest on its own, concerning the regularity of T%b for generic .

Theorem 3.60. Let be LB, for some g€ (2,00], s€R, pe[2,00). Let 6 €[0,1) and S €R satisfy

1/1 1 d

where d is the space dimension and we adopt the convention that (3.49) is satisfied for any B if
§=0. Then there exists v >1/2 such that, for almost every p € C¢, T¥be C’,;YC;—’_ﬁ .
Similarly, if b€ LB, and §€[0,1), BE€R satisfy B <1/(20)

1/1 1
5<3<5_E>’ (3.50)

then there exists y>1/2 such that, for almost every ¢ € C?, T¥be C’,?C’ffﬁ’A for all A>0.

Proof. Since this is the first example of a several prevalence results we will present throughout
this thesis, let us explain in detail the strategy. To show that a certain property P is satisfied by
almost every ¢ € E, E being a suitable Banach space, it suffices to show that:

i. the set A:={w € E: w satisfies P} is Borel measurable in E;
ii. there exists a tight probability u measure on E such that u(¢+.4)=1 for all p€ FE.

This basic technique then allows for several variations, based on the properties of prevalence (for
which we refer again to Appendix A.3): for instance, instead of showing that A is Borel, it suffices
to check that it contains a prevalent Borel set; or we could write the set as a countable union
A=, cnAn and show separately that each A, is prevalent by using a different measure "

Back to the actual proof of Theorem 3.60. Arguing as in Lemma 3.6, for any v >1/2, the sets
A={weC):T"beC)C:TP}, A={weC):T"beC)CSTP for all A >0}

are Borel in CY{ (this is because F' = C;+ﬁ and F'= C;+B’)‘ both satisfy the Fatou property, as can
be checked easily by means of Remark 3.7). In order to prove the first statement, for any given ¢
and £ as above, it remains to find v>1/2 and a tight probability distribution p on C? such that

o+ A =plweCy: T*TwbeCYCSTPY=1 Vpely. (3.51)

Thanks to the translation invariance of the B;-norm, we can reduce the problem to an easier one.
Indeed, setting by := 7%t for all t € [0, 77, it holds b € L{BS and T#+*b=T"b. In particular, in
order to show that (3.51) holds for fixed b€ LYE and for all ¢ € C¢, it actually suffices to find
v>1/2 and a tight measure p= g 5, on C?¢ such that

plweCy:T*b e CYCETP)=1 for all be LIBS; (3.52)

observe that the dependence on the path ¢ has completely disappeared in (3.52). Using The-
orem 3.12 combined with Remark 3.21, we can choose p= 1°*¢ to be the law of a fBm of parameter
0 4+ €, up to choosing ¢ small enough so that

per (1)
0+e\2 ¢ p’
which is always possible thanks to the hypothesis (3.49); this yields the validity of (3.52) and thus
the conclusion for b€ B, and ¢ € (0,1).
The case b e LIBE, follows from an almost identical argument; again we take p to be the law
of a suitable fBm of parameter ¢ 4+ ¢ with ¢ > 0 sufficiently small, ensuring that condition (3.24)

from Corollary 3.27 is satisfied by (s, p, ¢) with p=s+ 8+ ¢; the application of Corollary 3.27
then yields the conclusion. O
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Next, we need to identify an analytical property P ensuring that, for fixed z(, there exists a
unique solution to the ODE (3.48). In fact, this is already given us by Lemma 3.43: it suffices to
show that the ODE admits a solution x satisfying 7%b € C7]Cf,, which implies it being the only
possible solution.

Proposition 3.61. Let b€ L°BS, a € (—o00,1), §€[0,1) with § < (2 —2a)~ ! and fir v € R%
Then for a.e. p € CY, the ODE (3.48) with initial datum xo has a unique solution.

Proof. By Theorem 3.60, under our assumptions, we can find ~, 3, A satisfying the usual conditions
such that the set

A={weC):T"heCyCl}
is prevalent in C¢; therefore the ODE has a rigorous interpretation as a nonlinear YDE and we

only need to focus on establishing uniqueness. By the aforementioned Lemma 3.43, it suffices to
show the existence of another parameter A >0 such that the set

A:=AnN {w € C?¢ : there exists a solution = € w + C7 such that T%b e C’?C’;’S‘}.

is prevalent. We start by showing that A is Borel measurable; to this end, we write it as

A= U Ay = U {weCf: | T™b||cves.r < N, 3 a solution z such that I1T70]| pyor s < N
N>1 N>1

It then suffices to show that each Ay is closed in C{ (thus also in C).

Let w™ be a sequence of elements of Ay such that w™ — w, then by the proof of Lemma 3.6
we know that T%b e CJC?* with the bound ||T%b||o+ce.» < N; since b € BE, by Lemma 3.2
Tv"b—T™bin C; B, which we can interpolated with the above bound to deduce that T%"b— T"b
in CgC’ffs’A for any € > 0. For each n, denote by " = 60" 4 w" the unique solution associated to
(b™, o) such that | T7"b|| ;1,5 <N; by Proposition 1.18, since [|T%"b|| c~¢s.2 < N, we deduce that
supy, [|0"™||cv < 0. By Ascoli-Arzela, we can then find § € C} and extract a subsequence such that
0™ — 6 in C7~° for any ¢ > 0; it follows that 2™ ="+ w"™ — 0 +w =:x in C} and that

‘0701,5\ g N.

D] ¢ 5 < limin | 7"
Moreover, using the fact that 7%"b— T%b in C/C?~=* and §” — 6 in C] %, choosing & > 0 small
enough so that v+ (8 —¢€)(y —¢) > 1, the continuity of the nonlinear Young integral ensures that
x is a solution to the ODE associated to (xg, b, w). Overall, this shows that w € Ay and so that
Ap is closed and A is Borel measurable.

It remains to find a tight measure p on C{ such that u(¢ +.4)=1 for all ¢ € C9. As before, we
will take = p* the law of fBm for suitable parameter H = H(a,d) > &; indeed, it will be enough
to choose H =4+ ¢ for £ >0 small enough so that § +¢ < (2 —2a) %

Let us present the argument in the case H < 1/2 first. Observe that x € (w+ ) +C} is a
solution to the SDE pertubed by w + ¢ if and only if Z:=z — p € w+ Cy is a solution to the SDE
perturbed by w and associated to a new time dependent drift b given by by(-) =b(- + ¢;) and a
new initial datum; indeed, by definition of solution, § =z — (w + ¢) = & — w must solve

¢ ¢
Ht:aco—gpo—i—/ T'w+9”b(ds,9s):j0+/ T*b(ds, b5).
0 0

By the translation invariance of the B&-norm, it holds b e C2, HE’HLO"B;‘O =||b||ps,. By construction,
our choice of H implies a>1— (2H) ™!, so that Proposition 3.49 applies; going through the proof

of Proposition 3.44 we can then find v>1/2 and XA >0 (independent of ¢,b) such that
1 :;LH(w € C%: 30 € O(o, Tb) such that T¥+0 ¢ CQC;X)
:MH(w eCy: T"h e C)CP*, i ew+ C) solution associated to Zo,b s.t. T% e C’,;YC;’S‘)

:MH(w eCy: T t¢be C)CP*, Fu e (w+ @) + C solution to ass. to xo,b s.t. T7he C?C’i’x)
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which gives the conclusion in this case.

The case H >1/2 is essentially identical, up to a small technical detail: since the new drift b
is time dependent, it’s not a priori clear if Proposition 3.49 applies, unless we verify the Assump-
tion 3.29 holds. But using the fact that here o >0 and ¢ € C?, it’s easy to check that b as defined
above belongs to Cf°CYNCYCS and so conditions a > 1 — 1/(2H), ad > H +1/2 are fullfilled as
soon as we take H =¢§ + ¢ with £ >0 small enough. O

We are finally ready to give complete the proof of our main prevalence statement.

Proof. (of Theorem 3.59) The rigorous interpretation of the ODE mentioned in Point 4. of
the statement follows from Theorem 3.60, as already explained at the beginning of the proof of
Proposition 3.61; the exstence of a solution for any xg€ R? then follows from the general theory
of nonlinear Young equations, e.g. Theorem 1.41. Proposition 3.61 implies the validity of Point 7.

Points iii.-iv. follow from a combination of Theorems 3.60 and 3.52: if § < (2n+2 —2a) ™!, then

for a.e. € Cf it holds T¥b e CYC, (in addition to the usual bounds in C]Cf)‘). Finally, Point v.
follows again from Theorem 3.52, only observing that for a.e. € C} it holds T¥b € C7CY. for all
n € N (which is a consequence of countable intersection of prevalent sets being prevalent). O

3.4 Bibliographical comments and future directions

As already mentioned, the material presented in this chapter is taken from the work [145] and its
subsequent development [146]. However, compared to those works, the presentation has undergone
major modifications, for a number of reasons. On one hand, most of the material concerning
nonlinear YDEs and Young transport equations has already been exposed more abstractly in
Chapters 1-2, so that here it could be applied directly to the choice A=T"b. On the other, I have
stressed here the more probabilistic side of the results, leading to the comparison of various notions
of solutions from Section 3.2.1 (which contains some nice and elementary unpublished results like
Proposition 3.39) and stability estimates like those in Theorem 3.30 (which are applied in [146] to
prove wellposedness of distribution dependent SDEs; unfortunately, I didn’t have enough time to
expose those results here, although I find them extremely interesting). Instead, in [145] the focus
is more on analytical prevalence statements like presented in Section 3.3.

On the technical side, I have implemented some improvements over the results from [145].
Therein, regularity estimates for 7"b were only obtained for martingale type 2 spaces like in
Section 3.1.3, which led to the fundamental restriction of dealing with b€ LB with compact
support (so that BS, — By and results in the latter space could be invoked). Here this assumption
is no longer needed thanks to the results of Section 3.1.4, up to the price of working with the more
technical spaces C} Cf * instead of having global bounds. The results for martingale type p spaces
with p < 2 (Proposition 3.24) presented here are new, although close in spirit to those obtained
in [195], where the author also observes a regularity improvement of order at most ((p’ A2)H)™!;
the basic Lemma 3.22 is a far reaching generalization of Lemma 45 from [143].

Let me now pass to contextualize the results here with the existing literature (which is advancing
very fast as I'm writing). First results on regularisation by noise for SDEs driven by additive
fBm were obtained by Nualart and Oukine in [226, 227], by means of Girsanov transform and
comparison principles for one-dimensional SDEs. The next major breakthrough was given by
Catellier and Gubinelli [57], who first developed the nonlinear Young integral and obtained sto-
chastic estimates for TWb for a large class of b; the work [57] was also the first one able to
provide path-by-path uniqueness results for SDEs driven by fBm and to show wellposedness for dis-
tributional drifts. The concept of path-by-path uniqueness, which stems from the work of Davie [86]
(although the terminology is due to Flandoli [115]), has been established successfully for sev-
eral classes of SDEs, although mostly in the Markovian case (i.e. Brownian or Lévy noise), see
e.g. [254, 255, 243, 244, 29]. The paper [57] is, to the best of my knowledge, also the first one
highlighting the fact that fBm trajectories with small H € (0,1) have a higher regularising effect.
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An alternative approach to the study of SDEs with additive fBm has been developed by the
school of Frank Proske and collaborators, based on Malliavin calculus and a form of “local time
variational calculus”, see [6, 24, 9, 8, 7]. Among them, [24] is first one to study the higher regularity
of the flow associated to the SDE, at least in a weakly diffentiable sense, [6] is the first one to
provide examples of “infinitely regularising processes” (a feature present in the current thesis in
the behaviour of a.e. ¢ € CY in Theorem 3.59) and [9] presents some applications to transport
equations. However, I have the impression that this technique usually yields weaker results than
the one based on nonlinear Young integrals. In most of the aforentioned works, the drift b is taken

in the class Légooo (a particular subcase of L) and in order to obtain a locally Wk flow, it is
1

2(d— 1+ 2k)’
setting we find a locally C* flow under the less restrictive H <

usually required H < cf. Theorem 5.2 from [24]; instead using Lg%, — L$°BY., in our

2(k1+1)' Similarly, Theorem 3.6

from [9] shows solvability of the transport equation under H < while here we only need

1
2(d+3)’
H <1/4, regardless of the dimension d of the space (actually, since b € L7, gives better a priori

estimates on the time regularity of the flow, even H < 1/3 would suffice).

Finally, let me mention the work [170], which appeared around the same time I was writing the
manuscript for [145] with Max. [170] combines the approaches from [57] and [6] in a very elegant and
self-contained way; along the way, it highlights the importance of local nondeterminism properties
(cf. Remark 3.20) and yields new examples of infinitely regularising processes; it however suffers
the same “curse of dimensionality” presented above (and that will also appear in the upcoming
Chapter 5 in the context of p-irregularity): given a singular drift b € BS,, in order to solve the
equation one must require H < C(d, @) for some function C such that C(d,a) -0 as d— o0, a

feature not present in [57] nor here.

Natural questions in view of the above are the following: a) are the results from [57] (possibly
up to the extension to time-dependent drifts presented here) close to optimal? b) can they can be
improved further by means of other approaches?

Question a) can be partially addressed by means of a scaling argument. Recall that if W is a
fBm of parameter H, then it is H-self-similar, in the sense that W, := A=W}, is still distributed
as W. Applying the same transformation to the SDE (let 2= 0 for simplicity)

t
PO / by(X.)ds + W,
0

one obtaines that X7 :=\""X,, solves
t
XM= / XN s+ WD, b (a) = AL~ Hby (M),
0

One can now analyse how suitable norms ||-||z behaves under the transformation b+ b*, which
should allow to identify the (sub)critical spaces for the SDE. Intuitively, if ||b*||z— 0 as A — 0,
the noise component of the equation should be stronger than the nonlinearity at very small times,
yielding uniqueness; conversely, if the nonlinear part is dominant for ¢t <1, no local wellposedness
theory is expected to hold for the SDE, unless it was true even without the noise (so that, in this
regime, the noise cannot bring any regularising effect either way). Applying the above to the choice
E=L}B% yields

17H7%+DLH

0¥ Lapg = A 1b]]z9ms,

and thus suggests the subcritical regime to be

1 1
BRI - .
““Hy T H (3.53)
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In particular, the results presented here are expected to be non-optimal; at the same time, for
q = 00, equation (3.53) yields o >1—1/H, which is open even in the case of Brownian noise
(where it would become o> —1). On the other hand, using the embedding L% < B;Od/p, in the
case be LILY and H=1/2, (3.53) reveals itself to be the classical Krylov—Rockner condition

2 . d

2484

qg p
which was first treated in [191]. Therefore, condition (3.53) sets the benchmark for any subsequent
development, which leads me to question b).

In my opinion, the most promising tool to further advance in the above problem is the stochastic
sewing lemma (SSL) first developed by Lé in [194] (which by now admits several variants, see [154,
14, 195, 133]), which bypasses the purely pathwise approach presented here. For instance, it has
been successfully applied in the study of convergence of numerical schemes for singular SDEs in [52,
196] and can be used to provide alternative estimates for averaged fields, see [194, 195]. The case
of “threshold” regularity b € BS, with a=1—1/(2H) has been treated succefully in [14, 10]3-10, at
least in the regime H < 1/2. Regarding the more established setting o >1—1/(2H), it is worth
mentioning the results obtained by Maté Gerensér in [154]; applying a shifted SSL, he extends the
results to the regime H € (1,00) \ N3 without requiring any use of Girsanov theorem (which start
struggling as H increases, as already testified by Remark 3.55).

As a side problem, observe that there is a relevant gap between Theorem 3.30 (yielding existence
and uniquess of solutions) and Theorem 3.54 (where higher regularity is needed to induce a Cf,
stochastic flow). I'm currently working with Maté in [142] in order to improve the existing results
and we expect it to be possible to establish strong existence, path-by-path uniqueness and existence
of a CL. stochastic flow under the condition b€ L?BS, for

a>1-— L

2H’
for all H € (0,00) \ N. Observe that the above coincides with (3.53) for the choice ¢ =2, and is
thus probably close to optimal; on the other hand, we currently don’t know how to extend our
techniques in order to allow smaller values of o when ¢ gets larger. Thus we are not even close to

obtaining any answer concernig the regime a >1—1/H.

Finally, another natural question is whether one can apply similar techniques to establish
regularisation by noise for SPDEs or nonlinear SDEs with non-Lipschitz drifts. Examples of the
latter based on nonlinear Young integration, include [168] and Chapter 4 from [27]. Regarding
SPDEs (excluding the case H =1/2 of space-time white noise, for which the literature is enormous),
early results are again due to Nualart and collaborators, see [103, 228]; more recent developments
include [43, 42] (where averaging estimates w.r.t. fractional Brownian sheet are also established).
Compared to the SDE case, this setting is however much less understood and there is no unifying
framework on how to treat these problems (assuming it’s even possible to find one).

3.10. More precisely, the work [14] treats a singular SPDE driven by space-time white noise, whose regularity
theory is expected to be comparable to that of an SDE driven by fBm of parameter H =1 /4. The tools developed
therein, including stochastic sewing with random controls and Davie-type SSL, have then been rigorously applied
to the SDE case in [10].

3.11. For H > 1, fBm of parameter H is defined iteratively by integrating an fBm of parameter H — 1, see also
the upcoming Section 5.1.3.






Chapter 4
Regularisation of multiplicative SDEs

Having established in Chapter 3 the strong regularising effect that additive perturbations w can
have on ODESs, one can pass to other classes of equations to see if these techniques are robust enough
to cover them as well. In particular, we deal here with multidimensional stochastic differential
equations of the form

d$t:b%($t)dt+b%(l't)d6t+dwt, .Z‘QGRd, (41)

where [ is a fractional Brownian motion with Hurst parameter § >1/2%1 and w is a deterministic
continuous path. As before, we are interested in understanding how the additive perturbation
affects the SDE, by first identifying analytic conditions on w which ensure wellposedness for (4.1)
even when it fails for w =0, and then verifying that such properties are satisfied by interesting
examples of stochastic processes.

Like in Chapter 3, let us first provide an account of the main known results for (4.1) with w=0.
Since § >1/2, the SDE is pathwise meaningful either in the sense of Young integrals or fractional
calculus; for b! and b? sufficiently smooth, existence of a unique solution is classical, see e.g. [224,
132], as well as Appendix D from [38] for a general survey. Sharp conditions for wellposedness, in
the form of Osgood-type regularity for b' and b2, are given in [273|, generalizing to the case 6 >1/2
the results from [275, 260] for § = 1/2; this includes the case of b! and b? spatially Lipschitz.

For d=1 and b?>=1, we have already seen that [226] first established pathwise uniqueness
for b' satisfying suitable Holder regularity; this result can be extended to a broader class of non-
degenerate diffusion coefficients b? by means of a Doss—Sussman transformation, in the style of [13].

Recently, [172] investigated the case with o' =0 and b non-degenerate of bounded variation;
however, the conditions included therein for wellposedness are fairly specific and require verification
for each choice of b2

None of the results mentioned above includes the case of general Holder continuous diffusion
b? and smooth drift b'. This is not due to technical limitations of the proofs; in fact, uniqueness
in general does not hold. To see this, let d=1, y be a solution to the ODE ;= f(y:) with yo=0,
and define the process x;:= y(f;). Under the assumption that f is a-Holder with §(1 4+ «) > 1,
Young chain rule shows that x satisfies the SDE

doy= f(z¢)dB,  x0=0.
As a consequence, to any solution of the ODE we can associate a solution of the SDE; if uniqueness
fails for the first, it will also fail for latter. For instance we can take

J)=1=

1

|z|%,  yi=0, yi=tT-e,

(07

which implies that 2 =0 and z7 = (Bt)l/(l_") are two different solutions starting from 0 to the
same SDE; the above procedure actually allows to construct infinitely many of them.

Therefore the wellposedness theory for SDEs driven by fBm with § >1/2 cannot be better than
the one for classical ODEs. At the same time, it is interesting to understand how the presence of w
affects these equations and whether it can cure such pathologies. The results that will be presented
here are all based on the paper [139]; to the best of our knowledge, it is the first work to consider
the presence of the additional term b2 in the regularisation by noise context.

4.1. Throughout this section we will use the noncanonical parameter § to denote the Hurst parameter of 3;
the reason, as will become clear in a second, is that we will use H to measure instead the Holder regularity of the
perturbation w (which itself can be sampled as another independent fBm).

101
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There are several reasons why it is interesting to consider (4.1), including the following:

i. For b? sufficiently regular, the term i b2(z)dp is analytically well defined, so it looks like a
“mild perturbation” of (4.1) in the case b?>=0.

ii. Since we are also allowed to vary the regularity of 5, we can now study the nontrivial
interplay between the parameter §, the (possibly distributional) regularity of b? and the
Holder regularity of w, which will be measured by the parameter H € (0,1).

iii. Since f is not Markovian nor a semimartingale, many classical probabilistic tools (martin-
gale problems, generators, It6 formula) are again not available, which creates new challenges
and requires to adopt different strategies.

iv. As will be discussed in more detail in Section 4.3 at the end of the chapter, the case §=1/2
(i.e. 8 sampled as Bm, which might be regarded as the most natural class to consider after
the ODE case), seems to be significantly harder and therein our techniques break down.

From now on, in order not to hinder the main ides with technical details, we will focus for simplicity
on the additively perturbed SDE (in integral form)

t
xt=xo+/ b(zs)dBs +wy, (4.2)
0

namely with b' =0 and b?>=b not depending on time, but being possibly distributional. Indeed
equation (4.2) presents the same main difficulties as (4.1); once they are properly understood,
generalising the results to (4.1) is almost straightforward, as will be shown in Section 4.2.3.

Our main strategy is a variation of the one from Chapter 3, based on a change of variable
which allows for the use of the nonlinear Young formalism. Given a solution z to (4.2), 0:=x —w
formally solves

9t90+/tb(95+w5)dﬂ5. (4.3)
0

If both b and w are sufficiently regular, then (4.3) can be reinterpreted as the nonlinear YDE
t
0 =00+ / r“b(ds, 0s), (4.4)
0
where we denote by I'“b the multiplicative averaged field, formally defined as
t
Pb(t,) = [ bt w)ds,  te[0.T] yER" (45)
0

it plays in this context the same role as the classical averaged field T*b from Chapter 3.

We can then define x to be a solution to (4.2) by imposing the ansatz x =w + 6, with 6 solution
to (4.4); in this way we can give meaning to (4.2) for less regular choices of b and w, assuming we
are able to define I'"b and establish its regularity. Existence and uniqueness of = then reduces to
that of 8, which in turn follows from the abstract theory of nonlinear YDEs (see Chapter 1) applied
to the random field T'"b.

There are however some major problems in achieving the program outlined above, compared
to the case of perturbed ODEs treated in Chapter 3. Recall that by Section 3.1.1, the classical
averaged field T™b is always analytically well defined as a distribution, so the only problem is to
establish its regularity, which can be accomplished probabilistically like in Sections 3.1.3-3.1.4. In
contrast, in order to define the integral appearing in (4.5) as a Young integral, we need at least to
require w to be H-Hélder continuous with é + H > 1; without this assumption, it is unclear how
to interpret neither (4.2) nor (4.5), even when b is a smooth function! At the same time, it is clear
from our earlier results (cf. Theorems 3.54-3.59) that a strong regularisation effect is expected to
hold for especially rough w, i.e. for very small values of H, thus making the requirement § + H > 1
too restrictive.
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In order to overcome this difficulty, we will invoke recently developed stochastic estimates
by Hairer and Li [166]|, regarding Wiener integrals of the form [ f,dfs, where § is an fBm with
0>1/2and f:[0,T] = R is a possibly distributional process, see the upcoming Proposition 4.7.
Remarkably, this not only allows to define I'*b as a random field, but also relates its space-time
Holder regularity to that of T"b, with no restrictions on the value H € (0,1) (cf. Theorem 4.12).
With this tool at hand, we can then apply the already existing results for 7%b in order to define
I'b and solve the associated equation (4.4).

Our approach presents several nice features: it identifies sufficient analytic conditions for w to
regularise the SDE, in the form of regularity requirements for T"b; it provides a pathwise solution
concept for (4.2) in terms of equation (4.4), which should be regarded as a random nonlinear YDE
rather than an SDE; no adaptedness requirements are needed to guarantee uniqueness; finally, the
existence of an associated Lipschitz flow is a direct consequence of the nonlinear YDE theory.

As an illustrative example of the kind of results we will obtain, let us provide the following
statement, which can be regarded as the main result of this chapter.

Theorem 4.1. Let b€ BS, with a € R, B and w be sampled as independent fBms of parameters
respectively § and H with 6 >1/2; further assume that

a>2%<5%>. (4.6)

Then strong existence and path-by-path wellposedness holds for the SDE (4.2), which moreover
admits a Ol flow of solutions.

The exact meaning of the statement will be clear from Section 4.2.2, which contains the rigorous
definition of solutions to the SDE, as well as the concepts of strong existence and path-by-path
wellposedness.

Remark 4.2. Let us make some observations on condition (4.6):

i. For any fixed § >1/2 and o € R arbitrarily low, we can find H > 0 small enough such that
condition (4.6) is satisfied; in particular, given an arbitrarily irregulr drift b, we can find
an additive perturbation w restoring wellposedness of the SDE (4.2) and yielding a flow of
solutions (in fact, the flow can be made arbitrarily regular, see Theorem 4.34).

ii. With a slight abuse, we can consider the fBm of parameter § =1 to be given by S;= Nt,
where N is a standard Gaussian variable in R™ (this is the only possible 1-self-similar
centered Gaussian process); observe that in the limit §11 condition (4.6) becomes o > 2 f%,
namely we recover the first condition in equation (3.43) from Theorem 3.54.

iii. On the other hand, if we set 6 =1/2, condition (4.6) degenerates to a > 2, with H not
playing any role; thus our techniques do not extend to the case of § sampled as a Bm.

iv. In order to treat non-Lipschitz drifts b, i.e. allow a <1 in condition (4.6), we must impose
d> H+1/2 (which always enforces H <1,/2 <0 since § < 1); in order to handle distributional
b, i.e. allow a <0, we must impose 6 >2H + 1/2 (which always enforces H <1/4).

Structure of the chapter. Section 4.1 is devoted to the rigorous definition of I'*b and the
study of its regularity, first analytically and then stochastically. We can then apply the results to
establish wellposedness of the SDE (4.2) in Section 4.2, which contains the proof of Theorem 4.1,
as well as a discussion on further generalizations allowing to cover (4.1) as well. Finally, Section 4.3
points out some current open problems and future directions.
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Notations and conventions. Let us make here slightly more explicit the setting of equa-
tion (4.2), which will hold throughout the entire chapter. We will always work on a finite time
interval [0, 7] and 8 will always be sampled as an R™-valued fBm of parameter § € (1/2,1).
Instead the perturbation w will be always considered to be a deterministic, R%valued continuous
path (although, up to conditioning, it can be sampled as another process independent of 3, like
in the setting of Theorem 4.1). The distributional field b will be matrix-valued, b € D’(R%; R4*™)
(say regular for the moment), so that everyhing is consistent. The Holder regularity of w will be
measured by means of the parameter H € (0,1) and we will always tacitly assume H < ¢, which is
natural in view of our purposes: in order to regularise the SDE, we expect w to be rougher than .

Like in Chapter 3, we will always assume for simplicity wg=0, so that whenever we apply the
change of variables § = 2 —w we don’t need to to modify the initial condition zo € R%.

Since B now denotes an fBm, we will not be allowed to use it in the notations for function
spaces; except for this detail, we will adopt mostly all the same notations from Chapters 1 and 3
concerning function spaces L{B%, C7C.! A ete. To this we add the notation C7 for the space of
continuous and bounded functions with continuous and bounded derivatives up to order n, the
notation D = Cg® for the space of test functions and D’ for its dual.

When dealing with continuous paths, to the established notations w € CY, w € C{ we will
add also w € C{™ :=N:>0Cy ° to denote the space of all functions with are “almost” a-Holder
continuous (it has a natural Frechét topology induced by the family of seminorms ||-||ca-<). Let
us also recall that we will frequently use the incremental notation z, ; =z — xs.

We will use both B(0, R), Br(0) and Bg to denote the ball of radius R in R for suitable n.

As before, even when not stated explicitly, whenever we work with a stochastic process (e.g. 3)
we assume the existence of an underlying complete probability space (€2, F,P); if an unspecified
filtration F; appears, it can be taken as the natural one generated by the process. The notations
for E, L'E=LP(Q; E) and LY = LYR™ are the same as in Chapter 3.

4.1 Multiplicative averaged fields

The main purpose of this section is to give meaning to what we will always refer in the following
to as a multiplicative averaged field, formally given by formula

I%b(z) = /tb(x + w,) dh, (4.7)

for suitable continuous pahts w and h. We will proceed as follows: we will first define I'*b analyt-
ically as a distribution, for any pair of regular enough paths w and h (not necessarily sampled as
stochastic processes), in Section 4.1.1; then we will show in Section 4.1.2 how, in the case where
h=f(w) is sampled as an fBm of parameter § >1/2, we can weaken the regularity on w by defining
T'b probabilistically; finally in Section 4.1.3 we develop some interpolation estimates that will be
needed in order to relate the regularity of I'b to that of T™b.

For notational simplicity, throughout this section (and the chapter in general), we will often
write regularity assumptions of the form w e Cf, h € C{; however it is easy to check that, since the
parameters H and 0 always appear in strict inequality, everything generalizes to the case w € CtH -,
he C’f_, so that it can be applied to the case where w and h are sampled as suitable fBms.

4.1.1 Analytic definition

The purpose of this section is to analytically define the multiplicative averaging operator I'" as a
map from D’ to itself; to this end, we need to impose some regularity on w and h, namely require
H +§>1 (recall that we are also always imposing H < J). We will shortly see in Section 4.1.2 that,
for § sampled as a fBm, we can drop the condition H + ¢ > 1, by defining I'’b as a random field.
Recall that for any v € R%, 7V denotes the translation operator by v, i.e. 7Vb(-) =b(- +v).

Lemma 4.3. Let a€R, we CH, he C) and n e (0,1] such that
0+nH>1.
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Then for any b€ ng" there exists a unique element of C{ B, which we denote by T*b and which
we will refer to as a multiplicative averaged field, such that for any s <t in [0,T] it holds

[Te4b — b(- +ws) hs ¢l pa, S |t — s[0 T,
Moreover there exists a constant C=C(d+nH,T) such that for any b€ Bg‘j" it holds
[Tbllcopg, < ClIbll e+l cs(1+ [w]cn). (4.8)
In particular, the map T%:b—T"b is an element of L(BX™; CPBL). If a>0, then T'Vb defined
as above coincides with the pointwise map defined by the Young integral

(L) () = / bz + w,)dh,. (4.9)

Proof. All the statements easily follow from an application of sewing techniques (cf. Lemma 1.1).
For any s <t, set g := (7"*b)hs , € B%; it holds dZ; 4 ¢ = (7%b — 7%#b)hy, ¢ with the estimates

[0Zs,utlBe, =[I7""b = 7b|| B2, [hu el S ||b||B§o+"|w57u|n|hu-,t|
<[bllgors[wl IRl cslt — s+ 7H,

where we used the basic estimate ||[7Yb — 7°b||ps. S|y — 2|"||b]|ge+n given by Lemma A.7.
The sewing lemma thus implies the existence and uniqueness of I'*b, as well as the bound

ITe8b = b(- +ws)hs ol B, S 1bllga+alw]ulh]es|t — s 7.
We then have
IT2bl B, ST “bllBeglhs il + bl ga+n[w] e [R]os|t — s[P T
St =s°1bllga+a[hles(1+ [w]en),

which implies the bound (4.8). The last claim follows from the fact that the Young integral in (4.9)
corresponds to the sewing of (Z; 4, ;) and thus must coincide with (I3%b, d,). O

The operator I' behaves similarly to the classical averaging operator T; we summarize some
of its properties in the following two lemmas, which are exact analogues of Lemmas 3.3 and 3.9
from Chapter 3.

Lemma 4.4. Let I'"b be given as in Lemma 4.3. Then the following properties hold:
i Averaging and space differentiation (in the distributional sense) commute:
oI'"b=T"9;b VbeBS,i=1,...,d.
it Averaging and spatial convolution commute: for any K € CZ° it holds
K (T"b)=T"(K xb) Vbe B%.
i If b is compactly supported, then so is I'"b, with
supp I3%b Csupp b+ B(0, |w]«) Vs<t<T
Similarly, if b and b2 coincide on B(0, R), then T%b* and Tb? coincide on B(0, R — ||w||oo)-

w  The operator 'Y can be extended to an operator from D’ to itself by the duality formula

<Fsu,)tw; 50> = W% sttwcp> V1/) € Dla S Cgo

Proof. The proof is analogue to that of Lemma 4.3. Indeed, by setting Z[b]s ¢ := (7%*b)hs 4, it is
immediate to check that

Op Z)=E[0,8], K #Zy4[b] =, 4[K #1)

and so the same relations must hold between the respective sewings, proving points . and ..
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The first part of point #i. follows from the fact that, for any s <t, = [b] is supported on
supp b+ B(0, ws) C supp b+ B(0, ||w||«) and the second part by applying a similar reasoning to
b! — b2, Finally, it follows from Lemma 4.3 and point 44. that I% continuously maps Cg° into
itself; therefore also the dual definition from D’ to itself is meaningful. Whenever 1) and ¢ are both
smooth, we have the relation

(7Y hs 1, 0) = (U, (T 0)hs, 1)
which implies the same relation for the respective sewings, i.e. (IJ%, p) = (¥, I “0). O

Lemma 4.5. Let be D’ be such that Tbe C7C™ for some v, A€ (0,1) and ne (0,00). Let {p}eo
be a family of standard mollifiers and set b°= p**b. Then for any e >0 it holds T'"b* € C’JC’Q’A with

IT0%][, A ST, .25 (4.10)

moreover TWb = T%b as e —0 in C’]Cgl‘)‘ for any n' <.

Proof. It is enough to prove the claim for 1 € (0,1), as the other cases follow by repeating the same
argument for D*T"“b=T"D*p. The bound (4.10) follows from point 4. of Lemma 4.4, since we have

[[T07]

~v,mR= [| o% * 0| ’v,n,RS ||wa||%'r7,R+a§R/\”wan’v,a,)\

where we used the fact that p° is supported in B. and (R+¢)*~ R since R>1 and ¢ € (0,1). By
properties of convolutions, for any s <t and any z € Br(0) it holds

|T%0° (2) = Tb(@)| S €T lln, rere S €MRME — 8|7 [ITb]l, 5,2
from here, the argument is based on interpolation estimates like in Lemma 3.9. O

Remark 4.6. For simplicity, we focused on the case b € BS,, as it is the natural class of spaces
where to formulate the main results of this chapter. But it is clear that many statements from this
specific section, like Lemma, 4.3, extend immediately to general b€ By ,, as the proofs essentially
rely only on the property || 7% — 7%b||ga S|y — Z|n||b||B§j1" which is granted by Lemma A.7.

P,q N

4.1.2 Stochastic estimates

We will now assume that h = f(w) is sampled as a fractional Brownian motion with 6 >1/2, with
trajectories in Cf ~ (recall that all the results from Section 4.1.1 still apply under this regularity
condition). In this case, thanks to the more specific probabilistic structure, we can extend the
definition of I'“b to allow less restrictive assumptions of b and w; moreover, we will show that I'*b
inherits the spatial regularity of 7.

Our starting point is an estimate for Wiener-type integrals due to Hairer and Li [166], which we
recall first. In the next statement, for x € [0,1], f € C; " must be interpreted as ¢t — fotf,n dre C’tl_”;
the quantity ||f||c[;§] then correspond to the C} ~"-norm of u f:fr dr, for u € [s, t].

Proposition 4.7. (Lemma 3.4 from [166]) Let 8 be a fBm with Hurst parameter 6 >1/2 and
fit 0<K<d—1/2 as well as s>0. Let r+— f, be smooth and such that f, with r > s measurable
w.r.t. Fs. Then, for t > s with |t —s| <1 and 2< p<gq, one has the bound

‘ / a5,

where ”f”C[;j] denotes the negative Holder norm on [s,t].

< . |0 —kK
LENHMHC[S,ﬂ Lalt=s]

By linearity and density, this immediately allows to extend the notion of integral against 8 to
any integrand in LYC, ™ (satisfying the above measurabily assumption), for any 0< kK <§—1/2;
such an integral may no longer agree with the Young one.

In fact, we will not need Proposition 4.7 in its fulls generality, rather only the simpler case
where we allow f to be a deterministic (possibly distributional) function.
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Proposition 4.8. Let 8 be a fBm with Hurst parameter § >1/2, f:]10,T] = R be a smooth
deterministic function; for any s <t, f;f,n df, is a well defined centered Gaussian variable. For
any v>3/2— ¢ there exists a constant C=C(v,0,T) such that its variance can be controlled by

/S 48, /O £ dr

By density and linearity, this immediately allows to extend the definition of fstf,.dﬁ,n as a centered
Gaussian variable satisfying (4.8) to any distribution f such that fo'f,.dr €Cy for somey>3/2—34.

[t —s|7Ho-1 Vs, t]C[0,T).
cv

o]
L

Proof. For smooth f, the fact that fst frdfB, is well defined, Gaussian and centered is classical:
for instance we can define it by means of Young integrals (so that it is the limit of Gaussian sums
of the form Y f;,8¢,+,.,) or by integration by parts as fst frdBr=(fB8)s,t — f:ﬂrf,'.dr. Since f is
deterministic, estimate (4.8) then follows from Proposition 4.7 for the choice p =2, ¢= o0 and
v=1—k:indeed kK < —1/2 is then equivalent to 7 >3/2 — 4. The general case follows by standard
density arguments. O

Remark 4.9. From an analytic point of view, Propositions 4.7-4.8 are quite magical: if both f
and df are negative distributions, there shouldn’t be any way to define their product fdg as a
distribution (which is somewhat equivalent to defining the process |, 6 fdp). There is however a
simple heuristical argument explaining why this works and leads to the above prescriptions on the
parameter s, 0.

Recall that, for 6 >1/2, fBm can be loosely written as d3= Ks_1/odW, where W is a standard
Bm and Kj is a fractional operator of integral type; in terms of regularity counting, both Ks_1 /2
and its dual act as the fractional integral I°=1/2 in the sense that they (almost) map W*P into
WeH9=1/2P - Assuming this to be true, we have

L tf,.dﬁ,.: / tf,. (Ks—1/2dW), = / t(Kg_l Jof)r AW,

where the latter integral would be well defined as soon as K5_;,5f € L?, which roughly amounts
to f e I/th/2_5’2; if we already know that f € C, ", it then suffices —k >1/2 — §, which yields

K5_1p2f € Cffl/Q*H. Assuming further that K5_;,, has the right “recentering” property, namely
that (K3_1/2f)s =0, by It6 isometry we find

t 271 t 5
E|:/frdﬂr :| E|:/ |(K§—1/2f>r|2dr:|

t 3
§|K§1/2f|cél/2mE|:/ |7~|2(57k)*1 d?“:| 5 ||chfn|t _ Slé—n

which is exactly estimate (4.8). In fact, after writing the work [139], we realized that in the special
case of deterministic f, a sharper version of Proposition 4.8 was already available in the literature,
see Theorem 3.3 from [185].

Proposition 4.8 immediately extends to the case where f € D'(R;R4*™) and 3 is a R™-valued
fBm by reasoning componentwise. Keeping in mind that we are interested in estimating I'’b, setting

fr=0(x +w,), we see that I'3*;b(x): = f; frd B, is a well-defined Gaussian random variable as soon as

/ b(z +w,)dr =T"b(-,x) € C} for some > % —94.

0

The above argument however only concerns the variable I'y%b(x) at fixed s,t,z; defining the whole
random field (¢, z) — I'*b(t, z) and establishing its space-time Holder regularity requires a bit more

work. We start by deriving a priori estimates in the case where I'b is alearedy rigorously well-
defined.
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Lemma 4.10. Let be C2, 3 be an fBm of parameter § >1/2 and w € CH a deterministic path such
that § + H > 1. Define the multiplicative averaged field T'b pathwise as in Lemma 4.3; namely,
for any w € Q such that f(w) € C} ™, set

L%b() (w) :/tb(:rerr)dﬁr(w). (4.11)

Then for any v>3/2— ¢ there exist constants u, K, only depending on §,~,T, such that for any
n, A€ (0,1) it holds:

[Tesib()]”
E|exp| © )
[ ( Hwa”%wCo,A“f s|2(’)’+571)R2)\
Y _Tw 2
E| exp| [Liiba) ~Tbw)l?
HT“}b”%vcn,ﬂ:ﬂ*y|2’7|t—3| (46— )R2/\

IVIStb() |2
E|ex \
[ p<ﬂ ||wa||%vcl+n,>\|l‘ - y|277|t — 3|2(7+571)R2)\

<K VaeBgVR>1, (4.12)

<K Vz,yeBr,VR>1, (4.13)

<K Vz,yeBg,VR>1 (4.14)

Proof. The results are a direct application of Proposition 4.8. It follows from Lemma 4.3, for
the choice a =n=1, that I'*be C’ffC’;, as well as T%b € C}C2, so that I%b(x) and VI{b(x) are
classically well defined. Since they are also centered Gaussian variables, in order to obtain estimates
of the form (4.12)-(4.14) it is enough to control their variance; it holds

T30 () ||z, =

/tb(ac + w,)d B,

LZ

S [t = 5|70 ST bl gront — s IRA

Ccv

/ b(x +w,)dr
0
whenever x € Bg; similarly for x, y € Bg we have

ITb(2) = Tb(y) Iz SIT0(, x) = Tb(-, y)llonlt — s 0
SIT bl cremale =yl |t —s[TFO 1 RA.

Finally (4.14) follows from VI'*b=T"*Vb and an application of 4.13 with b replaced by Vb (we are
also using the fact that T*Vb=VT"b). O

We can now combine the estimates from Lemma 4.10 with suitable versions of the Garsia-
Rodemich-Rumsey lemma like those in Appendix A.5; we then obtain the following result.

Corollary 4.11. Let b', b, w', w?, B be as in Lemma /.10, v>3/2—3§ and n,\ € (0,1) be fized
parameters. Then for any choice of (p,~',n’,\') such that

pE[l,OO], 7/<7+5717 77/<77a AN
there exists a constant C (depending on T and the above parameters) such that

E[|[T" T2, ] S C T 0 = T0| 2 (4.15)

Proof. As the multiplicative averaging acts linearly, it suffices to show the statement for a single
T"b. Combining estimates (4.12)-(4.13) of Lemma 4.10 with Corollary A.30 and Remark A.31 from
Appendix A.5, for any € >0 we fine the existence of constant u’, K’ >0 (depending on e and the
previous parameters, but not on the specific 7*b in consideration) such that

wh |12
exp<u,||rwb||m+aIEC“,HEﬂgK,.

E
”waH%ﬂCm*
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Moments estimates of the form (4.15) for any p € [1,00) then immediately follow by choosing € >0
small enough in function of ~/, ', \. a

We are now finally ready to extend the definition of I'*b to suitable distributional fields. The
next statement represents the main result of this section; for completeness, it includes some of the
properties already established so far.

Theorem 4.12. Let 3 be a fBm of Hurst parameter § >1/2. Then for any deterministic b € C2
and w € CH with H +§ > 1, it’s possible to define the averaged field T*b in (4.7) pathwise as a
Young integral with h= 3(w); Tb can be regarded as a random field from [0,T] x R¢ to R

The definition extends continuously in a unique way to any pair (b,w) with b€ D', w € CY such
that T*b e C7CT for some v>3/2—08, n,A€(0,1). In that case

Ivbe LP(Q; C)'CT ) Vp<oo, v/ <vy+6—1, 1 <n, N>\

and there exists C >0 (depending on all the above parameters) such that for any (b*,w’) satisfying
Tw'bi e CJCT™ it holds
U}l ’UJ2 ’Ujl U}2
E[|T¥ b -T b2||gw’cn’,x’] <C|TY vt -T b2||zc)wc77v*' (4.16)
More generally, estimate (4.16) holds replacing n', n with n+n’, n+n respectively, for any n € N;
namely, T'b inherits higher space regularity from T™b.

Proof. The proof is divided in two natural steps: we will first show that, thanks to Corollary 4.11,
we can extend the definition of I'“b to the case of regular b and continuous (but not necessarily
Holder regular) w; then we will show that, under the assumption that T™b is sufficiently regular,
the definition further extends to the case of distributional b.

Step 1. Let be C2, w™ be a sequence in C} such that w™ — w in CP. Our aim is to show that
the sequence I'*"b is Cauchy in a suitable weighted Holder space and thus admits a unique limit,
which we define to be I'b. In particular, while we cannot define anymore the field I'b analytically
as done in Section 4.1.1, it is still well defined as a random variable.

Since b e C?, for any n,m € N we have the estimates

t
< ||b|\01/ |wrt —wy|dr < |[bller][w™ = w™|[colt — 5]
s

t t

/ b(x +wr)dr — / b(x +w)dr
S S

and similarly, for fixed n and any z,y € R,

t t
/b(x+wﬁ)drf/b(y+w;’f)dr

<|bllerlz = yllt — sl

One can then apply triangular inequality and interpolate the two inequalities above to deduce that,
for any n e (0,1), it holds

T34 b(x) = T2 b(y)| S bl — y [ w™ —w™|35 [t = s

Since w™ —w in CP, the sequence {w™"},, is Cauchy in CP; by the above estimate, {T%"b},, is also
Cauchy in C{C, for any 1 < 1. Combined with (4.15), this implies that for any 7' < d, 0’ <7,
A'>0 and p € [2,00) it holds

E[|T¥"b —T%"b||” 1< —T"b

et Y [Eacn Slbllor lw —w™ "

Therefore the sequence {I"*"b},, is Cauchy in LP(Q;C;'C""*') and it admits a unique limit, which
we define to be I'b. It follows from the arguments above that this is a good definition, as it does
not depend on the chosen sequence {w,}, such that w, — w. By construction, inequality (4.16)
extends to any pairs (w’, b?) with w? € Cf and b’ € C2.

More generally, by iterating the reasoning to D*b for k <n, the above procedure shows that if
beCPt! and w is a continuous path, then I'*b belongs to C; CT+7"A"

Step 2. We now want to pass to the case in which b is distributional, w is continuous and
Twhe C7CT (resp. C7C™ T for some v>3/2—4.



110 REGULARISATION OF MULTIPLICATIVE SDEs

By Lemma 3.9, we can choose a family of mollifiers { p: }->0, a parameter ¢ > 0 arbitrarily small
and a sequence &,, — 0 such that, setting b, =b" = p._ b, it holds that T%b, — T*bin C;C"~". In
particular, {T%b,}, is a Cauchy sequence in C’]Cgfﬂ‘) and choosing ¥ such that v —9>3/2—4,
by the previous step I'*b,, are well defined random fields; moreover for any 7' <~y +6 — 9 — 1,
n'<n—19, N> X and p€[2,00) it follows from Corollary 4.11 that they satisfy

[IT*bp — Ty |

I();w’cn/,x’] S Hwan*wam”gwcnfﬂw (4~17)

This implies that {T'“b,}, is a Cauchy sequence in LP(2; C;'C1H""*) and thus admits a unique
limit, which we define to be I'b. It follows from Lemma 3.9 that I'*b does not depend on the chosen
family of mollifiers. More generally, given any sequence of smooth functions b, s.t. T%b,, —T"b in
C7CT1=7A the above estimates show that the associated multiplicative averaged fields T'b,, must
converge to I'b. Moreover, for any pair of random fields I'*thy, I'“2by defined in this way, for w?
continuous paths and b; possibly distributional fields, we have the inequality

E[ ||T%thy — TW2by||!

IC)W/CWI’A/] S HTwlbl - Tw2b2H

p
[ehloiit

which can be rephrased as the fact that the multiplicative averaging, seen as a map T%b+— I'"b
from C)C* to LP(Q: C)'CY), is linear and continuous.

The general case of T%h e CJC™ " follows as before by iterating the reasoning to the deriv-
atives DFTb =T D¥b. O

Remark 4.13. If we Cf with § + H > 1, the procedure from Theorem 4.12 is consistent with
the one from Section 4.1.1, namely the random field I'"b is a regular representative of the random
distribution defined pathwise by means of Lemma 4.3.

Remark 4.14. Several properties satisfied by the analytical definition of I'b6 from Lemma 4.4
extend by the approximation procedure to the more general definition of Theorem 4.12, once they
are interpreted as equalities between random variables. For instance it is still true that, for K € C2°,
K« T%b=T"(K xb); similarly, if both T%b and T*Vb are regular enough, then I'*Vb= VI'"b.

Remark 4.15. The proof of Theorem 4.12 also contains the following fact: if T%be CPC T,
then it’s possible to find a sequence (b™, w™) with b" € C2°, w™ € C} such that b™ — b in the sense
of distributions, w” — w in C{ and T"™"p™ — T'b in LP(Q; C’]/Cf‘L”l’)‘,) for any v/ <vy+H —1,
n'<nand X >\

4.1.3 Regularity in terms of classical averaged field

With Theorem 4.12 at hand, we are able to relate the regularity of I'b to that of 70, although
in a slightly abstract fashion. The next step is to derive explicit conditions on 7T™"b, ensuring that
T'b is regular enough to apply the “nonlinear Young machinery”; we start with a simple observation.

Remark 4.16. By Theorem 4.12, if T“be C7CL* " for any n € (0,1] and any A> 0 and it holds

3
’Y>5—6,

then it’s possible to find parameters 7/, ', A’ so that P-a.s. T¥be Cy'C1T""* and

1
V>g V) >1 A,
namely the usual conditions under which we know how to solve the associated nonlinear Young

equation (e.g. by Corollary 1.24).

Next, we need some conditions relating the regularity of T%b in a suitable space-time Holder
scale to another. This is accomplished by means of the following more general interpolation esti-
mate in weighted Holder spaces, which is of interest on its own.
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Lemma 4.17. Let f € CT*NBS with € R, B,A>0 and n>«. For any 6 €(0,1], set
ng:=(1—0)a+6n, No:=06\
Then for any 0 > —a/(n— ) it holds

1 o so SIS NlE2" 1S 11E

cns A

Proof. Although weighted Hélder (and more generally weighted Besov) spaces have already
appeared in the literature (see e.g. [221]), we haven’t found results for our specific setting, so
we give a self-contained proof.

For simplicity, we will only consider the case n € (0, 1], the general one being similar. Also,
we will only consider § = —a// (1 — ), namely we will provide a control on || f|| ;0.5 the general
inequality then follows by interpolating between || f || 0.x; and || f||cn.», which can be done in an
elementary way.

Let us start by providing a bound in [|A,f|| ;0.x; for n € N. Recall that A, f = K, x f where

K, (z)=2"K(2"z) for a function K € S satisfying fRdK(x)dx = 0; therefore
Auf@l=| [ Klsta+2m) - sl ay

N[Rdl W Fllgna 27y |7 (|2 + 27" y[Y) dy
Shfllenr27mm 1+ |z ]).

As the bound holds for any = € R?, we conclude that || A, f||cox < f]
the definition of f € BS, we also have ||A, f|co < || f|Be, 27
Now consider z € BR(O)' we can estimate | f(z)| by means of the series of LP blocks as follows:

1< A @)+ [Af(z

A 27 recall that from

n<N n>N

< A leo+ Y 1Anfllgor R

n<N n>N

SWfllse D 27"+ fllona B D 27
n<N n>N

Sl 27N+ || fllgna R} 270,
Choosing N such that gN(n—a) I £l R/ I £|l5e then yields

sup | f(@)| SB[ £ %0 R VR>1

IEBR(O)

and thus the conclusion. O

Remark 4.18. We imposed the restriction 8 > —« /(7 — «) because technically we haven’t defined
the spaces C A for 1 < 0. This could be accomplished by working with Littlewood-Paley blocks,
imposing that f € C7* if || f{|gna :=sup, {277 Anf|lco.x} < 00; in that case, one could extend
the interpolation inequality from Lemma 4.17 for any 0 € [0, 1]. We refrain from going into further
detail on the topic since it is outside the scope of our applications.

Corollary 4.19. Let be BS be such that Tbe C7C" with o<1 and set g, Mg as in Lemma 4.17;
also define v9:=1— 60+ 6v. Then for any 0 €[0,1] with 6 > —a/(n— «) it holds

||wa|‘cvecﬂe Ao S HbH 2’ HwaHCWC”7 A

Proof. Recall that if b€ BY, then T%b € C{ BS with || T:4b||ga < |t — s]||b]|pe.; combined with
Lemma 4.17, this implies
IT5bll oo S I T30 N B T30l Em > S Il T8 Ggn.alt = 5[0+

which readily implies the conclusion. ]
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Remark 4.20. We conclude this section with a short observation for future use, concerning the
regularity of the process ¢+ I'b(t, xo) at a fixed xg € R If T%h € CCP, for some v>3/2 6,
then for any v/ < v+ 6 — 1 and any z € R? there exists p= u(xo,7’,,8) such that

Elexp(u[|Tb(-, 20)[|,)] < 00

indeed this follows immediately from estimate (4.12) and Corollary A.27.

4.2 Applications to perturbed multiplicative SDEs

Having successfully defined I'”b, we are now ready to study the associated SDE.

We will first show in Section 4.2.1 how the nonlinear Young interpretation of the equations is
consistent with the standard one, whenever w, h and b are regular enough, but I'"’b already provides
useful information in order to establish uniqueness of solutions. Then in Section 4.2.2 we pass to
the more interesting case where the equation doesn’t have a meaningful standard interpretation
anymore (due to lack of regularity of either b or w); this part contains the main results of the chapter
and shows the efficiency of the nonlinear Young machinery in solving the SDE and quantifying
the regularising effect of the perturbation w. Finally, we discuss in Section 4.2.3 some further
generalizations of the main results.

4.2.1 Classical Young equations as averaged equations

The content of this section, similarly to that of Section 4.1.1, is entirely analytic and holds also
when f is replaced by any deterministic path h € C9 (as before, all the statements generalize
immediately to the h € Cy ™ as well). As before, we will always tacitly assume H <¢.

We start by showing that the nonlinear YDE formulation of the problem is a natural general-
isation of the original one, provided b and w are regular enough.

Lemma 4.21. Let be C2, we CH and he Cf with § > 1/2, 8+ H >1. Then for any xo€ R? there
exists a unique solution x € C to the perturbed Young differential equation

t
xt:x0+/ b(xzs)dhs+w, Vte[0,T]; (4.18)
0
in particular, =04 w, where § € CY is the unique solution to the nonlinear YDE
t
9t:90+/ T'™b(ds, ;). (4.19)
0

For any a € (0,1) satisfying 6 + aH >1 there exists a constant C=C(«,6,H,T) such that 0 satisfies
the a priori estimate

[0]cs <CA A+ 1612« [h]Es) (1 + [wlon). (4.20)

Proof. It is easy to check that 2 € C solves (4.18) if and only if § =z —w € C¥ satisfies

t

t
9t:90+/ b(95+w5)dh5:90+/ b(s,0s)dhs Vitel0,T]
0 0
where B(t, 2):=b(z4w;); by properties of Young integrals, any such # must also belong to C{. The
drift b satisfies
|b(t, 21) — b(s, 20)| + [V(t, 21) = Vb(s, 20)| S [Ibl|c2l21 — 2a]+[[bl|o=[w] e [t — 5|7

which by classical results implies existence and uniqueness of solutions to the YDE associated to
b in the class Cf, see for instance Theorem 2.1 from [224] or Section 3 from [72].
In order to show that € solves (4.19), it is enough to prove that

/ b(ws + 05)dhy = / T'b(ds, 0s).
0 0
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Since be C2 and §+ H > 1, by Lemma 4.3 we have I'?b € C?C} and the nonlinear Young integral
JoTb(ds, 65) is well defined (because 6 € C? and § >1/2). By the respective definition of the two

integrals, it holds

t t
/ b, +6,)dhy — / Tub(dr, 0,)

t t
/ by + 0,)dlhy £ b, + 0,)hs o = Tb(0,) — / Twb(dr, 0,)

S

t
§|ts|H+5+‘b(ws+6‘s)hs_’t/ b(0s + wy)dh,| <[t — s|H 0

which implies that they must coincide.
We now move on to prove (4.20). For any 0 < A <T, denote by [0]5,a (resp. [0]#,a) the quantity

Hs.t|
[0]s,n= sup 105, )
it—s|<a [t =5

By properties of Young integrals, for any s <t such that |t — s| <A it holds

|957t| =

t
/ b(w, + 0,)dh,

S |b(ws + O o] + |t — 5|7 TH [ o] oo [0+ w] A
Slt=sPlblcalhlcs +1t — s|PA*H [l ca[hlcs(1+ [w]cn + [6]5.4)
St =sPlblloa[Ples(1+ A + AHw]on) + [t — s|°A% [[bl| oo [l cs[0] 5, a-

Dividing by |t — s|°, taking the supremum over |t —s| <A, we find kK =r(a,d, H,T) such that
[0]5.4 < sllblloe[h]os(1+ A + AH [w]en) + £AH bl oo [h]cal]5. a5
choosing A such that 1/4 < kA*H ||b||ca[h]cn < 1/2, we obtain
[0]6,a S1+[bllca[P]cs + [w]cn

Applying Exercise 4.24 from [132], we deduce that

15
[0]cn S ATHA+[bllce[hles + [wlen) S ([bllee[hl o) =7 (1 + [[bllce[hlcs + [w]ex)
and the conclusion follows from the fact that by hypothesis (1 —46)/(aH) < 1. O

In the case b and w are regular enough for the classical SDE (4.18) to be meaningful, the non-
linear Young formalism still gives non trivial criteria in order to establish uniqueness of solutions,
as the next proposition shows.

Proposition 4.22. Let b€ C2 for some a € (0,1) such that § +aH >1. Then for any xo € R? there
exists at least one solution x € CH, x cw+ C} to the YDE (/.18). If b€ C?C’llo'gn for some v,
n € (0,1) satisfying

y+nd>1,

then such solution x is unique in the class w+ CY.

Proof. The proof follows several arguments that we frequently employed in Chapter 1 (it shares
a strong similarity to Section 1.4.3 in the role played by the higher regularity 6 € C9), so we will
mostly sketch it.

Step 1: Existence. Let b be a sequence of mollifications of b and denote by x° the unique
solution of the YDE (4.18) associated to b° with initial data xo. Then z°=6°+ w satisfy the a
priori bound (4.20), uniformly in € >0 and so by Ascoli-Arzelad we can extract a subsequence <~
such that #» — 6 in C¢ for any 8’ < 8. Combining this fact with b» — b in C¢' for any o’ < «, it
is easy to check by the continuity properties of Young integrals that x := 6+ w must be a solution
to the YDE associated to b, with initial data xg.

Step 2: Averaging formulation. Reasoning as in the proof of Proposition 4.21, it can be shown
that @ is also a solution of (4.19).
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Step 3: Uniqueness. Given any two solutions z!, 22 for the same o, ' =0+ w with 6" € C},
we claim that their difference e = ! — 22 =0 — §? satisfies a linear YDE of the form

t 1
de;=dvgey, vy :/ / VI™b(ds, A0L 4+ (1 — X\)62) d),
0Jo

which follows from an application of Corollary 1.10. Finally, since e satisfies a linear YDE with
initial data vg=0, it must hold v =0, which yields uniqueness. O

Proposition 4.22 covers the case where the SDE (4.18) is already meaningful in the Young
sense and both formulations (as an SDE for z and a nonlinear YDE for ) provide some useful
information on the solutions. We now pass instead to the case where w e Cf with H+6 <1, so
that the Young formulation completely breaks down (even for smooth b!) and the only meaningful
interpretation is given by (4.19), provided I'"’d is smooth enough; in the nonlinear YDE framework,
this amounts as usual to require I'“b € C7C)! X for parameters satisfying

1
1A (0], y>5, () >1 A< (4.21)

Lemma 4.23. Consider a sequence b™ of regular functions (say in C2), x8 € R* and w™ € CH with
0+ H >1; denote by z™ the unique solution starting from xf to the classical YDE

dz™=b"(2™) dh + dw™.
Suppose that

= xoin RY  w'—win CY, T¥b,— A in CJCLTTH

where v, n, X are parameters satisfying (4.21). Then x™ converge uniformly to w+ 0, where 0 is
the unique solution starting from 6y :=xo— wq to the nonlinear YDE associated to A.

Proof. We know from Lemma 4.21 that in the smooth case, 6™ := 2™ — w™ is a solution to the
nonlinear YDE associated to (I'*"b™, 2 — w{}), where the multiplicative averaging operator I'*"p"
is classically defined pointwise and by hypothesis (I'*"b™, zff — w§) — (A, 6p) in C7CLTT* x R4, Tt
then follows from Theorem 1.25 that 6™ — 6 in C}; since w™ — w, it follows that 2" =w™+ 6" —
w+ 0. |

We stated Lemma 4.23 in a general fashion, so that it can be applied in many situations,
but it is clear that our main aim is to combine it with the stochastic construction of I'b from
Theorem 4.12; which truly relies on h = 8(w) being a typical realization of {Bm. Nontheless, in the
regime H 4§ > 1, if the regularity of I'b is known, the approximating sequence can be constructed
explicitly and we obtain the following result, which holds for any given continuous path h e C?,
not necessarily sampled as a stochastic process.

Proposition 4.24. Let we CH, he C) with H+6>1 and let be D’ be such that T*be C7CLTT>
for some v, n, \ satisfying (4.21). Then for any 0y € RY there exists a unique solution § € C} to
the nonlinear YDE

0 =00+ /OtF“’b(ds, 0s). (4.22)
Moreover, denoting by b° a sequence of mollifications of b and by x° the solutions associated to
x5 =00+ /Otbg(aji)dhS + wy,
then setting 0= x° —w, it holds 65— 0 in C] as e— 0.
Proof. The first claim follows from Corollary 1.24. By Lemma 4.5, I'"0¢ are uniformly bounded

in C7CET™* and they are converging to I'b in C’]C;Jr",’A for any n’ < n; we can choose it so that
v(14n") > 1. The conclusion then follows from Theorem 1.25. O



4.2 APPLICATIONS TO PERTURBED MULTIPLICATIVE SDESs 115

4.2.2 Main results

In this section we are alwats going to assume that we are dealing with a distributional drift b and
that w € CH with H 46 <1, so that we cannot analytically define the SDE nor I'b; nontheless,
the results from Section 4.2.1 suggest the following consistent concept of solution, which is in line
with Definition 3.32 from the previous chapter.

Definition 4.25. Let 8 be a fBm of parameter 6 >1/2 defined on a probability space (2, F,P),
w € CY a deterministic path and b a distributional field. We say that a process x is a pathwise
solution starting at xo€ R? to the SDE

dzy =b(z)d S + dw,
if there exist parameters v, n, \ satisfying (4.21) and a set Q' CQ of full probability such that, for
all we Y, the following hold:
i. Tb(w) is well defined in the sense of Theorem 4.12 and T'b(w) € CJCT™.
ii.  z(w)o=m¢ and x(w)ew+ Cy}.
iti. O(w):=z(w) —w satisfies the nonlinear YDE

0,(w) = xo + /O "TUb(w)(ds, B.(w)). (4.23)

Remark 4.26. Recall that, to any o€ R% and A € C,?CQ’A, we can associate the set C'(zo, A) as
defined in Section 1.4.1. Then conditions i. and . from Definition 4.25 may be rephrased as

P(w e Q: Tb(w) € C7CT, 0(w) € C(x0, T¥b(w))) = 1.

Similarly to Remark 3.33, one can then apply the disintegration theorem to deduce that the
conditional law of 8 given the knowledge of 8 must be supported on C(xg, 'b(w)).

Next, we can formulate an analogue of (the second part of) Definition 3.36.

Definition 4.27. Let 5, w, b and the parameters v, n, X be as in Definition 4.25. We say that
path-by-path wellposedness holds for the SDE if

P(w € Q: T¥b(w) € CJCT, C(20, Tb(w)) is a singleton for all zoe RY) =1. (4.24)

Remark 4.28. Many of the definitions given in Section 3.2.1 from Chapter 3 (strong and weak
existence, pathwise uniqueness, uniqueness in law) carry almost identically to this setting, so
we refrain from writing them explicitly. Also the relations between them (like Remark 3.37 and
Proposition 3.39) transfer to this setting similarly. For instance, it is still true that the property
of path-by-path wellposedness is exclusively a requirement on w and the law of 3, but not of the
specific probability space in consideration (which might be taken as the canonical one).

As a consequence of the nonlinear Young theory presented in Chapter 1 (for instance by
Corollary 1.24), we immediately deduce the following.

Lemma 4.29. Let 8, w, b and the parameters v, n, X be as in Definition /.25 and suppose that
P(w e Q: T¥b(w) € C7CLTTA) =1;
then path-by-path wellposedness holds for the SDE.

Remark 4.30. For future reference, let us collect here some known facts from abstract nonlinear
Young theory and how they adapt to our setting.

If AeCJCET"> for parameters satisfying (4.21), then by Theorem 1.34 the associated YDE is
wellposed for any zo € R¢ and there exists an associated flow of diffeomorphism; let us denote it by
Z(A). Theorem 1.35 then ensures that, if A€ C7C™ " then Z(A) € C]Cle, while Corollary 1.36
ensures the continuity of the map A Z(A) from C;C" "> to CYCR, for any n>1. In particular,
given a random driver A, we can associate to it a random flow Z(A) defined on the same probability
space; moreover by construction the values Z(A)g—+(x) only depend on the history of the driver
A up to time t, or more precisely

0(Z(A)s—u(z):s<u<t,x €R) Co(As u(z):s<u<t,z €R)
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where o denotes the filtration generated by the family of random variables. In our setting, we will
take A=T"b, so that the associated random flow is adapted to the filtration generated by I'*’b; by
Theorem 4.12, the latter process is adapted to the filtration generated by . Overall we deduce
that, whenever I'b satisfies the assumptions of Lemma 4.29, the SDE (4.25) admits a O} random
flow of strong solutions (which are also unique).

We are now finally ready to provide explicit conditions on the deterministic averaged field T"b
to ensure wellposedness of the SDE (4.25) and provide the statements and proofs of our main
results. As a consequence, we also prove Theorem 4.1 from the introduction of this chapter.

Theorem 4.31. Let 6 >1/2, b€ D’ and w € CY a deterministic path such that
Twb e CYCET for some v € <% -9, 1) and any n € (0,1] and any A > 0; (4.25)

then path-by-path wellposedness holds for the SDE (4.25), in the sense of Definition 4.27.

In particular, for any xo € R?, any two pathwise solutions defined on the same probability space
(Q,F,IP; B) starting from xq are indistinguishable. Moreover, solutions are adapted to the filtration
generated by B and they form a random CL. flow; specifically, the unique solution starting at xq is
given by

z(w) =wi + Z(T*b(w))(¢, o) (4.26)

where T(T'™b) is the random Cis. flow defined in Remark 4.30.

Proof. It follows from Theorem 4.12 and Remark 4.16 that, under the regularity assumption (4.25),
the multiplicative averaged field I'b is a welldefined random field and we can find ~/, n’, A" sat-
isfying (4.21) such that P-a.s. T%be C)'CLH1Y,

Path-by-path wellposedness then readily follows from Lemma 4.29. Indistinguishability of solu-
tions is now a consequence a standard procedure: given any two pathwise solutions x’= "+ w
starting at xg, by definition it must hold §° € C(x, I'“b) P-a.s.; we can then find a set Q' C ) of
sull probability such that, for all w € ', #%(w) € C(x0, Tb(w)) and Tb(w) € C7 CLT""Y so that
C (0, T"b(w)) is a singleton. This implies #'(w) = #%(w) and thus z'(w) =2?(w) for all w € Q.

Formula (4.26) follows from the definition x;=w;+ 6;, the fact that 6 solves the YDE associated
to (xg, I'*b) and the definition of Z(I'*b(w)) as the flow of solutions to I'*b(w). Adaptability
of solutions to the filtration generated by f follows from equation (4.26) and the final part of
Remark 4.30. g

The next statement recollects many of the properties we have established for solutions throughout
our construction: whenever b and w are regular enough, then our concept of pathwise solution
is consistent with the classical one from Young integration; when they are not regular anymore,
we can still find “recovery sequences” b™ — b and w™ — w such that the associated classical solu-
tions converge to ours (thus making it a meaningful notion of solution).

Proposition 4.32. Let 6, b, w, B as in Theorem 4.31. Then:
i IfbeC? and we CH with 6+ H > 1, then any pathwise solution to the Young SDE

t

zt(w) :aco—i-/o b(xs(w))dBs(w) + wy,

18 also a solution in the sense of Definition /.25.

it If condition (4.25) holds, then it’s possible to find sequences (b",w™) € C? x C} such that
b" = b in D', w" —w in CY and the associated pathwise solutions x™ converge in probability
to the unique pathwise solution x given by Theorem 4.31.

i More generally, if condition (4.25) holds, for any sequence (b, w™) € C2 x O} satisfying
b" —b in D' and w™* — w in CY and such that additionally

Tw"b" is Cauchy in CJCT> for some v € (% -0, 1) and any n € (0,1] and any A >0,
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the associated pathwise solutions x™ converge in probability to x.

Proof. Part i. is just a consequence of Lemma 4.21.

Under condition (4.25), by Remark 4.15, we can find a sequence (b", w™) with the above
properties such that I'"b"(w) — ['b(w) in C; C1H"* for P-a.e. w, where we can choose the
parameters 7', n’, A’ so that they satisfy condition (4.21). Therefore Point ii. follows from an
application of Lemma 4.23.

Suppose now (b", w™) is a sequence in C2 x C} satisfying the assumptions of Point iii.; by
properties of classical averaged fields (cf. Section 3.1.1), T*"b™ —T"b in the sense of distributions,
which implies by the assumption that T%b e C7C"* and T"b™ — T%b in C}C7*. But then by
Theorem 4.12 and Remark 4.16, we can find 7/, n’, \ satisfying (4.21) such that I'“"b"™ — I'¥b in
Lr(; Cy /C’g /”\/). The conclusion then follows again from an application of Lemma 4.23. O

We can now specialize the assumptions of Theorem 4.31 by only requiring Tb to enjoy some
space-time regularity with fixed time parameter v =1/2; this is clearly convenient in view of
combining this theory with the results from Sections 3.1.3-3.1.4 and Theorem 3.60.

Proposition 4.33. Let be BS,, a € R, w be such that T*b e C,}/QC";'H”)‘ for all A\ >0 and all
v >0 satisfying

at+v(20—-1)>2; (4.27)

Then the hypothesis of Theorem 4.51 are met. If in addition T"b e CE/QCS+V’/\ for all A\>0 and
all v >0 satisfying

a+v(20—1)>n+1, (4.28)

then the random flow associated to the SDE is Cf.

Proof. To show the first statement, we need to verify that under condition (4.27), T%b e C}C7*
for some v>3/2— 4 and all n € (0,2]; by the assumption and Corollary 4.19, we deduce that T*b

belongs to C7°C** for all A > 0, where

0
Yo=1-15, ng=a+0v.

It remains to show that, for any choice of 1 € (0, 2], we can find 6 € (0,1) and v satisfying (4.27)
such that 79 >3/2—0 and ng=mn; it is enough to impose the set of conditions

(4 3
1=5>35-0 (4.29)
a+0v>=2

Short algebraic manipulations show the equivalence between system (4.29) and the hypothesis (4.27).
Similar computations show that, under (4.28), T%b € C}C**!  which implies that we can find

v, n', X satisfying (4.21) such that Tb e C7'C"T """, the regularity of the flow then follows
from Remark 4.30. ]

The proofs of Theorem 4.31 and Proposition 4.33 only rely on the analytical regularity of T,

where w is a deterministic continuous path. There is plenty of choice for w, as the next statement
shows; it include as a special case Theorem 4.1 from the introduction of this chapter.

Theorem 4.34. Let w be sampled as an fBm (independent of 8) of parameter H € (0,1), b€ B,

for some a € R such that
a>2%<6%). (4.30)

Then almost every realisation of w satisfies condition (4.27). If in addition

1 1
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then almost every realisation satisfies condition (4.28).

Moreover, under (4.30) (resp. (4.31)), almost every w € CH satisfies (4.27) (resp. (4.28)),
genericity being understood in the sense of prevalence. Finally, almost every w e CY satisfies con-
dition (4.28) for any choice of « €R and n € N.

Proof. The case of w sampled as an fBm follows from the results from Sections 3.1.3-3.1.4, e.g.
Corollary 3.27. Indeed, for b€ BS,, by condition (3.24) almost every realisation of w satisfies

Twhe CV2CP for all A>0 and p<a+ %
or equivalently T%b € C;/*Co+"* for all A>0 and v <1/ (2H).

Under condition (4.30), it’s possible to find € >0 small enough such that v=1/(2H) — ¢
satisfies (4.27); similarly under condition (4.31), we can choose v=1/(2H) — € so that (4.28) holds.
The conclusion follows from an application of Proposition 4.33.

The statement for generic w € CY follows from the exact same reasoning, only applying The-
orem 3.60. The last statement follows from the fact that for almost every w e CY, T%b e Ct1 / 2C§‘ .2
for any fixed A >0 and v > 0, combined with the property that countable intersection of prevalent
sets is still prevalent.*-2 O

Remark 4.35. The result shows that, for fixed § >1/2, the introduction of a suitable continuous
perturbation w allows to give meaning and solve the SDE with arbitrarily irregular distributional
drift b; moreover the associated flow of solutions can become arbitrarily regular in space. As before,
there is a nontrivial interplay between the irregularity of w (measured by how small H gets) and
its regularizing effect needed to define I'*b (which can be written in function of 1/ H). Regarding
the case of continuous stochastic processes having an infnitely regularising effect on the equations,
more examples will be given in Section 5.3.2, like an infinite series of fBms (Example 5.50) or the
B-log Brownian motion (the process X? from Proposition 5.51).

4.2.3 Further generalizations

We describe here how our techniques can be readapted to extend the results to other settings; most
of the content given here is taken from Section 5 of [139]. In order to avoid unnecessary repetitions,
the arguments will be mostly sketched, highlighting the main ideas but without delving too much
into technical details.

Time inhomogeneous diffusion coefficients. So far we assumed the diffusion coefficient b
to be homogeneous, i.e. by(x) =b(x); however, our method can be easily extended to the general
case of time-dependent drifts. We will outline here sufficient conditions for wellposedness of the
SDE in this case.

The first basic step amounts to defining the multiplicative averaged field I'b; it is easy to check
that that if (¢, )+ bs(z) is smooth in both variables and w € CH with 6 + H > 1, the analytical
definition of I'b from Lemma 4.3 still holds. In fact, if b€ C/BXT" with a € R and p,n € (0, 1],
under the assumptions § + nH > 1, § + p > 1, there exists a unique distribution I'“b € C{BS, such
that

Hrsu.,]tb - bs(' + ws)ﬂs,tHBg“o 5 |t - |6+77H/\p- (4'32)
To see this, one can apply the sewing lemma to =g ¢ = bs(- + ws) 5,1, which satifies

10Zs .2l SBs(- +wa) = bul- +wallz, + 1bs(- +1wu) = bs(- + )l ]| Bul
SHbHchgo+n[[5ﬂcd(1 + [w]cu)|t — S|6+nHAp

which readily implies (4.32); there in this case I'*b is analytically well-defined.

4.2. Alternatively, one could use the property that almost every w € C? is infinitely regularising in an even
stronger sense, defined in terms of p-irregularity, as will be presented in the upcoming Chapter 5.
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To extend the definition to less regular w, we can again exploit Proposition 4.8 and Lemma 4.10
to get an equivalent of Theorem 4.12; indeed the fundamental assumption therein is the regularity
T"be CJCLT™* regardless of whether b is time-dependent, or not.

Having defined I'"b and quantified its regularity in function of T%b, one can then go through
the same abstract procedure for existence and uniqueness of nonlinear Young equations by setting
A i(x) =I"b(z) and invoking the results from Chapter 1. Overall, one can obtain path-by-path
wellponedness results for drifts b € L{BS, for suitable values of ¢ and «; for instance, if w is
sampled as an fBm of parameter H independent of 3, then an analogue of condition (4.30) from
Theorem 4.34, given the regularity results for 7% from Corollary 3.27, is given by

a>2%<1%)<6%). (4.33)

In particular, if b€ L{Bg with g € (2,00) and « € R satisfying (4.33), then path-by-path wellposed-
ness holds for the associated SDE, which admits a random flow of diffeomorphisms.

Including a non-Lipschitz drift term. Up until now we have only considered equation (4.25),
which amounts to (4.1) in the case when b' =0 and b2 =b. However, our results immediately
extend to equations with both non trivial drift and diffusion, namely of the form

t t

s=aot [(Be)ds+ [ B)ddrun et
0 0

The extension to time-dependent diffusions has been explained in the paragraph above, so we only

need to focus on how to handle the additional presence of b!. By the usual change of variables

0 =x —w, we see that 6 formally solves the equation

t t
ot:x0+/ bal(95+ws)ds+/ b3(95+ws)dﬂs
0 0
Setting

Ago(x) =T @) + 1% (2),

we can interpret the equation in the Young integral sense as

t
0, :aco—i—/ A(ds, by).
0

Under the condition that A is sufficiently regular, existence and uniqueness for the YDE holds
(cf. Corollary 1.24) and moreover there is an associated flow of solutions Z(A), which depends
continuously on A and inherits its spatial regularity (cf. Remark 4.30).

It is therefore enough to require T%b' and I'“b? to belong to C’gC’i+5’>‘ for suitable v, 8, A; then
the results from Section 4.2.2 can be extended directly. As an example, one can take b* € L{* B3}

for (g1, 1) satisfying
1 2

and b2 € L{B22 for (qg, a2) satisfying (4.33). One might even consider more complicated situations,
like the presence of multiple independent fBms 3% with different parameters 6°>1/2 and associated
to different diffusion terms b%, but let’s leave it like that for simplicity.

Random initial conditions. So far we have only considered deterministic initial data zo€ R
However, especially in view of applications to optimal transport and fluid dynamics equations,
it is often interesting to allow random initial data for the SDE. This extension can be easily
implemented in our framework, as we are now going to explain; for simplicity we restrict to
equation (4.25), namely with b! =0 and b time-independent, but everything can be extended
easily to the setting of the previous paragraph. We can readapt Definition 4.25 to accommodate
the presence of random initial data.
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Definition 4.36. Let (2, F,IP) be a probability space on which an fBm [ of Hurst parameter
d>1/2, as well as an independent R%-valued random variable &, are defined; consider also a
continuous deterministic path w and a distributional field b. We say that a process x is a pathwise
solution to the SDE

dxt:b(xt)dﬂterwt, IE():g

if there exist parameters v, n, \ satisfying (4.21) such that T™b is well defined in the sense of
Theorem 4.12 and, setting 0 =x —w, it holds

P(weQ: T¥(w) € CJCT, (w) =C7, O(w) € C(£(w), T¥b(w)) ) =1.

Here we have adopted directly the equivalent formulation of Definition 4.25 coming from
Remark 4.26, where we recall that C(zg, A) is the set defined in Section 1.4.1. As a consequence
of the nonlinear Young theory (cf. Remark 4.30), we deduce the following result.

Corollary 4.37. Let 3,b,w, & be as in Definition 4.36 and such that the assumptions of Lemma 4.29
are satisfied. Then any pathwise solution x to the SDE with initial condition &, x =04 w, satisfies

Pwe: (w)=Z(T%b(w))(t, £(w)) for allt€[0,T])=1

where T is the map defined in Remark 4.30, i.e. Z(T"b(w)) is the flow associated to T"b(w). In
particular all the conclusions follow if the assumptions of Theorem /.31 are satisfied; if w is sampled
as an independent fBm of parameter H, it suffices to enforce condition (4.30) from Theorem 4.3/.

Associated transport equation. Allowing for random initial conditions can be alternatively
be interpreted as looking at the continuity equation associated to the equation (and in particular
to how the initial law £(&) evolves at positive times). It then shouldn’t come as a surprise,
given the abstract results from Section 2.1 and their application to perturbed ODEs presented in
Section 3.2.4, that we can handle the associated transport equation in this setting as well.

For the SDE (4.25), it is formally given by

dus+b-Vuydpy + dwy - Vu, =0;
by the usual Galilean transformation @:(x) =u(z + w;) the equation then becomes
iy + by ViigdBy =0
which can be interpreted in the nonlinear Young framework as
fige+ T - Vi, =0.

Given this identification, assuming I'*b is sufficiently regular (namely satisfying the assumptions of
Lemma 4.29), existence and uniqueness of solutions to the transport equation (e.g. for ug€ Ch,)
then follows from the abstract results of Section 2.1.

4.3 Open problems and future directions

As T already mentioned in the introduction, to the best of my knowledge, the paper [139] with
Fabian is the first one to study regularisation by noise phenomena in the setting of SDE (4.1); so
there aren’t really many bibliographic references to talk about, apart from the already mentioned
ones for b2=0. The only other paper I'm aware of is [257], which consider the one-dimensional
case and piecewise Lipschitz drifts with jump discontinuities, buinding on previous works [192, 165,
219] treating mixed SDEs (i.e. allowing for both Young integral terms [b3(z,)d3s and It6 terms
[b3(zs)dW; with W standard Bm).

The material presented here is all taken from [139], up to some small modifications. Like in
Chapter 3, working with the weighted Holder spaces C7C.! > although a bit technical, requires less
restrictive assumptions on b (in [139] we had to additionally impose compactness of the support
of b, which is no longer needed here); I have also omitted some additionally results concerning the
more regular case b€ BS, with § + «H > 1, which mostly result in Theorem 4 from [139].
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For the sake of discussion, in the following I will restrict to the case of the SDE with only
diffusive part, namely (4.1) with b =0 and b%=b.

The first major question one could ask concerning Theorem 4.1 is whether condition (4.6) is
optimal for strong existence and uniqueness to hold. Unfortunately, this is probably not the case,
and it should be most likely possible to weaken it to b€ BS, with

a>1—%<5—%). (4.34)

There are several facts hinting to this:

i. In line with Remark 4.2, as 611, condition (4.34) becomes w>1—1/(2H) and thus is in
agreement with Theorem 3.30.

ii. Going through similar regularity counting arguments to those of Theorems 4.31-4.34, it
can be shown that in this case P-a.s. T*be CC* for some v >1/2 and all 77 € (0,1) and
all A >0; as a consequence, a priori estimates on the solution 6 to the YDE are available,
which yield the existence of weak solutions by tightness arguments. Alternatively, one can
also establish the existence of pathwise solution by a readaptation of Lemma 3.40.

iii. Moreover, again under condition (4.34), it can be checked (cf. Corollary 3.27) that P-a.s.
T e CoHMH1=2C0X for all £, A > 0; by Remark 4.20, this implies that I'b € C;'C%* for
any A>0 and any 7' < aH + 6. Observe that, under (4.34), one can choose v/ > H +1/2;
since O,; ~ I%b(0s) + o(|t — s]), this implies that any solution § will belong to CZ/ as well.
But then the solution x is of the form z =604 w, with w sampled as an fBm of parameter
H and 6 belonging P-a.s. to the Cameron-Martin space H+1/2. By Girsanov’s theorem,
we then expect the existence of another equivalent measure @Q such that x is distributed as
an fBm of parameter H under @Q; one then expects at least uniqueness in law under (4.34).

The reason why the above argument is not formalized into a rigorous proof is because I have realized
that the solution concept we adopted in Definition 4.25 (which still has a lot of nice consequences,
like an easy construction of the stochastic flow) is too “rigid” to allow for the use of Girsanov,
since it really relies on treating w as a deterministic perturbation in order to exploit the stochastic
estimates from Proposition 4.8 (so probabilistic tools at the level of w are hard to implement here).
One could try to invert the reasoning at Point iii. above, by first looking at

t

t
yi= o+ wy = 70+ / (o + ws)d B + wy =0+ / b(ys)dBs + w; — b
0

0
and then trying to show that under a new chang of measure w — h =1 is an fBm of parameter H,
thus making y a weak solution to the SDE. There are two difficulties in doing so:

a) It is hard to verify Novikov’s condition, due to the presence of both Gaussians w and f;
think of b(x) =z, where this would amount to estimating Gaussian tails for [ g ws dBs, which
morally behaves as the product of two independent real Gaussians.

b) Even if Novikov were successful, I still wouldn’t be able to show that the pair (y,®@) is a
weak solution to the SDE in the sense of Definition 4.25, which is why I'm calling it too
rigid. Compared to Chapter 3, what is lacking is an equivalent of Lemma 3.42, i.e. something
ensuring that féf“’b(ds, 0, +05) = ngw‘*‘eb(ds, 6,). The reason for this is that, since the
process 6 is constructed starting from 3, one cannot regard w+ 6 as S-independent, which
interferes with the construction of I'**% from Theorem 4.12.

Given such restrictions, it is natural to wonder whether the pathwise approach here is the most
suitable one, or other more probabilistic strategies have a higher chance of success.*3

4.3. In fact, Khoa Lé showed me privately some computations, based on the use of the stochastic sewing
lemma [194], which seem to confirm that strong existence and uniqueness holds for b € BS, under (4.34).
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If one tried to run a similar scaling argument to that of Section 3.4, the situation is even worse:
it would predict wellposedness in the subcritical regime for b € LB, with

a>1%<5%) (4.35)

which would become a natural generalisation of (3.53) allowing for ¢ € (1/2,1]. The validity of
the scaling argument is debatable, as can be very sensitive to the choice of the Banach space in
consideration (e.g. replacing BS, with LY for o= —d/p might give more reasonable expectations).

Even ignoring (4.35), condition (4.34) reveals quite an interesting structure, compared to similar
observations provided by Remark 4.2. Indeed, if (4.34) were true, than any choice of H would
yield a regularising effect on the equation, in the sense of allowing non-Lipschitz drifts b € B, for
suitable o < 1. The condition H < §, although natural, doesn’t seem to play any relevant role; this
might be explained as the fact that, while b is allowed to be very degenerate, the presence of a
purely additive term w (thus strongly nondegenerate) still improves the solution theory, even when
w is not the roughest term in the decomposition x =60 + w. In order to reach distributional drifts
a <0, condition (4.34) still enforces 6 > H +1/2, which suggests a strong link to the considerations
based on Girsanov’s theorem. Finally, in the case H=1/2 (i.e. w sampled as Bm), the condition
becomes « > 2(1 — §), which is still better (to the best of my knowledge) than known results on
wellposedness of the associated Kolmogorov equation (which becomes a Young-type parabolic
equation like those treated in Section 2.2), formally given by

du=Audt +b-Vudp.

All the above considerations reveal that there is still quite a lot to be understood about equa-
tion (4.1), even though we start having regularisation by noise results for it.

Among possible extensions which go beyond the setting of (4.1), one possibility is to replace
8 by a deterministic §-Holder continuous path, with no further information on it. In this case,
one cannot invoke Proposition 4.7 anymore and instead should exploit heavily the regularising
effect of w sampled as an fBm of parameter H. Although there are no published results on the
matter, stochastic sewing techniques seem to be more effective in tackling this problem (see again
Footnote 4.3).

A second interesting problem of course concerns decreasing the value of ¢ to cover the range
0 €(0,1/2]. The problem is harder already at the analytical level: in order to solve

t
Ty=1xo+ / b(xs)dBs + wy
0

one would need to define first f; b(xs)dSs. This can be accomplished in the setting of rough path
theory, but only under the fundamental assumption that (3,w) as an R™*%-valued path admits a
rough lift (in particular, we not only need fot Bsd s to be well-defined, but also fot wyd Bs). Besides
that, applying the change of variables § =z — w, the problem can be reduced as usual to the study
of the regularity of the averaged field I'“b € CC|! ; it is natural to expect the value 7 to be always
less or equal to ¢ (i.e. the regularity of 3), which means that even having defined I'*b, one couldn’t
apply the nonlinear Young machinery afterwards. There is some small hope given by analogous
theories of nonlinear rough paths, see [230, 70], but overall it seems to me that the problem is
beyond reach.

The case § =1/2 (namely § sampled as Bm) is quite special, due to the It6 isometry (assuming
we interpret the integral appearing in the SDE in the Ito sense, which I will do in the following,
although it’s not the only option). Indeed, considering w as a fixed deterministic path, defining
the Gaussian random variable

wb(y) = / b(y + w,)dB,
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is equivalent to showing that
t
E[T5b(y)[?] = / [b2(y + ws)ds =T34 [b|*(y) < oo.

This shows a nontrivial relation between I'b and the classical averaging T of another object,
namely |b|2. The problem is, there is no need for |b|? to be a well-defined distribution! We are then
forced to impose this assumption, which means (due to it positivity) that |b|? should be at least a
Radon measure (and the most natural requirement then becomes b€ L2). Unfortunately, trying to
iterate the argument at the level of spatial derivative 9;I3%b=1I}",0;b becomes now quite painful, as
it then enforces 9;b € L2 as well, so that even in order to have something like b e CJCL. we must
already impose at least b€ Wx1’2, regardless of the regularising effect of w. This regularity condition
starts being quite expensive and makes the whole approach not very effective, compared to other
techniques (e.g. the DiPerna-Lions approach, readapted to the case of SDEs e.g. in [281, 59]).
Nontheless, given that one can define and estimate both integrals of the form fotb(t?s + ws) d s
and the multiplicative averaged field I"b, there is some hope to derive a priori estimates for the SDE

and establish weak existence of solutions, which is in fact what is accomplished in the upcoming
work [28].






Chapter 5
p-irregularity

We have seen in Chapter 3 that, given a path w and a drift b, we can analyse the regularity of
the averaged field T"b, which in turn allows to solve perturbed (possibly singular) ODEs. In
particular, for fixed b and W fBm of parameter H, we expect a spatial regularizing effect of order
at most 1/(2H); in practical terms, this means that to any drift, say b€ L;°By for simplicity, we
can associated a set I}, of full probability such that

1
TV@heCl?BY T Ywel, (5.1)

One can ask the following more ambitious question: can we find a universally reqularising path w?
Namely, can we find w such that

1
T%b e C’tl/2B;X+ﬁ_ for all drifts b in a given class E?

To some extent, this amounts to inverting the (uncountable) quantifiers involving statement (5.1)
for T, i.e. finding a b-independent set ' C 2, hopefully with P(T') =1, where (5.1) holds.

Remark 3.5 already informs us that this problem has no solution if the class F is allowed to
contain time-dependent drifts; still, there is some hope in the autonomous case, e.g. for £'= By.
This question was raised in [57] and shown to be closely related to Conjecture 1.2, left therein
open. It turns out that, even in this formulation, the statement is somewhat too strong to hold
true; anticipating some of the concepts that will appear throughout the chapter®-!, let us briefly
explain why. The argument is a courtesy of N. Perkowski (see also Remark 3.7 from [170]).

Suppose that there exist parameter o,y >0, and a continuous path w, such that 7" is a bounded
operator from B to BJ. (let us ignore the presence of possible growth conditions for simplicity);

choose p large enough so that B;aﬂ s B;oaﬂ*d/p — B *. Then it holds

/OTb(ws)ds

on the other hand, by the occupation time formula, for b smooth it holds

=[Tb(O)[ < [IT*bllBz, <[[bllp o2 (5.2)

[)Tb(ws)dS:Adb(ﬂﬁ)u'w(dx):<b’uw>

where p™ is the occupation measure of w on [0,T]. Therefore equation (5.2) is telling us that the
linear operator b~ (b, u*), which is well defined for smooth b, extends uniquely to a bounded
operator on B;a/Q; by duality this implies p*(dz) = ¢*(x)dz for some £* € B;‘/Q. By standard
facts from geometric measure theory, we can deduce that the support of p*, given by w([0,T7]),
must be of Hausdorff dimension d; in turn, this implies that w cannot belong to C for any § > 1 /d.

The above argument technically doesn’t disprove the existence of “universal regularizers” (which,
as we will see, still exist); but it informs us that, in order to cover the class E = BS,, they must
have very limited Holder regularity. In particular it tells us that, if W is a fBm of parameter
H >1/d, although the results from Chapter 3 still hold, we cannot “invert the quantifiers” and
obtain a negligible set I' outside of which 7" improves the regularity of Besov-Hélder func-
tions by a factor of almost 1/(2H).

5.1. The reader who is not acquainted with concepts like occupation measures or Hausdorff dimension might
skip the next paragraph and come back here after reading the rest of the chapter; Section 5.1 would mostly suffice.
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A partial solution to this conundrum (which, given the above observations, seems to be the
best we can hope for) is again presented in [57], where the authors choose to consider the class
E given by Fourier-Lebesgue spaces FL*P (see Appendix A.2), which in particular includes the
fractional Sobolev spaces H®.%2 By introducing the concept of (v, p)-irregularity (see the upcoming
Definition 5.1), they establish the following fact: if w is (v, p)-irregular, then its averaged field T*
satisfies

I T2b oo < C(w)|t — 5|7 ||bllras Vb FLEP,

with an estimate uniform in a € R, p € [1, 00]. Further, it is proved [57] that, if w is a typical
trajectory of fBm, then for any p<1/(2H) there exists v >1/2 such that it is (v, p)-irregular. We
see therefore that we recover analogous results to those from Section 3.1.3 (i.e. a spatial regularity
improvement of almost 1/(2H), at the price of a time regularity close to 1/2); we pay the price
of dealing with the less standard class £ = FL“P, but we gain the set I' being independent of b.

In this chapter, we explore in detail the analytical concept of (v, p)-irregularity; it tries to cap-
ture quantitatively the idea, due to the erratic behaviour of w, we should see cancellations whenever
considering averages along the path of the form fst f(w,)dr ; this is accomplished by looking at

the decay of oscillatory integrals of the form f;eig'wrdr. Almost all the material presented here is
taken from [143].

It turns out that the notion of (7, p)-irregularity is in fact quite rich and finds applications
well behind the scope it was originally introduced for in [57]. On one hand, useful criteria can
be developed to check that typical trajectories of many stochastic processes are (7, p)-irregular;
on the other, this purely analytic notion can be combined with notions coming from different
areas (gemetric measure theory, rough paths) to obtain new insight on the properties of w. It
also poses some new, challenging problems (see in particular Sections 5.4.3-5.4.5 and the open
Conjectures 5.72, 5.75) and allows to establish pathwise regularisation by noise results, not only
for ODEs, but PDEs too (Section 5.2.2). Last but not least, we can show that almost every Holder
continuous function (in the sense of prevalence) is (v, p) irregular (for suitable v, p), so that many
of the aforementioned results can be stated without any reference to an underlying probability
space. We will see in Chapter 6 another application of p-irregularity, in relation to the mixing
properties of shear flows.

Structure of the chapter. We introduce in Section 5.1 all our main actors: the concepts
of p-irregularity and occupation measure, their relation to averaging operators and the class of
strongly locally nondeterministic Gaussian fields. Then we present in Section 5.2 the main results
of this chapter, together with their applications to several regularisation by noise phenomena in
ODEs and PDEs.

Sections 5.3 and 5.4 constitue the main body of the paper, presenting the proofs. The first
mostly deals with sufficient conditions for stochastic processes to be p-irregular; instead the latter
examines (mostly) analytical properties of p-irregular paths, with particular emphasis on the so
called “perturbation problem”. Finally, we present further bibliographical remarks in Section 5.5.

5.2. One could draw here a nice analogy with the solution theory for PDEs like wave equations. Indeed, if one
considers the linear wave PDE on R%

O2u=Au, ult=0=0, Ouli=o=F,
then the solution at time ¢ > 0 is given by the linear operator

sin(t|V])

=TT

f7

in the sense that Sy acts in Fourier space by multiplying f by sin(¢|¢|)/|£]. It is then clear that T; maps H* into H*T1
for any s € IR; but if one tries to have a similar result in LP-based results, this is not true in general, with explicit
counterexamples given in [235]. What is more, when d =3, T; has the alternative harmonic mean representation
Tif = py % f, where 1 is the unit measure on the sphere Sy = {x € R% |z| =t}, which is singular w.r.t. the Lebesgue
measure; in particular, a similar argument to the one above readily implies that T} cannot map BS, into ngs for any
a € R and € >0. Roughly speaking T; here behaves exactly like Ty would, in the case where the path w is 1-irregular
but also §-Holder continuous with 6 >1/d (e.g. for d=3, typical realization of fBm with H € (1/3,1/2) would work).
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Notations and conventions. We will adopt mostly the same notations as in Chapter 3, e.g.
for a b, the function spaces C;'B,, the heat semigroup P; = et®, etc. We will frequently work
with the Fourier-Lebesgue spaces FL*'P, for which we refer to Appendix A.2. For a € (0,00) \ N,
we will use both notations Bg, and Cg to denote Besov—Holder spaces. Like in Chapter 4, we will
sometimes use C}'~ to denote N.~oC; ~; similarly for C)~Cy ™, etc.

As usual, C2° denotes the set of smooth, compactly supported functions; instead we will use
Cg° to denote the class of infinitely differentiable functions with all bounded derivatives and by
C%e that of smooth functions, whose derivatives might however explode at infinity.

As before, statements of the form “for almost every (a.e.) ¢” must be understood in the preva-
lence sense, see Appendix A.3. Given a matrix A, A* denotes its transpose, A~! its inverse.

Whenever we work with a stochastic process X, even if not specified, we implicitly assume the
existence of an underlying filtered probability space (2, F, F, P) with F, F; satisfying the standard
assumptions. We adopt the short notation E,[-] = E[-|F;]. Whenever it doesn’t creat confusion, we
will use L? for LP(Q,IP;R™) for suitable m € N.

5.1 Preliminaries

5.1.1 Definition and first properties

The concept of p-irregularity was introduced in [57] as an analytic property of continuous functions,
which allows to quantitatively measure their oscillatory behaviour, as well as their smoothing effect
on perturbations of ODEs.

Definition 5.1. Let vy, p>0. A measurable path w: [0, T] —R? is (v, p)-irregular if there exists
a constant C' such that

¢
/ el wrdy
S

We denote by ||®™||w~.» the optimal constant C; with the notation ®§(&) :foteif'“” dr, it holds

oY p
0 erie p L2EAOE
EeRY, s#t |t*8|

SClE[7Plt—s|" VEERY, s,t€[0,T]. (5.3)

We say that w is p-irregular if there exists v>1/2 such that w is (v, p)-irregular.

We have the trivial bound |®,(£)| <[t — s|, so that (5.3) is always satisfies for || small; the
relevant information in the above definition is given by the uniform bound as |£| — oc. Therefore we
can replace || with any other function with same asymptotics (in the original definition from [57],
1+ |£| appeared, here instead we adopt |£| for its better scaling properties).

Let us collect some elementary facts on p-irregular functions. In the next statement, SO(d)
denotes the special orthonormal group on R%.
Lemma 5.2. Let w: [0,T] —R? be a (v, p)-irregular continuous path. Then the following hold:
i. Symmetry invariance: —w is (7, p)-irregular with ||®™ || yw~.0o = ||P % |[yp.e.

ii. Translation invariance: for any r <T, w. —w, is (7, p)-irregular, | ¥ ~¥r

wrer=[|@%|lywrr.

iti. Scaling invariance: for any A€ (0,1), w(t) := A~ A=/ Pw(At) is (v, p)-irregular.

iv. Rotation invariance: for any O € SO(d), Ow is (v, p)-irregular with || @O |y.e=[|®%|[.e.
v. More generally, if A€ RY*? is invertible, then Aw is (v, p)-irreqular with

124 Tz < [ICAS) M@ e
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Proof. All the statements follow from elementary calculations; let us prove only . and v. . Fix
A€(0,1), then

t o AL _1—~
5’2(5):/ A 7)/pw“'dr:)ﬁl/ e 7)/"f'“’Tdr:)\*ICIMS,A:&()\ . f),
s As

so that
DL€ _ [ @rs pe A" D28 €] [rsne A )N e
B = < [0
|t —s|” At —s[7 Xt —As|7
Regarding Point v., similarly we have
PAV(E)||€|P b A w P . A1\~ o .
| s|,£s£S)||L| _ /e(A O -wr gy |t|f|5|7<”q) e % <A@ . O

Remark 5.3. There is a striking analogy between Points i.—iii. and properties of stochastic
processes like symmetry, stationarity and self-similarity; however the latter properties are of sta-
tistical nature, namely they preserve the law of the process, while p-irregularity is an analytical
property which holds for deterministic trajectories. By property iii., we deduce the existence of a
critical scaling parameter associated to the pair (v, p), given by

0y,p= P ; (5.4)
we will see in Theorem 5.31 how 0 , relates to regularity of (v, p)-irregular paths.
Remark 5.4. Clearly, (v, p)-irregularity for w is equivalent to the following: there exists a constant

C such that, for any v € $¢~1 v-w is (7, p)-irregular with ||®%*||yy+.» < C. The latter is not

equivalent to checking (7, p)-irregularity of the coordinates w® (i.e. to v=e,): for instance if w is
a 1-dimensional (v, p)-irregular function and we define w;:= (w, —w;), then the single coordinates
of w are (v, p)-irregular but w is not, since (1,1)-w=0.

Lemma 5.5. Let w be (v, p)-irreqular, then for any 6 € [0,1] it is also (79, p°)-irregular for the
choice 4* =1—60+ 0, p°=0p and it holds %], .0 0 <[|®”[|Jy.r.

Proof. The conclusion follows immediately by interpolating the two inequalities

@5 (<[t =5l (25N o[t —s[T]E]77. 0

The above lemma shows that we can always trade space regularity for time regularity, i.e. we
can decrease the parameter p in order to increase v. Observe that

1—y_ 1—4*
0F j=—= =0%e 05
¥sp P L ¥e,p

namely, the critical scaling parameter §* is left unchanged by this procedure.

In dimension d > 2, it is in general difficult to construct examples of (7, p)-irregular paths. This
fact is one of the main motivations of our interest in establishing the prevalence of this property.
The situation is different in the case d =1, in which there are simple conditions to establish
p-irregularity (at least for some values of p).

Proposition 5.6. (Proposition 1.4 from [66]) Let w € C}f satisfy inf; |wi| >8>0 and w” € L};
then w is (y,1— 7)-irregular for any v € (0,1).

In higher dimension, we still know that p-irregular functions exist:

Theorem 5.7. (Theorem 1.4 from [57]) Let H € (0,1) and denote by u'! the law of fBm; then
for any p < (2H)~* there exists v >1/2 such that

pf(we CP:w is (v, p)-irregular) = 1.
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Remark 5.8. By no coincidence, the borderline parameter p=1/(2H) is the same appearing in
Section 3.1.3 in terms of the space regularity improvement of TWb compared to b (for instance
when b€ Li°B,, for some p € [2,00)).

Combined with Lemma 5.5, Theorem 5.7 implies the existence of continuous (7, p)-irregular
functions for any choice of v € (0,1) and p < oo.

Let us also introduce the concept of exponential irreqularity, which first appeared in [143].

Definition 5.9. A measurable path w: [0, T] — R? is exponentially irregular if there exist
positive constants c1, ca and vy € (0,1) such that

Y, (&) <cre Mt — |7 VEERY, s,t€[0,T]. (5.5)

We now prove that the p-irregularity and exponential irregularity properties define Borel sets,
which is the first step in order to establish their prevalence.

Lemma 5.10. For any p >0, the set
A={w:[0,T] = R4 w is p-irregular}
is Borel measurable w.r.t to the topology induced by any of the following norms: ||-|L», p € [1, o0],
[-llco, [I-llce, a€(0,1).
Proof. The proof is similar to that of Lemma 3.6. We can write the set A as follows:

A= U Anm = U {w:[O,T]%IRd M<n}

sup 1/2+41/m
n,meN n,meN

geRd,s£t [t — 5]

It will be then sufficient to show that for every m,n the set A,, , is closed in the aforementioned
topologies. We will actually show that it is closed under convergence in measure, which is weaker
than any of the norms considered and therefore yields the conclusion.
Let wy, be a sequence of elements of A,, ,,, such that w;— w in measure; by dominated conver-
gence, for any fixed s <t and £ € R? it holds (&) — ®¥4(€). But then
JeEOlel L IBUHOlEr

|t78|1/2+1/m ks 00 |t7$|1/2+1/m\

and since the reasoning holds for any fixed s <t and £ we can conclude that f € A, ,, as well. O

Remark 5.11. More generally, given a modulus of continuity ¢ and a function F:RR?— R*, the
same proof shows that the set

B{w: [0,T] = R4

B2 (OIF ()
B P () <“}

is Borel measurable in any of the above topologies. The fact that exponential irregularity defines
Borel sets is established similarly.

We conclude this section with a brief detour on Carathéodory functions and their connection
with the exponential irregularity property. Here A\; denotes the Lebesgue measure on R?, while
Alo,7] denotes the Lebesgue measure on [0, T7.

Definition 5.12. A measurable path w: [0,T] — R% is a Carathéodory function if, for any set
D CR? such that \g(D) >0 and any s <t, it holds A r)(w= (D) N[s,t]) > 0.

Observe that if w is Carathéodory, then it is unbounded on every interval, thus discontinuous.
Lemma 5.13. Let w be an exponentially irreqular measurable path, then w is Carathéodory.

Proof. The statement follows immediately from the considerations given at the beginning of
Section 6 from [36], see also Sections 11 and 28 from [152]. Let us briefly sketch the proof.
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Denote by pg’; the occupation measure associated to w, see Definition 5.14 below; by the
exponential irregularity of w, we can find ¢ > 0 such that for any s <t it holds

/ec\ﬂm;it(gn?dg:/ el¥l@g(€)[? dg < oo.
R4 R4

It then follows from the Paley—Wiener theorem that j’; is analytic and therefore it cannot vanish
on any set D C R such that A\g(D) > 0; in particular, it must hold

oy (= (D) 1 [s, ]) = L 1 (y) dy > 0. 0

5.1.2 Link with occupation measures and averaging operators

So far we have discussed several properties of p-irregularity, but we haven’t rigorously established
its relation with regularisation by noise phenomena. It turns out that p-irregularity is closely tied
to the occupation measure of the path w.

In the following M, = M(IR¢) denotes the set of all finite Radon measures on R¢, endowed
with the total variation norm [|-||rv; My is the closed subset of non-negative measures.

Definition 5.14. Given a measurable path w: [0, T] — R%, we define its occupation measure as
the family (pg’s)o<s<e<r C My given by pgy=ws(Ns 1)), namely

S

/f(y)u;:“,t(dm:/ f(wy)dr ¥ feCo.
R [s.t)

Observe that by definition pug’y = pgs — 165 for this reason, we will identity the family (pg'y)s<e
with the map p® € CYM . given by t— p = 1o, so that ug', represents an increment of ug ..

Note that p* € Lip([0, T]; M) with || pe’¢|| v = |t — s| and Gateaux derivative i}’ = dy,.
The Fourier transform of ug’; is given by

o~ ) t i _
e = [ et = [ e ar =0

which shows that w is (v, p)-irregular if and only if the map ¢— p}’ belongs to C7FL?>>°; here the
Fourier-Lebesgue space FLP>*° is given by

FLo>={f €8 (€)*|f(§)l€ L=},
see Appendix A.2 for more details. In particular we have

1@ e~ [ [|crFr e

Remark 5.15. We will mostly work with given measurable paths w, but both definitions of ®*
and p* are not affected by changing w on a Lebesgue negligible subset of [0, T]; therefore they also
makes sense when dealing with equivalence classes like w € LY for p € [1, 0c]. Similarly, it makes
sense for w in an equivalence class to say that it is (7, p)-irregular (resp. exponentially irregular).

Occupation measures are also closely related to averaging operators.

Definition 5.16. Let w € L{°; we define the averaging operator associated to w as the family of
linear operators {T;%,0<s<t<T} acting on S’ given by

¢
T;f’tb:/ b(- +w,)dr.

Equivalently, T, can be defined by duality as follows: for any ¢ €S and any b€ S’ it holds

(T5b, o) = (b, / o — w)dr), (5.6)
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As before, T, ="15% — 1t"s and therefore we identify (T3%)s< with the map t — T, =1T¢".

Remark 5.17. Differently from Definitions 5.1 and 5.14, in Definition 5.16 we required w € L{°.

This is because otherwise it would be a priori unclear, for a given Schwartz function ¢ € S,

f;go( —w,)dr is also Schwartz, and so if the above is a good definition. However, by looking at
—_—

the Fourier transform ¢(- —w;) =e~% ¢}, one can check that w € L° can be relaxed to requiring

T
|w|™dt < oo for all n €N,

namely w € L? for all p < oo.

Averaging operators can be defined for time-dependent distributions, as done in Section 3.1.1.
However, in the time-dependent case we lose the following fundamental property, which relates the
averaging operator to the occupation measure.

Lemma 5.18. Let we L{°, p* and T as above. Then for any be S’, T;b = iy * b, where [i
denotes the reflection of pu, namely i1 (A) = ps (—A).

Proof. Observe that by definition of occupation measure, for any s <t and any R > ||w||pe, it
holds supp p’: C Bg. Since pg’; is a measure with compact support, the convolution b* ug’; is well
defined whenever b € S’; the same goes for fig’;. For any ¢ €S and = € R? it holds

t
[ ot —war= [ oo — it = (s ) o).
The conclusion follows by the duality formula (5.6) and the identity (b, ¢ * ps’y) = (fis’s b, ). O

As a consequence, in order to quantify the regularising properties of T, it suffices to estimate
the regularity of " in suitable function spaces. This is exactly where the notion of p-irregularity
comes into play.

Lemma 5.19. Let w € L§° be (v, p)-irregular. Then for any a € R and p € [1,00], the averaging
operator T belongs to CJL(FL*P, FL***:P) and for any b€ FL*P it holds

IT55bl| rocte.r S [t = sV [|bllzLe.» [[ @[ e. (5.7)

Proof. The statement follows from the considerations given in the introduction of [57]. Alterna-
tively, using Lemma A.16 from Appendix A.2, it holds

ITs5bl ot o= (| il % Dl prat e S AS | 2o D]z r S [ = s[V][bll7ze 2|9 [ree. O

Unfortunately, Fourier—Lebesgue spaces are not always very useful in applications (with the
exception of the scale p=2, in which case FL*?= H%). We can however use Fourier-Lebesgue
embeddings to deduce regularity for p’; in other scales of spaces, which in turn imples different
estimates for 73";. To this end, following [152], we introduce the concept of occupation density; in
the probabilistic literature it is usually referred to as local time and we will indifferently use both
terminologies.

Definition 5.20. We say that a measurable w: [0, T] —R? admits an occupation density if, for
any s <t, pg’y is absolutely continuous w.r.t. A5 1), in which case we denote by £, its density, so
that pg’y(dx) =08 (x)dx. As usual, it holds €5’y =5 — L s and we set {5 ={}’; sometimes we will
also use the notation €’ (x) =0"(t,x).

The regularity of ¢ is again a property defining Borel sets.
Lemma 5.21. For any o, 3>0 and 6 >0, the following set is Borel in the C°-topology:

A:{QDEC,‘?: © admits a local time K”EC?CE for all d<a,ﬁ<ﬂ}.



132 P-IRREGULARITY

Proof. The proof is almost identical to that of Lemma 5.10; it holds
A= U A'n,m = U {(p S Cf Hf‘pncffl/ncffl/n < m}
n,m n,m
and usual arguments allow to show that A, ,, is closed in C{ (thus CY) for any n,m € N. a

With Definition 5.20 and Fourier-Lebesgue embeddings at hand, we can relate p-irregularity
of w to the regularity of ¢* and to the action of T on Besov scales By (or more generally By’ ).

Similar statements can be given for Sobolev spaces W¥:? or Bessel spaces L®? = (1 — A)—e/2Lp,

Lemma 5.22. Let w:[0,T] —R? be a (v, p)-irreqular measurable path. Then:
i. If p>d /2, then w admits an occupation density £* € CJL2N Lip; LY.

i. If p>d, then (¥ is jointly continuous in (t,z) and £* € C]CY.

iii. If p>d/2+s for some s>0, then £* € C{H3; in particular, if w € L§°, then { is compactly
supported on [0,T] x R% and therefore £ € CW; !,

iv. Thuse, if p>d/2+s for some s>0 and w € L°, then for any « € R, p €[1, 00] it holds

TV e C/L(By, BS+S).

In particular, for any b€ By it holds

d . .
||T7ffthB§+s§ |t —u|’7||b|\33|\w||Lg|\¢w|\Ww,p uniformly in u < t.

Proof. By the Fourier-Lebesgue embedding FL?> < FL%2= L2 which holds for p>d/2 (see
Lemma A.15 in Appendix A.2), we deduce that u* € CJL2, i.e. for any s <t the measure fs’y can
be identified with a function in L2, which is exactly £y, Moreover pg’; is a positive measure with
total variation ||| =t — s, which implies that ¢%, € L} with ||¢%][p1=¢ — s and thus i.

Point #i. and the first part of 4. follow similarly by using the embeddings FL?>> < FL%! < C0,
valid for p>d, and FLP> s FLP~4/272 5 {3 valid for p—d/2—e > s.

The second half of dii. follows from the fact that if w € L7°, then pg’; is supported on Bj, ||,
and so we have the estimate [[£;[[yys.1 S ||w|\d/2|\£ "t Frs-

Finally, statement 7v. can be deduced from the previous estimate and the Young-type inequality

£+ gllga+s SIS lBg Nlgllwen O

As already mentioned (cf. Remark 3.5), the operator T in general cannot regularise time-depen-
dent fields b= b(t, ), at least not uniformly over all b€ C{E for suitable Banach spaces F.
Intuitively, the reason is that the oscillations in time of b could compensate those of w, and
thus limit the induced cancellations. However, if b is behaves sufficiently well as a function of
t, it is still possible to obtain a regularising result.

Lemma 5.23. Let w e L be (v, p)-irregular, be CPFL*? with 8>1—~. Then T*be CJFLYTr:»
and there exists a constant C=C(y+ ,T) >0 such that, for all 0 < s<t<T, it holfd

IT5bl| Froter S C bl cogre o |27 e |t — 5|7, (5.8)
Namely, the linear map T": CPFL*P — CYFL*P+P is bounded with constant C||®||yy.s.

Proof. Let us first assume that b is smooth; in this case, for any [s,¢] C [0,T] and any sequence
IT of partitions of [s,¢] with infinitesimal mesh, it holds

t 1+1
wb(x) :L br(x 4+ w,)dr = 1%130 Z / (x 4wy )dr
= lim ; Tti,tul ti, )] (:E) = \I111|§0 ; bti * Mti»ti+1)(x)'

|II|—0
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Namely, the function 7;%b is the sewing (in the sense of Lemma 1.1) in FL*P+P of T 4 :=b, % ity
By the assumptions, it holds

[ITs 4]

10Ts u, tll e oo =[10s,u % il tll e oo <[bllcoppe [ wr-e

Frowvte KOsl FLecr (| Al 7L <|[bllcsgpe. || lwrolt — s]7,
|t - S|’y+ﬁa

where by assumption v+ 8> 1; applying Lemma 1.1 we deduce estimate (5.8).

The case of general b follows from a standard approximation procedure: given b € Ctﬁ FLP, we
can find a smooth sequence b such that ||b"||oszpe.r < ||b]|gspre.r and " — b in Cf ~FL*~P. By
properties of averaging, for any s <t, I"b™ converges to 13" weakly-* in FL*P; the conclusion
then follows from taking the liminf as n — oo on both sides of (5.8) applied to b™ and using the
Fatou property of weak-* convergence. g

Remark 5.24. It is clear that the proof can be readapted in a more general setting: given F,
F, G function spaces such that x: (f, g) — f* g is a bilinear bounded map from E x F' into G, if
u* € C{F and v+ > 1, then T™: CtﬁE% CJ}G is a linear bounded map. This can be applied in
combination with Lemma 5.22 to obtain regularising effects of 7% when F and G are taken in
suitable Besov scales.

5.1.3 Notions of local nondeterminism of stochastic processes

There is now a huge literature on local-nondeterminism and several alternative definitions, which
are not in general equivalent, see [272] for a survey; here we identify two types of LND which are
closely tied to p-irregularity and exponential irregularity of sample paths of Gaussian processes.
They will play a major role in the proofs in Section 5.3.

Definition 5.25. Let (X;);c(o,7] be an R%valued separable Gaussian process adapted to a given
filtration Fy. We say that X is strongly locally nondeterministic with parameter >0, X is
B-SLND for short, if there exists § >0 such that

Var(X;|Fs) 2 |t — 51?814 uniformly in s,t such that 0 <t —s<§. (5.9)

Properly speaking, in the terminology of [272], Definition 5.25 is that of a one-sided strong
local nondeterminism, but we have preferred to adopt the terminology S-SLND for simplicity.

As already pointed out in Appendix A.1, if W# is a fractional Brownian motion of parameter
H € (0,1), then it is H-SLND.

Let us extend the definition of fBm recursively as follows: given W, fBm of Hurst parameter
H € (n,n+1), we define the process I/IQH+1 = fé W.2ds to be the fBm of Hurst parameter H + 1;
in this way, we can cover H € (0, +0c)\ N. It is clear that W is a Gaussian centered process, with
trajectories in CtH ~. It might be slightly less obvious that W is also H-SLND, for any such H.

To see this, recall from Appendix A.1 that, for H € (0,1), we have the representation

t
WtH:CH/ [t =)= (=)™ ?]aB,
—o0

where B is a 2-sided standard Bm. Taking F;=o(B,:r <t), it holds

mH+1 7ESVI/;H+1:‘/O

t r t
:cH// (r—u)Hil/QdBudrzéH/ (t —u)HFD=1/24B,,

S

t t
WA —EWdr = [ W =B

where in the last passage we applied stochastic Fubini theorem. As a consequence,
Var(W | Fy) =Var(W ! — E,W )
t
il / (£ — w201y [t — 2D [,
S

which shows the (H + 1)-SLND property for WH 1. The general case W7 *", with H € (0,1) and
n € N, can be handled similarly.
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The argument above shows a few nice properties: i) it is possible to have S-SLND Gaussian
processes with arbitrarily smooth trajectories; ii) such processes may also have derivatives which
are still S-SLND, for other values > 0.

The second notion of local nondeterminism we will need is the following one.

Definition 5.26. Let {X;},c(o,7] be an R%-valued separable Gaussian process adapted to a given
filtration Fy. We say that X is exponentially locally nondeterministic with parameter >0,
X is B-eSLND for short, if there exists § >0 s.t.

Var(X;|Fs) 2 [log(t — s)| =P I;  uniformly in s,t such that 0 <t —s<4. (5.10)

It is desirable to have explicit examples of processes satisfying Definition 5.26. One way to
construct them is to consider, for given 3> 0, the R%valued Gaussian process X defined by

t
Xf:/ (t—s)"'/?[log (t —s)|~?/2~Y/2dB, Vte[0,1/2]. (5.11)
0

The proof that this process is -eSLND is not entirely trivial and will be given later, see Proposi-
tion 5.51 in Section 5.3.2.

Remark 5.27. Definitions 5.25 and 5.26 only involve the conditional variance of the process X
and are thus independent of its mean. This implies that they are all properties invariant under
deterministic perturbations; namely, if X is a (8-(e)SLND process and f is a given measurable
function, then X + f is still 8-(e)SLND. This can be interpreted as the chaoticity represented by
local nondeterminism being too strong to be disrupted by deterministic additive perturbations; this
fundamental feature will allow us to prove prevalence of p-irregularity and exponential irregularity.

5.2 Main results and applications

Compared to other chapters, here we prefer to adopt a slightly different structure. Rather than
delving immediately in the proofs of single statements, we will present in Section 5.2.1 below the
main results of this chapter and we will apply them in Section 5.2.2 to present several instances
of regularisation by noise in ODEs and PDEs. The proofs will be instead postponed to the later
Sections 5.3-5.4, which constitute the main body of the current chapter.

5.2.1 Statements
The start by presenting the main probabilistic result of this chapter.

Theorem 5.28. The following hold:
i. Let X be a continuous B-SLND Gaussian process in R?; then for any p < (23)~" there exists
vy=v(p, B) >1/2 such that X is (v, p)-irreqular with probability 1.
i. If additionally B <1/d, then £X € C'tl_ﬁd_C'g N C’,?CiA[l/(w)fdﬂ]f with probability 1.

iti. Let X be a 3-eSLND Gaussian with measurable, L*-integrable trajectories and 3 € (0, 1];
then X s exponentially irregular with probability 1.

The proof will be presented in Section 5.3; we can immediately combine Theorem 5.28 with
the basic considerations from Section 5.1.3 (especially Remark 5.27) to obtain the following preva-
lence result (for the notion of Cf. slowly increasing function, we refer to Definition A.17 in
Appendix A.2).

Theorem 5.29. It holds that:

i. For any § € (0,00), almost every p € CF is p-irregular for any p < (28)~1. If § > 1, then in
addition for any k <8, DWg is p-irregular for any p < (2(6 —k)) L.
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ii. For 6 €(0,1/d), almost every ¢ € C? admits an occupation density (9 and moreover

1 d

In(L_4)_
e eci-s-concpel ()

iii. Almost every ¢ € CY is p-irreqular for any p < oo. In particular, its occupation measures
(uit) C C° and its averaging operator TY maps S’ into the space of C%., slowly increasing
functions; moreover, T'¥ maps Us;erBy, 4 into Cp°.

iv. For any p € [1,00), almost every ¢ € LY is exponentially irregular; in particular it is
Carathéodory and its occupation measures (uit) are analytic.

We avoid providing very similar statements, but like Point . above, Point ¢. in combinations
with Lemmata 5.19, 5.22 and 5.23 provides several other prevalence statements in C regarding
the regularity of ¥ and the regularising effect of T'¥ acting on suitable function spaces.

Proof. We have already seen in Lemmas 5.10 and 5.21 that all the above properties ( p-irregularity,
exponential irregularity, Holder continuity of local times) define Borel measurable sets in the
function spaces appearing in points i.-7v., so we only need to provide suitable measures “witnessing”
their prevalence.

Let us start from the case 6 € (0,1). Let u* to be the law on Cf of a fBm W of parameter
H =6 +¢ for some ¢ >0, which is tight on Cf; let » € C? be fixed. The process WH is H-SLND
and by Remark 5.27 so is ¢ + W*H; then by Point 4. of Theorem 5.28 it holds

MH< @+ w is p-irregular for any p < %) = IP( o+ WH is p-irregular for any p < %) =1.
This implies that almost every ¢ € C{ is p-irregular for any p < 1/(26 + 2¢); taking a sequence
€n 40, using the fact that countable intersection of prevalent sets is still prevalent, we obtain the
conclusion in this case.

Consider now the case § € [n,n+1), n>1;set =n+60, 0€[0,1). Denote by u"* the law of the
process W™ obtained by integrating n times an fBm, which is discussed in Section 5.1.3; choose
H >0, so that p"TH is tight in C¢. Now fix ¢ € C}; the process Y is (n+ H)-SLND with DWY
being (n+ H — k)-SLND for any k€ {1,...,n} therefore Y + ¢ and D®)(Y + o) = D®y 4+ DF)
have the same properties by Remark 5.27. Applying Point 4. of Theorem 5.28 and arguing as in
the previous point, taking a sequence H, | J, the proof of claim i. is complete.

The proof of Point ii. is essentially the same, again using pf with H =8 +¢ as a witnessing
measure, only this time relying on a combination of Point #i. of Theorem 5.28.

The first part of Claim iii. is identical, relying this time on the fact that we can take any
H >0 and we obtain p-irregularity for any p <1/(2H), together with the property that countable
intersection of prevalent sets is prevalent. The second part of claim 4. concerning Ce, follows from
the fact that C5° < S and an application of Proposition A.18; the part concerning C§° instead
follows from Lemma 5.22.

The second part of Point iv. follows from Lemma 5.13, once we have shown the first part. For any
B€(0,1), denote by p” the law of (a measurable version of) the process X” defined in (5.11), which
is 8-eSLND by Proposition 5.51. Let ¢ € LT; we can require ¢ to be an actual measurable function
in its equivalence class, since the property of exponential irregularity does not depend on the chosen
representative. By Remark 5.27, the process ¢ + X? is also $-eSLND and so by Theorem 5.28

1P (@ +w is exponentially irregular) = P(¢ + X# is exponentially irregular) =1,
which implies the conclusion. O

Theorem 5.29, combined with geometric measure theory considerations, implies the next result.
Here dimp and dimg denote respectively the Fourier and Hausdorff dimensions; their definitions, as
well as that of Salem sets, will be recalled in Section 5.4.1, together with the proof of Theorem 5.30.

Theorem 5.30. Let § €[0,1). The following hold:
i. If 6>1/d, then almost every ¢ € C?¢ has the property that

dimp(p([s,t])) = dima(([s, t])) == V[s, ] [0, T].
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ii. If 6<1/d, then almost every ¢ € C?¢ has the property that
dimp(¢([s,1])) = dimp(o([s,1])) =d  V[s,t] C[0,T].

Moreover, for all [s,t] CRY, ¢([s,t]) contains an open set.

In particular, for all § €[0,1), the image of almost every function p € C?¢ is a Salem set.

The study of analytic properties of (v, p)-irregular paths allows to show that, as the name
suggests, they have a highly oscillatory behaviour; this can be related to other notions of roughness
already existing in the literature.

*

Theorem 5.31. Let w be (v, p)-irregular, 05, , defined as in (5.4). Then for any § > 63 ,, w is
nowhere §-Holder continuous and has infinite modulus of 5-Holder roughness; for any p < (5?;7,))_1
and any interval [s,t] C[0,T], w has infinite p-variation on [s,t].

The proof is given in Section 5.4.2, where the concept of modulus of §-Holder roughness is
also recalled. Quite nicely, Theorem 5.31 provides an alternative proof of Hunt’s original results
from [178].

Corollary 5.32. Let 6 €[0,1), then almost every ¢ € CY is nowhere (6 4 ¢)-Holder for any & > 0.

Proof. By Theorem 5.29, almost every ¢ € C? has the following property: for any p < 1/(26),
there exists v >1/2 such that ¢ is (v, p)-irregular. It holds

1-— 1

1-9_ 1

0y o=
Y. P ) 2p

which implies by Theorem 5.31 that any such function is nowhere d-Hélder for any § >1/(2p).
Taking p=1/(2d + 2¢) the conclusion follows. O

5.2.2 Applications to regularisation by noise

In this section we show how our main prevalence statement, Theorem 5.29, can be combined with
already existing results to obtain results on the regularising effect of almost every w e C¢ on ODEs
and PDEs.

As mentioned before, (7, p)-irregularity is closely related to the regularising properties of the
averaging operator T%; in turn, as already explained in Chapter 3, regularity of the averaged field
T™b is all that is needed in order to develop a good solution theory for the perturbed ODE

d d
Eft—b(l't)—f—a’wt, (512)

see Theorem 3.52. We can combine it with Lemma 5.19 and Theorem 5.29 as follows.

Theorem 5.33. Let §€[0,1), then a.e. weE C? is such that, for any o € R, the following hold:
i. If a>max {3/2— (20)71,0} or a>2—(26)"%, then for any b€ FL*! the perturbed
ODE (5.12) is well posed and admits a locally Lipschitz flow.
. If a>max{n+1/2—(26)"10} or a>n+1—(26)"", then for any b€ FL™?! the flow is
locally C™.

In particular, for almost every o € CY, for any a € R and any b€ FL*', the ODE (5.12) is
wellposed and admits a C*° flow.

The last part of the statement is again an instance of the oo-regularising effect of generic
continuous functions on (5.12). Applying Lemma 5.22, analogous statements can be given replacing
Fourier—Lebesgue FL*! with other scales like By , spaces. In addition, we can also consider

time-dependent fields b, for instance such that b e C’t1 / 2.7-'LO"1, thanks to Lemma 5.23.
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The theory developed for solving (5.12) can be also successfully applied to the study first order
linear PDEs of the form
dw
G
once they are interpreted in a suitable nonlinear Young sense (cf. Sections 3.2.4 and 3.2.4). The
abstract results from Section 2.1 (equivalently, its adaptation to this setting given by Theorem 3.57)
can then be combined with Lemma 5.19 and Theorem 5.29 to obtain the following.

Oru+b-Vu+cu+ Vu=0, (5.13)

Theorem 5.34. Let § €[0,1), then a.e. we CY is such that, for any a € R, the following hold:
i. If a>max{3/2—(28)71,0} or a>2—(28)"!, then for any b€ FL*! the transport PDE

6tu+b-Vu+%-Vu:0

has a unique solution u € CYCL.N Ctl/chooc for any ug € CL.
ii. Ifa>max{3/2—(20)"1,0} ora>2—(25)"1, then for any be FL*" the continuity equation
Ou+V - (bu) +C(11—7“:-Vu:0
has a unique weak solution u € C’tl/Q(C';)* NLFEM, for any ug € M.
In the above cases, w enters the equation as a perturbation that can be reabsorbed by shifting
the phase space (i.e. applying a Galilean transformation, as explained in Section 3.2.4 when passing

from (3.45) to (3.46)), which is why the operator 7% appears. In the next examples instead w has
the role of modulating a given group of transformations.

In the papers [66] and [65], the authors study the regularising properties of (v, p)-irregular
paths on nonlinear dispersive PDEs of the general form

d o dwt
E‘Pt*A@tT+N(Sﬁt)a (5.14)

where we C?, p: D— TR (or C), A is a linear unbounded operator and A is a nonlinearity (typically
of polynomial type). Their cases of interest are:

1. (NLS) Nonlinear cubic Schrédinger, D =T or R%, d=1,2, A=iA, N(¢) =i|p|%p;

2. General NLS on D =R with A=1i02, N(p)=i|p|" ¢, pe (1,4];

3. (dNLS) Nonlinear derivative cubic Schrodinger on T, A =i92, N(¢) =id(|¢|? — |l ¢||22)¢;
4. (KdV) Korteweg—de Vries, D=T or R, A=093, N(¢) = 0.(?);

5. (mKdV) Modified Korteweg—de Vries, D=T, A= 32, N () = 0.(¢> — 30| ©|72).

In all the cases above, although the original system (i.e. with w;=t) would be of integrable nature,
the presence of w doesn’t allow to exploit this feature; moreover the group {e‘4};cR associated to
A acts isometrically on all H%-spaces, thus doesn’t provide a priori any regularisation.
In order to give meaning to (5.14), the authors adopt the mild formulation (which would be
justified for w € C! by the chain rule, but a posteriori is meaningful for any continuous w?-3):
t
o =Upo + Utw/ (U 7N (pg)ds, UP:=ewtA,
0

Applying the change of variables 1; = (U*) "1y, the equation becomes

t
bi=go+ /O (U2) N (U2,)ds. (5.15)

5.3. There is a non trivial aspect underlying this apparently simple maneuver. In particular, if w can be enhanced
to a rough path, the idea that the chain rule should transfer to w by density of smooth functions actually means
that we are by assumption working with a geometric rough path. In the stochastic setting, if w were sampled as a
Brownian motion, then multiplication by dw/dt should be interpreted in the Stratonovich sense.
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The major obstacle, in order to solve equation (5.15) in spaces H® of low regularity, is that it
is unclear how to define the nonlinearity A in a pointwise manner. The fundamental intuition
from [66, 65] is that we actually don’t need it; instead, it suffices to know that that the “time-
averaged modulated nonlinearity” is meaningful, namely the family of operators {X; +}s<: formally
given by

Xs,1(9): Z/t(Uaf”)_lN(Uﬁ¢)ds, s<t.

Using the p-irregularity of w, it is possible to show that the maps X, ; are continuous from H®
to itself (actually C'*°, since they are the monoid associated to an n-linear bounded operator).
Then ¢ is defined to be a solution to (5.14) if and only if the associated 1 solves (5.15), which is
interpreted as a nonlinear Young equation in a Hilbert space. We refrain from giving further details
on the topic and only point out that our Theorem 5.29, combined with their results (Theorem 1.8
from [66], Theorems 1.6 and 1.7 from [65]), gives the following statements.

Theorem 5.35. Let § €[0,1). Then for almost every w € C?, the w-modulated cubic NLS on T
and R has a unique global solution in H* for any a > 0; moreover the equation admits a locally
Lipschitz continuous flow.

Theorem 5.36. Let §€[0,2/3). Then:

i. For almost every w e Cf, the w-modulated KAV on T has a unique local solution in H® for
any oo € H* with o> —(28)~1, which is global if a > —min {3 /2, (45)~1}.

i. For almost every w e CY, the w-modulated KdV on R has a unique local solution in H® for
any @0 € H* with o> —min {3 /4, (26) =1}, which is global if o> —min {3 /4, (45)~1}.

Moreover for any § €[0,1), for almost every w € C?, the w-modulated mKdV on T has a unique
local solution in H* for any po€ H* with a>1/2.

Analogue statements can be obtained combining Theorem 5.29 with other results from the
aforementioned papers, for instance Theorems 1.9 and 1.10 from [66].

In the setting of standard dispersive equations, a key role in establishing uniqueness of solutions
is played by Strichartz estimates. In the paper [101], for a given path w € C{IR, the authors study
under which conditions the operator A given by

t
fH(Af)t:A (s — s~ ds

is bounded from LY to L{ for suitable values of (p, q); the idea is to apply this kind of modulated
Hardy-Littlewood—Sobolev inequality to obtain Strichartz estimates for the modulated semigroup

. 2
Pt =y o) =t [ (iU N oay,

(4 (wy — wy))Y/? (wi — ws

The authors only consider w sampled as a stochastic process, specifically a fBm of parameter
H €(0,1); however, up to a closer inspection of the proof, Theorem 1.1 from [101] can be restated
in an analytic fashion as follows.
Theorem 5.37. Suppose that w € CY admits an occupation density (* € C'tﬁCg for some 5€(0,1).
Then for any p, q € (1,00) and a € (0,1) satisfying

p q

there exists a constant C >0 such that for all f € LY and g€ L} it holds

T T
/ / fi lws —wa| = gedsdt| < CTB || £ |l1o]l g oo
0 0

For any 6 €10,1), almost every ¢ € CY¢ satisfies the above assumption for any §<1—4.
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Proof. The proof of Theorem 1.1 in [101] is entirely analytical, as it follows closely the proof of
the standard Hardy-Littlewood—Sobolev inequality from Lieb—Loss [203], but it requires a key
property satisfied by fBm paths, given in Lemma 2.1 therein: defined

T
M(r,T):= sup / L, —wa|<rds,
tel0,7]J0

then there must exist a constant ¢ such that

M(r,T)<2crT? for all 7> 0. (5.16)

It is not difficult to see that requirement (5.16) is equivalent to the request that ¢%(z) < cT# for
all z € R; indeed, assume first that £%(x) <cT” holds, then

T
M(r,T)= sup / L, e B(ws,r)ds = sup / 04 (x)de < 2reTP.
tef0,T]J0o te[0,T] J B(wy,r)

On the other side, if w admits a continuous density ¢* and (5.16) holds, then

.1 1
Of(wy) = lim — p(x)dr < lim —M (r, T) < cT?,
r—0 27 B(wy,r) r—0 2T
and since we know that ¢% is supported on w([0,T]), the above estimate extends to all x € R
It is now clear that requirement (5.16) can be expressed in entirely analytical terms, and so
does the proof of Theorem 1.1 from [101]; the authors are only using the additional fact that almost

every fBm trajectory satisfies (5.16). But then to get the last statement, it now suffices to apply
Point ii. of Theorem 5.29 (for d=1) instead. O

Similarly, the proofs of Strichartz estimates and wellposedness for w-modulated NLS (Propo-
sition 1.1 and Theorem 1.2 respectively) from [101] are entirely deterministic and only rely on the
validity of the above modulated Hardy—Littlewood—Sobolev inequality; they can therefore be fully
generalised to prevalence results, similarly to Theorems 5.35 and 5.36 above.

In [64], the authors provide regularity estimates for solutions to scalar conservation laws mod-
ulated by a path w of the form®*

d i
Oy + Z 0y, A1) - d(;lgt =0 onT% wuli—o=uo€ L. (5.17)
i=1

They use the concept of (v, p)-irregularity to show regularisation by noise phenomena whenever
w is sampled as an fBm, but their results are of analytic (or path-by-path) type; before stating
their result, let us point out a simplification: given a (v, p)-irregular w € C?, the authors impose,
on a suitable parameter A >0, depending on another parameter v > 1, the condition

\ p(0+1)—(1—1) p+2(vpV1)
(vpv1)(0+1)+(1—7) (rpV1)(20+1)+(1—7)

=:c1 N\ Ca.
Thanks to Theorem 5.31, we can actually simplify the above expression; we claim that ¢ < co.
Indeed, since § <63, ,, we have
p(6+1)—(1—=7)<p+pdy,—(1—7)<p;
to check that ¢ < ¢, it then suffices to verify that

p < p+2(vpV1)
(wpV1)(§+1)+1—~ " (vpV1)(20+1)+ (1 —7)

and after a few algebraic manipulations we see that this is equivalent to

pS<2[(vpV1)(+1)+1—A;

5.4. The authors in [64] use the notation odw} /dt to stress that they are using a “Stratonovich type” noise, see
the previous footnote.
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this is now clearly always true since v > 1, so that pd < (vpV1)d <2(vpV1)(§+1).
The main result of [64] can then be restated as follows:

Theorem 5.38. (Theorem 2.4 from [64]) Let we CY be (v, p)-irreqular and let u be a
quasi-solution to (5.17). Assume A=(AL,..., A%) € C?(R;RY) satisfies the following non-degeneracy
condition: there exist v >1 and ¢ >0 such that, for A’=a=(al,..., a%) € CY(R;RY), it holds

inf  max |vi(a’(z) —a'(y))|=clr—y|” forall z,yeR.
veRdi=1,...,d

Then there exists a constant C = C(||®™||yy~.0) such that for all T >0 and all

p(6+1)—(1—7)
(vpv1)(0+1)+(1=7)

A<
it holds

T
[)I\Utl\wxwldtéc(IIUol\LlJrHUIIL;JH’LUIlcsHa’(v)mHTV)- (5.18)

If u is an entropy solution then in addition

[lullppr < oo for all t > 0.

We avoid here providing all the details on the above result, for which we refer the reader to [64].
Let us only mention that the definition of quasi-solution to (5.17) requires the existence of a finite
Radon measure m associated to u, which is the one appearing in estimate (5.18); u is an entropy
solution if m is non-negative. A few algebraic manipulations, combined with Theorem 5.29, imply
the following result.

Corollary 5.39. Let §€(0,1). For a.e. € C?, the statement of Theorem 5.38 holds for any

1

A VG E 1o

5.3 Ciriteria for stochastic processes

This section is devoted to the study of probabilistic properties ensuring that a stochastic process has
(7, p)-irregular sample paths, or even continuous occupation measure. It includes the proof of our
main result (Theorem 5.28), which is the cornerstone for our prevalence statements (Theorem 5.29),
but also develops several criteria of independent interest. In particular, we establish p-irregularity
of processes like fBm, a-stable process, Ornstein—Uhlenbeck as well as X; = f g B, ds; many of these
process have already appeared in regularisation by noise phenomena, see [194, 15, 61, 60] among
others.

5.3.1 General criteria

We provide here useful general criteria to establish p-irregularity for a given stochastic process,
which will then be applied to several examples in the upcoming Sections 5.3.2 and 5.3.3.

We adopt the following convention: although we always write statements to hold for any & € R%,
they must be interpreted as “for all £ large enough”, i.e. |£| > C for some universal deterministic
constant C' > 0, so that for instance expressions like log || are meaningful. We have seen that in
the case of p-irregularity this is not an issue, since the only relevant information given by ||®%||yy~.»
is for large values of |£|. Similarly, for a modulus of continuity ¢ defined only on a neighbourhood
of 0, t and s are tacitly assumed to be sufficiently close whenever (|t — s|) appears.

The next statement given in a general form, but keep in mind that our primary focus is the
case F(£) =|£|* for suitable values of a.
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Theorem 5.40. Let (X¢)ic[o,1) be an R%valued stochastic process with IP-a.s. measurable trajec-
tories, F:R%— [0,00) be a continuous function such that:

i. there exists ¢ >0 such that F(x)~ F(y) whenever |z —y|<c;
ii. F has at most polynomial growth, i.e. F(&) <|€]* as £ — oo for some a < o00.

Also assume that there exist positive constants ji,0,6, K such that the following hold:

E{exp<u/OT|Xt|9dt)] < 00; (5.19)

exp(u 22O |F(§)|2>1 <K VeéeR%L0<t—s<é. (5.20)

1. Integrability condition:

2. Continuity condition

E

|t —s|

Then, for the choice ¢(x) =/x|log x|, defining the random variable

wp _12EQIPE)
s#t,ceRd P(|t — 5|)1/1og|¢]

there exists A\ >0 such that Elexp(AY?)] < cc.

Y :=

Proof. Let us first show that, starting from (5.20), we can find another constant & such that the
same bound holds over all s <t, without the restriction |t — s| < J. Let [s,t] be such that [t — s| > J;
we can split the interval [s,t] in at most n=|T /0] + 1 intervals of the form [t;, ¢;11], of size at
most J; we have the estimate

X
exp< AP |F<s>|2>

E
|t —s]

<E

exp<%ﬂz |<I>if,ti+1<s>|2|F<s>|2>]
11 exp(%’ﬂ@iﬁw(@|2|F<£>|2)]

1/n
it exp<n2ﬂ |¢£S,ti+1<s>|2|F<£>|2>] |

tiv1—ti
Choosing fi such that (|7'/8] + 1)% < p we obtain

X
exp< AP |F<s>|2>

|t —s|

=E

<K.

sup E
[t—s|>d
£€eRd

From now on, with a slight abuse, we will denote by u the new constant j under which we have
a bound of the form (5.20) over all possible ¢+ s.
Let us define, for any st and suitable A > 0, the following quantity:

SOEDIEREDD 2‘"<d+1>(1+|§|)—<d+1>eXp<AW>.

neN ce2-nzd [t —s]
It follows from (5.20) that, for all A < p, E[Js (A)] < K uniformly in s,t; moreover by Jensen’s
inequality, it’s easy to see that J; ;(A\)? < Jg (BA) for any B> 1. Let us also define
X
N R 70514 05)

= sup
It —s["?ccra +/logl€]

To conclude, it suffices to show the existence of A € (0, 1) such that Elexp(AY.%)] < K uniformly
in s <t, as we can then apply Corollary A.27 from Appendix A.5 to get the desired bound for Y.
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Fix £ € R% For any n €N, we can find £ € 27"Z% such that |¢ — £| <27 for such € it holds

125/ ()
|1f—5|1/2

SATY2 flog g, 4(N) + 1+ log|¢ .

By the elementary estimate |ei® — ei€'2| < 20|¢ — £10|z|%, valid for 6 € (0, 1), we also have
~ o - - t 5
[@24(6) = 2Ol < / e X — et Xr|dr S € = € / X[ Pdr <€ = €1°I1X | o,
which interpolated together with |®X,(£)| < |t — s| gives

10X,(&) — X&) S [t — s|M/2|€ — E172|1X |12

Gathering everything together, using the fact that for n big enough it holds |€] ~ ||, as well as
F(&) ~ F(&) (thanks to assumption .), we obtain

DX(E)F(E) S 10X,6) — X UE|F(€) + 10X (E)|F(E)
S lt—s|V2E— €12 X2 F(g)
e = s[/2 X2, log T, (3) + n+ log €|
|t — 5|12 || X||767 27072 F (¢)
+|tfs|1/2)\_1/2\/logJS?t()\)+n+log|§|+c

A

Choosing n~ log ||, which is by assumption éi. is enough to guarantee F(¢) 27 "/2<1, we get

BXUONIF(E) S It = s 2[IX 76" + A~ log o o(N) + Togfe] ]
Dividing by +/log|¢] |t — s|'/? and taking the supremum we get
Yo SIX 7%+ A7 4 2712 flog T, (),

and so there exists a constant C such that

exp(A\Y;%) < exp(AC||X||f0) Jo,e(N)C
exp(2AC || X [|20) + Jo.1(N)2C

<
< exp(2AC| X (7o) + J5.e(2XC).

Choosing A such that 2AC < i, we therefore obtain a uniform bound for E[exp(AY%;)], which by
the above reasoning implies the conclusion. O
Remark 5.41. Going through the same proof, one can obtain a similar statement for F' such that:
i. there exist constants c1, ¢, ¢3 > 0 such that F'(z) <c¢1 F(c2 y) whenever |z — y| < cs;
ii. F has exponential-type growth, i.e. log F/(§) < c4|€|® as £ — oo for some o < 00, ¢4 > 0.
Then under conditions (5.19) and (5.20), it is possible to find ¢> 0 such that, defining

19X,(6)| F(c€)
Y := — 22
hr o Bt — s €[

the same conclusion as in Theorem 5.40 holds. The choice F(&) = exp(\|£|%) satisfies the above
requirements and in this case we can get rid of || in the denominator of (5.21) by changing c.

(5.21)

We immediately deduce the following result.

Corollary 5.42. Let X be a process satisfying the assumptions of Theorem 5.40 for F(&)=1£|*.
Then for any p < «, there exists v=y(p)>1/2 such that X is (v, p)-irregular. Moreover

Elexp(A[|®X||5y.0)] <o YAER. (5.22)
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Proof. Let Y be as in Theorem 5.40; interpolating the trivial estimate |®2;(¢)| < |t — s| with
[ 25(E) Y]~ (logl€)/? |t — s]'/? [log [t — s ||/
we obtain that, for any fixed € >0, it holds

| P () Y12 €702 (log| €)1/ 272 [t — s[1/2F= [log [t — s['/2 7=
SE Tyl—2&|€|fa(173s) |t _ S|1/2+€/2.

Setting p=a(1—3e)<a, y=1/2+¢/2>1/2, we obtain
85 s S V122
which also implies that, for a suitable C'=C(¢), taking p >0 small enough, it holds
Elexp(ul} 8% [[§yr..)] < Elexp(1CY?)] < o0 (5.23)

where §:=2/(1—2¢) > 2; therefore from (5.23) we immediately deduce (5.22). The reasoning holds
for any € >0, so we can invert the relations between p, € and - to deduce that for any given p <«
we can take v(p)=1/2+(1—p/a)/6. O

Theorem 5.40 and Corollary 5.42 are well suited for establishing p-irregularity in several sit-
uations, as we will show in the next section. However, conditions (5.19) and (5.20) are in general
difficult to check, due to their exponential nature; we present now a weaker version of Theorem 5.40,
which relaxes condition (5.19).

Corollary 5.43. Let X; be an R%wvalued stochastic process with P-a.s. measurable trajectories;
assume that it satisfies the continuity condition (5.20) from Theorem 5.40 for F(&)=1&|* and

that there exists 6 >0 such that
T
IP(/ |Xt|0dt < oo) =1.
0

Then for any p < « there exists v=~(p) >1/2 such that P-a.s. X. is (7, p)-irregular.

Proof. Let f € CY be a deterministic continuous function which is j-irregular for sufficiently large
p < 0o; existence of such functions is granted by Theorem 5.7.

For any N €N, set A={weQ: || X.(w)|lze <N} and define XV :=14 X. 4+ 14cf.. Then it is easy
to check that by construction

Elexp(A| XN ||10)] <00 YAER.

Letting u, 0, K denote the constants under which X satisfies condition (5.20), we have

X o XN o f 2| ¢ |20
eXp<uW> exp<u|@s,t ()PP ) +ex1[)<u|<1>s,t<s>| A )

E
[t —s| [t —s] [t —s|

<E

<K +exp(p| ] [[§y0.5) <00

uniformly over ¢ € RY, |t — s| < §, which implies that XV also satisfies condition (5.20). Therefore,
for fixed N and p <a, XV is P-a.s. p-irregular; but then

P(X is p-irregular) > P(X = XV, XV is p-irregular) =1 —P(|| X ||pe>N)—1 as N—oo. 0O
We conclude this section by providing easy-to-check sufficient conditions for (5.20) to hold. The

result is an immediate consequence of Lemma 3.22 from Section 3.1.4, thus proof is omitted; but
it is quite handy to state it explicitly, given how often it will be applied in the next sections.

Lemma 5.44. Let X; be an R%-valued stochastic process with measurable trajectories; assume
there exists a deterministic function F:TRY— [0, 400) such that, for all t —s <6, P-a.s. it holds

t
]E5|:/ eig.X” du]

<F(§)™2 veeRe (5.24)
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Then there exist universal constants p, K >0 such that

X
exp(u |(I)S’t(|?|_2 Ll[ﬂ(g)lQ)] <K VEeRKt—s<6; (5.25)

E

namely, condition (5.20) from Theorem 5.40 is satisfied.

5.3.2 p-irregularity for Gaussian processes and examples

We apply here the results of the previous section to prove part of Theorem 5.28. More quantitative
results are given in the next two statements; we start with the case of 5-SLND Gaussian processes.

Theorem 5.45. Let X; be a R%-valued separable Gaussian process with measurable paths; suppose
that X is 8-SLND and that additionally

/T]E[|Xt|2] dt < . (5.26)
0

Then for any p < (28)~1, there exists y=y(p) >1/2 such that X is P-a.s. (v, p) irreqular with
Elexp(A||@X||3y.0)] <00 VAER.

Proof. It suffices to verify that the conditions from Theorem 5.40 are satisfied for F/(&)=|£['/27,
as the conclusion then follows from Corollary 5.42.

By assumption (5.26), X. is an L?(0,7; R%)-valued Gaussian process; by Fernique’s theorem
(see [111]), we can deduce that there exists p >0 such that

Elexp(p| X [[72)] < o0,

namely condition (5.19) is satisfied. It remains to check condition (5.20), which we plan to do with
the help of Lemma 5.44. Let F; be the natural filtration associated to X; for any ¢ € R? and any
t — s <d, d being the parameter for which the S-SLND condition is satisfied, it holds

t t
‘E{/ eigxudu] /Es[ei§~(Xu—]Equ+IE]5Xu)]du
S S

t
/ ei§~Equ E[eig-(Xuf]Equ)]du

S

g/texp<—%§- (Var(Xu|.7:s)€)>dU
<f “exp(—cléPlu - s2%)du

< [ Texp(=clePrar~ el

Therefore assumption (5.24) from Lemma 5.44 is satisfied for F(&) ~ |£|'/ (%) which implies the
verification of condition (5.20) from Theorem 5.40 and the conclusion. ]

The next statement concerns the case of 5-eSLND processes.

Proposition 5.46. Let X; be a R%-valued separable Gaussian process with measurable paths, which
is B-eSLND and satisfies condition (5.26). Then there exist constants ¢, A >0 such that, defining

X 2/(148)
Vi s [PEAOlm(]eP/00)

s#t,E€Re o(|t —s|)
with ¢(x) = /x|log x|, it holds

Elexp(\Y?)] < cc.

In particular, if 8<1, then X is exponentially irregular.
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Proof. As in the proof of Theorem 5.45, condition (5.26) implies condition (5.19) by Fernique’s
Theorem. The rest of the proof is similar, again relying on Lemma 5.44, only this time we want
to apply Remark 5.41 for the choice F(¢) =exp(|¢|>/1+A).

For any t — s <6, where ¢ is the parameter in the $-eSLND condition, as before it holds

‘E{ / te'ii'Xudu] - / texp(—%g- (Var(Xu|.7-'s)§))du

1
< [ exp(—cléPllogr| ) dr
0
Foo _1\ B4t
N/ exp(fc|§|2xf:£ B):r 7o dx
0

§/Oooexp(—c~(|§|2x +x7%)) dx

where in the third line we used the change of variables = [log7|~?. By the general inequality
a+b>a’b' =% valid for all a,b>0 and 6 € (0,1), it holds

T A
for the choice = 3/ (8 + 1); therefore there exists a constant ¢; such that
‘E{/te’f'xudu} rSexp(f2c1|§|2/(ﬁ+1))/0
By Lemma 5.44, we deduce that Condition (5.20) is satified for F(&) ~ exp(ci|€|?/(P+V); the

conclusion then follows from Remark 5.41. In particular if 8 € (0, 1], then 2/(8 + 1) > 1, which
implies that X is exponentially irregular. ]

exp(% xﬁ) daz <exp(—2¢y|€]?/(AHD).

We have already seen in Section 5.1.3 that the (generalized) fBm of parameter H € (0, 00) enjoys
the B-SLND condition for 5=1/(2H).

The rest of this section is devoted to providing further examples of Gaussian processes satisfying
the assumptions of Theorem 5.45; in the following, (F;): denotes either the filtration generated by
B or the filtration generated by a given process X, which will be clear from the context.

Example 5.47. Let B be a standard Brownian motion in R? and let A€ R%*9, o€ R?, ¢ >0 and
a given deterministic function f: [0, 7] — R% consider a generalised Ornstein—Uhlenbeck process
in RY, solution to the SDE

dXt: (*AXt+ ft)dt+JdBt, X0:$0.

The explicit expression for X is given by

¢ ¢
Xt:e_tAxo—i—/ e*(t*S)Afsds—i—a/ e~ (t=9)AqB,
0 0

t t
:e_(t_s)AXs+/ e—<f—’">Ader+a/ e "NAdB,;
in particular, it holds

t
X, — E X, = 0/ e~ (t-mAgpB,.

It follows that for any s <t such that |s —t| <& and any v € R? it holds

t t—s
Var(X; - v|Fs) = Var((X; — Es Xy) -v) = 02/ le=t=1 Ay 2dr = 02/ le= ™4 v|2 dr;
s 0

—rA*

choosing § small enough, so that ||[I;—e <1/2 for all r <d, we deduce that
Var(X; - v|Fs) 2 o?|v|? |t — s,

namely Var(X;|F;) 2 |t — s| I;. We conclude that X is p-irregular for any p < 1.
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Example 5.48. There is a general class of Gaussian processes for which a 5-SLND condition holds,
given by so called moving averages of white noise, as already observed by Berman (see Section 3
from [37]). Specifically, let K: Ay — R%*9 be a function such that (K K*)(t,r)> |t —r|* =1 I for
some >0 and all (r,t) with ¢t —r < §; given B standard Bm in R¢, define the process

t
X, ::/ K(t,r)dB;.
0
Then for any s <t it holds X; — E;X;= f;K(t, r)dB,., which implies that
t
Var(X;|Fs) :/ (KK*)(t,r)dr > |t —s|*P I,

for all s <t such that |t —s| <§. We deduce that X has p-irregular trajectories for any p < (23)~%.
The standard example for this type of processes is for the choice K(t,r)=k(t —r) I;, where k:
R, — R is such that |k(t)| > [t|?~1/2. Taking k(t) = |t| /2 we obtain the d-dim. Lévy fBm
(sometimes also referred to as type-II fBm), for which again we have p < (2H) L.

Example 5.49. The class of moving averages is closed under integration. Given K and X as
above, defining Y := [ X, ds, by stochastic Fubini it holds

t s t ot t
Yt:/ / K(s,r)dBrds:/ / K(s,r)dsdB,.:/ K(t,r)dB,
0Jo 0Jr 0

where K(t,7): :f:K(s, r)ds. In the special case where K (t,r)=k(t,r) Iy with k: Ay — [0, +00)
satisfying k(t,r) > |t —r|°~/? whenever 0 <t —r < §, we find

to_ t t 2
/(KK*)(t,r)dr:Id/ (/ k(s,u)du) dr> |t —r26+D

which shows that Y is (8 + 1)-SLND. Choosing K (t,7) = |t —r|#~1/21, i.e. X being a Lévy fBm
of parameter H, we deduce Y is p-irregular for any p < (2+2H)~!. The argument can be iterated,
producing “Lévy fBm of parameter n + H”, which will be p-irregular for any p < (2n+2H)~; see
the similarity with the fBm of parameter n + H as defined in Section 5.1.3.

Example 5.50. The following example is taken from [6] and it provides an explicit Gaussian
process with continuous trajectories which are P-a.s. p-irregular for all p < co. Functions with
such properties can be also constructed by prevalence techniques, using the fact that countable
intersection of prevalent sets is prevalent.

Let H, be a sequence in (0,1) such that H, [0 and {WW#=}, be a sequence of independent fBms
in R? with parameters H,, defined on an interval [0, T]; also consider a sequence A, of strictly
positive numbers such that

S AW o] < oc
n
(for instance one can take A, = (1 +E[||W7"|c0]) "' n=2). Then it holds

]E[Z A [WHn]| o

which implies that [P-a.s. the series ) A WHn is absolutely convergent, thus uniformly convergent
to an element of Cf; we denote such limit by Y, which is therefore a Gaussian variable on C?. By
construction

}<oo

Var(Y;|Fs) = A\ Var(W/ | Fo) = Ay, [t — s[2H7,

which implies that P-a.s. Y is p-irregular for any p < (2H,)~!. As the reasoning holds for all n
and H, |0 we conclude that Y is P-a.s. p-irregular for all p < co.

Finally, we present the proof of the statement already claimed at the end of Section 5.1.3,
concerning the S-eSLND property of suitable Gaussian processes.
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Proposition 5.51. Let >0 and consider the R%-valued Gaussian process XP defined by
t
Xf:/ (t —5)"2[log (t — 5)|~3/2~1/2dB, Vi€[0,1/2] (5.27)
0

where B is a standard Bm in R, Then X? admits a modification which is -eSLND and satisfies
the hypothesis of Proposition 5.46; moreover, X? has trajectories in LY for any p < occ.

Proof. The process X is separable, as it is constructed from Bm, which is a separable process.
Moreover, it is easy to check X is stochastically continuous, therefore by Proposition 3.2 from [85]
it admits a measurable modification; from now on we will work with this modification. It holds

t

Var(Xt):Id/ (t—s)"Ylog (t—s)| P tds=cg|logt| <1 Vte0,1/2];
0

by properties of Gaussian variables, we can then find A > 0 small enough such that
1/2 1/2
E{/ exp(\|X;¢]?) dt} :/ Elexp(A|X;[?)] dt < oo,
0 0

which implies that X € LY for all p € [1,00). Finally, since X is the moving average of white noise
associated to K (t,r) =k(t —r)Iy, k(t —r)=|t —r| /2 [log [t — || 7#/271/2 for any s <t it holds
t—s

¢
Var(X;|Fs) = Id/ k2(t —r)dr= Id/ ulogu| =B~ dr~|log(t — s)| =PI,
0

S

which proves the $-eSLND property. g

Remark 5.52. We have constructed the process X on the interval [0,1/2] for simplicity, but up
to rescaling, a process with the same properties can be constructed on any finite interval [0, T7.
Recall that for <1, X is exponentially irregular, thus Carathéodory and unbounded; therefore
the LP (actually, exponential) integrability obtained is optimal in this case. On the other hand, in
the regime 8> 1 it can be shown, using the results from [110], [212], that the resulting process has
continuous trajectories. The results presented here are taken from [143]; while we were working on
the manuscript, the work-[170] came out, in which the same process is independently introduced
and called p-log Brownian motion (see Section 4 therein); our condition 3> 0 corresponds to p>1
therein. However the authors in [170] only provide estimates for x4~ in the regime p>1/2, which
corresponds to 3> 1, and do not prove the exponential decay of ®X(¢); our results in that regard
are much sharper.

Further examples of p-irregular functions can be produced by combining a given [S-SLND
Gaussian process X with suitable deterministic functions.

Proposition 5.53. The following hold:

a) Given a measurable, deterministic f:[0,T] —R? and a B-SLND Gaussian process X, set Y
=f+X; then Y is also B-SLND. If moreover X satisfies condition (5.26) and f € LY for

some 0 € (0,00), then Y is p-irreqular for any p<1/(28). A similar statement holds for f
as above and X B-eSLND.

b) Given a measurable, deterministic f:[0,T] — R satisfying ¢+ < |fi| <c for some ¢ >0
and a process X satisfying the assumptions of Theorem 5.45, Y := fX also satisfies those
assumptions and is therefore p-irregular for any p<1/(25).

¢) Let X is a B-SLND Gaussian process with B € (0,1]; suppose X has trajectories in Cf. Let
A€ CJR¥™4 be a deterministic function, with a4~ > 1, satisfying

A A=l Ve (0,7

Then the process Y defined by the Young integral Y. :f(')AS dX; is also Gaussian, B-SLND,
with trajectories in C§; it is p-irregular for any p<1/(25).
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Proof. Part a) follows from Remark 5.27 and the fact that if f € L{ and X satisfies the integrability
assumptions, then so does f+ X. Regarding b), it is clear that the process Y defined in this way
is still Gaussian satisfying (5.26). The process Y is 8-SLND since

Var(Y; | Fs) = | fo|? Var(X; | Fs) ~ Var(X¢ | Fs) 2 |t — s|?P1,.

It remains to prove c¢). By properties of Young integrals, ¢ +— f(;Adcp is a bounded linear map
from Cf* to itself, therefore Y is a Gaussian process on C§' since X is so; by Fernique’s theorem,
it holds E[exp(A||Y ||ce)] < oo for all A € R. By definition of Young integral, we have

Vi=Yo+As X1+ Rs 4
where |Rs ;| S|t —s|PT7||Al|cv|| X ||ce. This implies that Y satisfies
Y — EsYy = As (Xo — EsXy) + (Rs,t — EsRs 1),
where X; —E;X; and R, ; — EsRs + are both Gaussian variables independent of F5. Moreover
E[| Ryt — By Rs,o") SE[|Rs o] S|t — 5|27 A2~ B[ X [|2] S|t — s>

where o+~ > 1> 3 and so the variance above is of order o(|t — s|?7) as |s —t|~0. The decay of
Var(Y;|Fs) for s~t is thus governed by

Var(Ag (X; — Eg X)) = AVar(Xy | Fo) A% 2 [t — s|2P A AL 2> |t — s]2P I,

whenever |t — s] is small enough. This implies that ¥ is 5-SLND and p-irregular for any p<1/8. O

Remark 5.54. The examples from Proposition 5.53 can be further combined together, for instance
by considering

t
Y, ::/ AdX,+ fi X+ g0
0

for A, f, g satisfying the previous assumptions. One can moreover replace such deterministic
objects by stochastic processes Z¢, independent of X, satisfying suitable regularity and integrability
assumptions; this can be readily seen by first conditioning on Z* and applying the deterministic
result. This allows to construct processes with p-irregular trajectories which are not Gaussian nor
Markovian.

5.3.3 p-irregularity for a-stable processes

Section 5.3.2 deals exclusively with Gaussian processes, but the criteria developed in Section 5.3.1
apply in more general situations, including Markov processes. Here we treat the case of suitable
a-stable processes.

Let us first recall some important facts on stable processes (see [250] for a detailed overview).
A process X with values in R¢ is a symmetric a-stable process with spherical measure u (up to a
renormalising constant) if it is a Lévy process such that, for any s < ¢,

E[exp(z«g,xt—xsm=exp(—<t—s> / |<«s,z>|w<dz>).

Gd—1

From now on, we will say that X satisfies the non-degeneracy condition if there exists ¢ > 0 such that
G(e)i= [ e 2)on(d) >elel (5.28)
Similar conditions have already appeared in the literature on regularisation by noise, see e.g. [61].

Proposition 5.55. Let X be a symmetric a-stable process satisfying the non-degeneracy condi-
tion (5.28). Then X is P-a.s. p-irregular for any p <a/2.
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Proof. Let F, be the natural filtration associated to X; for any € € R¢ and s < t, by the indepen-
dence of increments and the non degeneracy condition, it holds

t t—s 00
‘E{/ ei<5’XT>dr] :/ e—’"G(@drg/ e~ dr ~ €] e
s 0 0

Applying Lemma 5.44 to the choice F(&)=£|*/?, there exists p >0 s.t.

(e X 2
o L0 o

We would like to conclude that the process X is p-irregular for any p <« /2, but the integrability
condition from Theorem 5.40 is not satisfied. However, the process X belongs P-a.s. to LY for
any 0 < « (see Example 25.10 from [250]) and therefore we can apply Corollary 5.43 to obtain the
conclusion. g

t
ez‘<s,xs>/ o (r=9)G(O) g,

sup E
s#t,£€R4

Remark 5.56. The non-degeneracy condition (5.28) is for instance satisfied in the cases of
being the uniform measure on $¢~! and o= Zle d¢;. The associated processes have respectively
generators £y = (—A)*/2 and Lo=. (—02)%/2.

%

The previous examples generalises to anisotropic Markov processes, which show different irreg-
ularity behaviour in different directions. Property (5.29) below could be regarded as a notion of
“a-irregularity”, where now « is a vector in R

Corollary 5.57. Let a=(ai,...,aq) € (0,2)¢ and let X be R%valued process whose components
X are independent symmetric a;-stable processes, so that

Elexp(i(6,X, = X =exp( —ft—s[3 J&f™ )

Define ||€]||2 =3, |&|*". Then setting ¢(x) = \/z[log x|, P-a.s. it holds

sup €Nl P2 (8)] < o0
s#t,ceRe \/log|E|p(|t — s])

Proof. Going through the same calculations as in Proposition 5.55, we deduce the existence of

>0 such that
lIENZ @& (E)I
eXp(“W

(5.29)

sup [E
s#t,£€Rd

< 00.

The conclusion then follows from Theorem 5.40 applied to the choice F(&) = |||{]||o (together with
a reasoning analogous to that of Corollary 5.43, in order to relax the integrability condition). O

5.3.4 Holder continuity of local time for Gaussian processes

We prove here that, under suitable assumptions, a Gaussian process X is not only p-irregular, but
it also possesses an Holder continuous local time. To this end, we introduce another notion of local
nondeterminism (which is actually Berman’s original one from [37]).

Definition 5.58. Let (Xt):cjo, 1) be an R%-valued separable Gaussian process. We say that X is
locally nondeterministic with parameter >0, X is B-LND for short, if for every integer n > 2
there exist positive constants c,, and 0, such that

Var(Z Vg ( Xty — th)> > C"Z Var(vg - (X y, — X)) = C”Z ok |? [th1 — tr|?? (5.30)

k=1 k=1 k=1

for all ordered points t1 <ty < ...<t, with t, —t; <, and vy € R™.

Let us immediately explain how this new notion relates to Definition 5.25.



150 P-IRREGULARITY

Lemma 5.59. Let X be a -SLND Gaussian process, then X is 3-LND. The converse does not
hold, i.e. there exist processes which are B-LND but not 3-SLND.

Proof. The result is classical, Remark 2.3 from [272] and the references therein. O

We are now ready to prove the following result (which, by Lemma 5.59, immediately implies
Point 4. of Theorem 5.28)

Theorem 5.60. Let X be a R%*-valued continuous Gaussian process which is f-LND with parameter
B€(0,1/d). Then P-a.s. £X € CPMC? for any a; €[0,1) satisfying

a1 +2Bas < 1— Ad. (5.31)

In particular,

[SIE

1—Bd— 1/\(%_ )—
(XeotPimcdncfo, " P-a.s.
Proof. Let us make a preliminary observation: even if X is not centered, we may always write
it as X =+ W, where ¢, =E[X,] is continuous and deterministic and W is a centered Gaussian
process. Clearly, W is S-LND if and only if X is so (with same constants ¢, d,); from now on we
will work with this decomposition of X.

Our proof follows quite closely the one given in Sections 25-26 from [152], so we will mostly
sketch it. For simplicity, we will already assume that ¢X is a well defined function, which we can
evaluate pointwise and express in terms of its Fourier transform®®. In order to conclude, since £X
is IP-a.s. compactly supported (by continuity of X), it is enough to show that, for any «; as above
and any k € 2N, it holds

E[(€4 1(x) — €o.0(9)] < Cila — y|**|s — ¢ VheR™,0<s<t<T.

Actually, it is enough to show the above for |s —t| < ¢ with § = (k) small enough; indeed, we will
take 0 =Jof, as in the LND property associated to W. By arbitrariness of £ € N, the conclusion then
follows from an application of a multiparameter Garsia-Rademich-Rumsay lemma (see e.g. [177]).

In order to obtain such estimates, we first rewrite the above quantity in terms of the Fourier
transform of ¢X: we have

@) =(m) [

02 4(8) ei€edg = (2m) 4 / / e~iE (Ur kW) qpei-o g ¢
Rd R4/ [5,1]

Therefore (dropping the term (27)~¢ for simplicity) it holds

E[(¢3:(x) — €54(y))¥] NEK/M(/[M]Gz‘g-(wwrwr)dr)(eig-zei&y)dg)k]

] j G Vil _ iy s
exp| —1t & .W]. e i(ei T — e ) dg; dt
T o DU G )aga
1 —i€i Y itsw g
= exp —gVar[ 37 €W, ) | 7% e - e vagyat,
A{dkx[s,t]k ( 2 (; 7 t>>1:[ ( ) J S
1
Sxfyak/ exp| —5 Var E & Wy, &> de;dt;
| | dex[s7t]k 2 7 J tj H|J| i j

where in the last passage we used the fact that, since k € 2N, the above quantity coincide with its
absolute value, together with the basic inequalities

H (eiij'1 _ eiE]"y) H (eiﬁj'ﬂﬁ _ eiij'y)

J J

=E

=1, Slz—y* ] 11~ for aco,1].

J

Observe that in the last quantity the deterministic function v has disappeared and it does not
play any role in the subsequent estimates.

5.5. Rigorously, we should first mollify £%, obtain stochastic estimates which do not depend on the mollification
and then pass to the limit; we omit this mostly tedious passage.
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It remains to obtain, exploiting the LND property, estimates for the quantity

1
- I | a = E X dé&;de;.
Lk [dex [t |§j| exp( 2Var< . f; tJ)) f; J

Up to a multiplicative combinatorial factor, it holds
1
Iy~ —=V i Xt |edt; dE;
foo{ {0 e
where Ay ={s<r1<...<rp<t} is the k-th simplex. By the change of variables &; =v; — v;j11
(and & = v, vi4+1=0) and the basic inequality |a —b|* < |a|* + |b]|®, we obtain

1
Ikw/ exp| —=Var E Vi X, ot I | Vi —v;41|¥dt; du;
Rk x Ay, 2 - I -t ; vj = vj 1™ i dv;
1
<§ cm/ Il v |avmﬂexp<§\/ar<§ Vi Xy 1t ))dtjdvj

de XAk

< en [ T s exp(—cloy Pt =t )t do,

™ ]dexAk

<Sen | TT U1 exp(—elog [2175122))dE do
m dex[s, k ]

=SS el [ Il exp(—clo i) dudo,
™ J R%x [s,t]

where the sum is over m =m(k) is finite, the coefficients ¢,, and ~,,,; are of combinatorial tipe
and v, ; €{0,1,2}. In the third line we used the change of variables t~j =t; —t;_1. Finally observe
that by scaling

t—s|

|
/ |v |73 exp(—c|v|?|t]|??) dtdecH/ u P m By < e |t — 5|1 Ad—208
R4x[s,t] 0

since ym,; € {0, 1,2} and we are imposing the condition 1 — Sd —2af > 0. Combining all the
estimates we obtain

]E[(@{t(x) - Ei{t(y))k] Skom |z —y|oF |t - 3|(1*5d72a5)k

which implies /X € C;'C2? for any
d

1
a1 <1—pd—2a8, a2<a<ﬁf§/\1. a

Remark 5.61. The literature on local nondeterminism is nowadays huge, we refer the interested
reader again to [272] and the references therein. Here for simplicity we only dealt with Gaussian
processes, but the notion(s) can be generalized to include Lévy processes as well. It is also easy to
check, going through the proof of Theorem 5.60, that a similar statement can be shown for y-stable
processes satisfying condition (5.28); the only difference is that the parameter 1/ 8 appearing in
condition (5.31) is replaced by v (in a perfect parallelism with Theorem 5.45 and Proposition 5.55).
Finally, in Theorem 5.60 the constraint a < 1 appears, but it could be overcome by also considering
the regularity of derivatives of higher derivatives of /X (again expressed in terms of their Fourier

transform); this way, one could achieve the full regularity £X € C?Ci/ (26)—d/2—

5.4 Analytic properties of p-irregularity

This section is devoted to the study of deterministic (7, p)-irregular paths. It includes the proof
of Theorems 5.30 and 5.31, which are presented respectively in Sections 5.4.1 and 5.4.2. In Sec-
tion 5.4.3 and 5.4.4 we also discuss what we call the perturbation problem.
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5.4.1 Fourier dimension and Salem sets

We highlight here the connection between p-irregularity and Fourier dimension and provide the
proof of Theorem 5.30. This connection was already noticed in [65]; we start by recalling some
facts of geometric measure theory, which can be found in [215].

Definition 5.62. Given E CR? Borel, denote by M (E) the set of positive measures supported
on E. The Fourier and Hausdorff dimension of E correspond respectively to

dimp(E)=sup{a €[0,d]: Iue M, (E), i € FL*/?>°},
dimy(E)=sup{a€[0,d]: Iup€ M4 (E), I*(u) < oo},

where

re(yi= [ B ey el OPAE = coalln oo

|z —yl|*

It is clear from the definition and the embedding FL*°° < FL*~ %22 that
0 <dimp(F) <dimg(F) < d; (5.32)

moreover, there are examples in which all inequalities in (5.32) are strict. This motivates the
following definition.

Definition 5.63. A Borel set E CR? is a Salem set if dimp(E)=dimy(E).
If w is (v, p)-irregular, it is clear that for any [s,¢] C [0, 7] it holds
per€ FLP®, I%(pdy) Sa |t = sV @7 Sy Yo <2p.
In particular, since ju5’; is a measure supported on w([s, t]), it holds
min (d, 2p) <dimp(w([s,t])) VIs,t] C[0,T].

On the other hand, recall that if f € C{, then for any [s, ] C [0, T] it holds dimg(f([s,#])) <5
We are now ready to give the proof of Theorem 5.30.

Proof. (of Theorem 5.30) Suppose first 6 >1/d. By Theorem 5.29, a.e. ¢ € CY is p-irregular
for any p < (2§)~1. It then follows from (5.32) and the above considerations that

2p=min (d, 2p) < dimp(p([s, 1)) < dimp (o ([, 1)) <67

since the inequality holds for all p < (26) !, the conclusion follows. The case § < 1/d is even more
direct, since in this case we can find p < (26) ! such that 2p > d and therefore we obtain

d=min (d, 29) < dimz(p([s, ])) < dima(p([s, 1)) < .

Finally, if 6 <1/d, then by Point ii. of Theorem 5.29, almost every ¢ € CY admits a jointly
continuous occupation density ¢7,. Therefore, there exists x € ¢([s,]) such that £, (z) >¢e>0
and by continuity the same must hold on an open ball B(z,r) for some r > 0; this implies that
B(x,r)CsuppKﬁtch([s,t]). O

It is possible to show that p-irregular paths cannot be J-Holder for § too large reasoning by
dimensionality, since otherwise it wouldn’t be true that dimpg(w([s,t])) > min (d, 2p); in the next
section we are going to provide a much sharper result.

5.4.2 p-irregular paths are rough

The results of this section are inspired by the similar discussion carried out in Sections 9-11
of [152], in which it is shown that functions with sufficiently regular occupation densities must
exhibit a quite erratic behaviour. Let us point out however that here we only assume the function
w to be (v, p)-irregular, which in general does not imply the existence of an occupation density.
Theorem 5.31 follows from the results of this section and implies that the prevalence results from
Theorem 5.29 are sharp, see also the discussion in Remark 5.70 below.
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The next statement shows that (-, p)-irregularity is indeed a notion of irregularity, in a sense
that can be explicitly quantified. We recall to the reader the existence of a critical parameter 45 ,
associated to (v, p), as discussed in Remark 5.3; it is given by

| e
0r j=—0=.
¥:p P
In the next statement, A; denotes the Lebesgue measure on the real line.

*

Theorem 5.64. Let w be a (v, p)-irreqular function. Then for any 0 > 63 ,, w is nowhere §-Holder
continuous. In particular, for any fired M >0 and any s € [0,T], the set of points t around s which
satisfy an approrimate §-Holder condition with constant M is a zero density set:

. 1 s
ws ¢ < — =0.
811)1101+ M(B(s. )N 0.T]) A(t€B(s,e)N[0,T): |ws, ol <Mt —s]°)=0

Proof. First consider the case of p <d. Let 1 € CS°(R%) be a radially symmetric, decreasing
function such that ¢ =1 on By. Fix M >0 and let us consider first s € (0,T), so that A (B(s,
€)N[0,T]) =2¢ whenever ¢ is small enough; up to translation, we can assume ws=0. We have

QLEAl(te (5—e,5+e): [ws.o < Mlt —s[9) gQLEAl(te (s—¢,5+2): lwe] < Meb)

1 Wi
<— — Yl —= )=
\QEAl(tE(S e, 5+e) w(Ms‘s) 1)
1 s+e we
< - W
\QEl,E dj(Ms‘S)dt

_1 Y\, w
72_6 ]Rdw(M_é“s> Ns—a,s—i—a(dy)

d N -
M s A)\ DM 1 (8) de

SMEW‘””II@”IIW”’”[RO,|1/3(M€5§)I (1+[€)~rde.

By Holder’s inequality, for any ¢>d/p>1, setting 1/¢’=1—1/¢ it holds

OIS (14 JeD 7€ Sar g 1 o

Therefore we obtain

1
2—5/\1(15 E(s—e,s+¢e):|jws | <Mt — s[%) SM.q H(IWHWv,psVJ“Sd/q’l,

where the last quantity is infinitesimal as ¢ — 0 for any ¢ such that d/q¢<p and v+dd/g>1. In

particular, if d satisfies 0 > ¢ ,, then it’s always possible to find such ¢, which gives the conclusion

for s €[0,T]. The reasoning at the endpoints {0,7'} is analogous: for instance in the case s =0,
similar calculations yield

1

g/\l(t €(0,¢) : |Jwy — wo| < M|t]°) ||| yrpe¥ T a1,
This concludes the proof in the case p < d; for p>d, we can just invoke Lemma 5.5 and find a new
pair (7, p) with p <d such that w is (7, p)-irregular and 63 ,= 3 5. O

Remark 5.65. It is clear from the proof that the statement can be localised as follows. For a
fixed s €0, T], if the map t+— puj’ satisfies an approximate v-Holder condition in FL?*° around s,
namely there exist constants C',r >0 such that

|15 ]| Fe0e < Clt — 5|7 forallte(s—r,s+r),
then w cannot satisfy an approximate J-Holder condition around s for any § > 6 ,.

Let us recall that for a given path w € C?, its p-variation on an interval [s, ] C [0, T] is defined as

1/p
Hprfvar;[s.,t]: (sup E |wti7ti+1|p>
L
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where the supremum is taken over all possible finite partitions I={s=tg<...<t,=t} of [s,¢].

Corollary 5.66. Let w be (v, p)-irreqular. Then for any p < (85 ,)"" and any [s,t] C [0, T],
”pr—var;[s,t] = 400.

Proof. Since the p-irregularity property is scaling invariant and the p-variation is invariant under
reparametrization, it suffices to show that if w is (v, p)-irregular, then |[w||,—var,[0,1]= oo for any p
as above. Going through analogous computations to those of Theorem 5.64, it can be shown that
for any § > 6% , it holds

lim  sup l)\1(15 €(s,s+¢e):|ws | <) =0.
e—0%se[0,1—¢] €

In particular, for all € >0 small enough it holds

sup M(EE(s,s54¢):|wsy]>e%)>=>0;
s€[0,1—¢] 2
thus for any s € [0, 1 — €], there exists ¢ € (s, s+ ¢) such that |ws ;| > &% Taking n~1/¢e, we can
construct a partition {0=1ty< ... <ta, =1} such that to =ke and tax41 € (tok, tak+2) has the above

property. We obtain
2n—1

||'LU ||£—var > Z |wtk,tk+1|p z 5105*1;
k=0

since € can be taken arbitrarily small, if p<1/6 then ||w||p—var =00. As the reasoning holds for

any d >4} ,, the conclusion follows. a

Theorem 5.64 suggests that the behaviour of w is quite wild. This intuition can be captured
by the following notions of irregularity, introduced in [136] and nicely presented in [132].

Definition 5.67. We say that a path w € CY is rough at time s, s € (0,T), if

|v - ws, ]

— d—1
m——i—oo Vved .

limsup

t—s

A path w is truly rough if it is rough on some dense set of [0,T].

Definition 5.68. A path w € C} is 6-Hélder rough for 6 € (0,1) on scale g if there exists a constant
L:=Lo(w) :=L(0, 20, T;w) >0 such that, for every ve $?~1, s€[0,T] and ¢ € (0,c0|, there exists
t€1[0,T] satisfying

[t—s|<e and |v-(ws.:)| > Lo(w)e’. (5.33)

The largest such value of L is called the modulus of 6-Hélder roughness of w.

Corollary 5.69. Let w be a (v, p)-irregular path; then for any 0 > 6%, ,, w is 0-Hélder rough with
infinite modulus of 0-Hdélder roughness.

Proof. For simplicity we show all the properties for s away from the endpoints {0,7'}, but it is
easy readapt the reasoning in the other case. Recall that, if w is (7, p)-irregular and v € 3=, then
v-w is (7, p)-irregular and || 2V ||yw.» < || @Y |lw.r. The calculations in the proof of Theorem 5.64
show that, for any 6 > % , and any M >0,

lim %Al{te(s—s,s+5):|v-ws7t| > Med) =1,

e—07t

where the rate of convergence only depends on M and [|®¥%|jyyr.e < ||®¥][w.e; therefore it is
uniform in s and v. For fixed M >0, we can find eg=¢o(M, ) sufficiently small such that

2—1€A1{t€(s—5,s+5):|v-wsyt| >Ms5}>%,

where the estimate holds for all € € (0, €], uniformly in s and v. Since the set has non-zero Lebesgue
measure, it’s always possible to find ¢ € (s — &, s +¢) such that |v-w; | > Me®, which shows that
the definition of #-Holder roughness is satisfied with § =¢§ and L > M. By the arbitrariness of M,
the conclusion follows. O
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Remark 5.70. We conclude this section with a discussion on the optimality of Theorem 5.29,
based on the results of the last two sections.

1. For § €(0, 1), optimality follows from the reasoning in the proof of Corollary 5.32.

2. By applying Lemma 5.5, in the case § =0 the result can be strengthened to the fact that
almost every ¢ € CY is (v, p)-irregular for any v < 1 and any p < oo. Time regularity cannot
be improved to £* being differentiable in time, since we know that (in the weak sense)

d
(s, Y= 00, WEE[0,T].

Moreover {£;} C CZ° cannot be improved to 5, being analytic, since this would imply that
w(][s,t]) is an unbounded set.

3. One might wonder if, since by Lemma 5.5 we can always raise the value of v by lowering
the one of p, we can also do the opposite; in particular if, without imposing the restriction
v >1/2, we can find functions ¢ € C® which are (v, p)-irregular for a pair (v, p) satisfying
§< 65 , but also p> (26)~". In the case § >1/d, this possibility is ruled out by reasoning
with Fourier dimensions, since it must hold

2p=min (d,2p) <dimg(w([s,t])) < dimg(w([s,t])) <51
independently of the value of ~.

4. If §<1/d, the problem posed above is currently open. The only information we are able
to provide in this case is that for d =1, by Proposition 5.6, there exist indeed C! functions
which are (7,1 — v)-irregular for any ~ € (0, 1).

Although Point 4. is open in terms of generic ¢ € C?, a simple computation shows that fBm

paths do not have this property (the proof can also be readapted to consider other Gaussian
processes).

Lemma 5.71. Let W be a fBm of parameter H € (0,1); for any s <t and any p> (2H) ™!, it holds

B[l 13 illFr0.] = 0.

Proof. Up to rescaling, we can assume s=0, t=1. Since FL">*°— H?~2= 'in order to conclude
it suffices to show that

E["MII/I/||2HI/(2H)—¢1/2] = 00.
This quantity can now be computed explicitly:

Bl [ jeft| [l ae
| freeala

- / / €[ Bl (W O]drdsde
R4J10,1]2
t—a (1Pt — s
,/JRd/[o,l}ng exp( 3 dtdsd§

= (/ |g|;de|é|2/2dg> (/ |ts|1dtds>oo
R4 [0,1]2

where in the last passage we use the change of variables £ = ¢ [t —s|H. O

E“W‘l””?gl/(zm—d/z]

The above result leads us to the following conjecture.

Conjecture 5.72. There exists no function ¢ € C{ which is (v, p)-irregular with p>1/(28) V 1.

5.4.3 The general perturbation problem

The perturbation problem was first introduced in Section 12 of [152], in the context of paths which
admit an occupation density. In the case of p-irregularity, it can be reformulated as:
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Problem: If w is p-irregular and ¢ is a sufficiently regular function, is w + ¢ still p-irregular?
We address here the more general question:
Problem: Which classes of transformations preserve the property of (v, p)-irregularity?

It follows from the results of the previous section that good candidates are transformations
which preserve the very oscillatory behaviour of w, namely at least the property that

|v - ws,¢]

TS =+o0c forallse(0,7),ve$?1,6>6% . (5.34)

limsup
t—s

Interestingly, it turns out that several transformations F: CY — C? have the property that, if w
is (v, p)-irregular, then F'(w) is (9, p)-irregular for a new pair of parameters (4, p) such that

0% ,=05 5 in particular, property (5.34) is preserved. However, we can’t show that (v, p) = (7, p),

which remains a major open problem. A notable exception is given by the additive perturbations
F(w)=w+ ¢ with ¢ € C¢°, whose treatment is postponed to the next subsection.

We start by showing that (v, p)-irregularity is invariant under regular time reparametrization.

Lemma 5.73. Let w be (v, p)-irregular, g€ C with 3+~ >1. Then

t
/ eie wr grdr
S

In particular, for B as above, let 7:0,T] — [7(0), 7(T)] be a C}P-diffeomorphism, i.e. 7€ C}?
1s invertible on its image with inverse of class C’t1+ﬁ. Then Wy :=w,-1(,y s also p-irregular and

Slevlwrligloslt —s1€177  uniformly in £ € R™.

12 we ST~ HloreallT llcres [ 27 e (5.35)

Proof. Let w, g be as above. Then by properties of Young integral it holds

t t o
/ e wr g dr / gr d</ i€ wy du)
S s s

¢ )
/ezf'““dr +|ts|5+7[[g]]c@[[/ eig'wrdrﬂ
S s Ccv

Slt=s71E177 gl e |2 e,

which gives the first claim. Applying the change of variables # =7"1(r), we then have
t Tt
/ et Wrdy / e wr i dy
s T71(s)
Slt=sEPllr HigrallTllga+s 1% e

which implies (5.35). O

NIA

SIe=HE) = 7 S PEP I s 12 lwne

Remark 5.74. Lemma 5.73 can be used to further enlarge the class of stochastic processes X
which are p-irregular: given any such X and any random Ct3 / 2—diffeomorphism, Yii=X,-1( is still
a p-irregular process.

Let us make some considerations based on the result above. Recall that if f e Cf for § € (0,1)
and 7 is sufficiently regular (i.e. bi-Lipschitz), then fo7~!is still C¢, but this is not true for a
general homeomorphism 7. On the other hand, if f € C{ has finite 1/§-variation, then there exist a
homeomorphism 7 and g € Cf such that for~!=g (see for instance Proposition 5.15 from [134]).
Moreover the 1/4§-variation is a quantity invariant under time reparametrization. Lemma 5.73
suggests that a similar situation here: (v, p)-irregularity is preserved only if the reparametrization
is smooth enough, but there might exist another underlying property which is invariant under a
larger class of homeomorphism 7. We formulate this as a conjecture.
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Conjecture 5.75. For any pair (v, p), there exists a property P such that:

1. For any f € C? with property P, there exists a homeomorphism T such that g= for~ ' is
(v, p)-irregular.

2. The property P is invariant under time reparametrization.

In the rest of the section, we will address the perturbation problem only for transformations
z = F(w) with a very specific structure, which makes z “locally look like w”. The treatment is a
bit abstract, but simple examples will be given in Remark 5.78.

Definition 5.76. Let w be (v, p)-irregular. We say that z is controlled by w with Gubinelli
derivative ' if there exist 2’ € C°([0,T]; R**%) and Re C5([0,T); RY) with 5> 0%, such that

2st=ziws 1+ Rsy  for all s<t.

Here R e CJ([0,T]; R?) means that R: Ay — R? (A, being the 2-simplex) and it satisfies

IRl ::sup%< 00

s<t |t - 8|
The definition of controlled paths is usually given in the rough paths framework, see for instance [162]
and [132]; here instead we do not impose w, z € C¢ with R € C3* and do not require w to admit
a rough lift (interestingly, all of that structure is not needed for Definition 5.76 to be meaningful).
It follows from property (5.34) that for a given z, if such a pair (z/, R) exists, then it is necessarily
unique. Indeed, let (2, R) be another such pair and set A=z’ — 3/, B=R — R. Choosing ¢ € (0,1)
such that 8% ,<d < 3, for any s € (0,7) and any v € $9-1 it holds

|(A5v) - ws 4|

s = limsup

t—s

limsup
t—s

which implies by (5.34) that Afv=0 for all v€ $?~! and s € (0,7, thus A=0 and so B=0 as well.
From now on, we will additionally assume in addition that there exists ¢ > 0 such that

B ' )
éfjk<”3mhmwpn_ﬂ55:0
t—s

2 (z) =%y Vsel0,T). (5.36)
In particular, the above non-degeneracy condition implies that z satisfies property (5.34) as well.

Proposition 5.77. Let w be (v, p)-irregular, z controlled by w with 2’ satisfying (5.36). Then
there exists ¥ >1/2 such z is (7, p)-irregular and p is given by

- B 1—7
= — > 0;
P 1—7+6p 1—~v+p8

moreover 0% ,=05 5 and we have the estimate

[@*llw.2 < ([R]lg+ ™)L+ 2% [[wr).

t
/ ez dp
S

t
/ [eig-zs,r _ eig-z;wswr]dr
s

Proof. For any s <t, it holds

t
/ e dry
S

<

X

+

t
/ eiE'Zéws,r dr
S

t
5/ (€| R dr+ e[| [ |€] 2]t — 5]
S
SIRIsI€l[t — s[5+ e @ s €] 7]t — s]7.

First assume that |t —s|'=7FF|¢ |+ <1, so that |||t — s|' T < |€]| 7P|t — 5|7, then in this case we

trivially get
t
‘ / etz dr
S

S (IRllg+ e[ @% [wre) €771t = 5|7 (5.37)
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Assume now that [t — s|'=7F8|¢|1P > 1; choose N € N such that N' =78~ |t — s|L=7F0|¢|1+r
and split the interval [s,¢] in N subinterval of size |t — s|/N. Applying the previous estimate to
each of them and summing over we obtain

¢
/ etz dr
S

SIRIsN=PIEl[t = s[' P+ P @ wr o N1 [t = s|7|€] 7

~(IRllg+ =PI @% o) |t — 5] €177

where

B Y

p= - =p+0-1
PET ¥ T8 T

for suitable choice of 6 € (0,1). Since < p, by Lemma 5.5 we can always find 4 € (v, 1) such that
w is (9, p)-irregular and 6% ;=067 , and |[|@%[,y7.5 S [|[@¥][Syve S 1+ [|@% | wor; equation (5.37)
applied with ||®*||,y+.5, together with the above estimate, then implies

t
/ ez dr
S

which gives the conclusion. O

SURIs+c7?)A+ (2% wr) €] 77|t = 5|7

Remark 5.78. If for instance w is p-irregular and 8> 1, then we obtain that z is p-irregular with

.2 1
p?gp——-

Examples of z satisfying the above assumptions are the following:
o Take z;= p,wy with p € CtBIR satisfying ;> ¢ >0, then 2, = s Iy, Rs 1 =wips 1 € C’QB.

e Suppose w € Cf with § € (0,1) and take z; = ngs dws, where A € C([0, T]; R**?) sat-
isfies (5.36), a+ 6 >1 and the integral is defined in the Young sense. Then z{= A; and
B=a+§6.

e Finally, if z=w+ ¢ with p € C’tﬁ, then y'=1; and Ry ;= ¢s . € C’Qﬁ; this case is however
quite special and better estimates are available, see Section 5.4.4 below.

Let us highlight the difference between the purely analytical result of Proposition 5.77 compared
to the probabilistic result of Proposition 5.53, in which instead we have examples of Gaussian

processes which are p-irregular with parameter p invariant under any of the deterministic trans-
formations from the list above.

There is another notable class of transformations which preserve some properties of the occupa-
tion measure p®. In this case however, it is rather complicated to consider the (7, p)-irregularity
property, and it is instead more natural to reason with occupation densities. Suppose that w admits
an occupation density £, (which we know to be true for almost every w e C? when § < 1 /d) and
let F:RY— R? be a global diffeomorphism; define z; = F/(w;). Then z still admits an occupation
density £ ;; indeed for all smooth 1): R?— R it holds

t t
[oear= [utrnar= [ sranedene= [ o)l DF )] ),
which shows that
24(d) = det (DF~}(2))]| €2, (F~(@))dar = £5 () d.
In particular, ¢ ; inherits the regularity of ¢¢’; and F; for instance, if £ € C’;YC'f with 5 €(0,1), then

143 tll e Slidet (D=l o |65 0 F o
Slidet (DF=Y o [1F~HlealI€ el e
SIFE v 169l oot = 517,
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Similar estimates hold if 5> 1, or ¢* € C}/L?, etc.

5.4.4 The additive perturbation problem

In this section, we will consider for simplicity only the case w € C{ with 6 € (0,1). In view of

Theorem 5.29, we will always assume p>1/2 (equivalently (2p) "' <1). As the name of the section

suggests, we want to analyse the (7, p) irregularity of w + ¢, for suitable (regular) perturbations .
The next (partial) result is a slight improvement of Theorem 1.6 from [57].

Lemma 5.79. Let w be (v, p)-irregular and ¢ € C’tﬁ with f€(0,1], 8> 05, ,. Then, for any choice
of 6 < B satisfying 1 — v <6< Bp, w+ ¢ is (7, p)-irreqular for the choice

S (T U S )
7—7(1 5p>+5p’ p=p A

122+ s S (L [ 8% ) (14 [ [127).

and it holds

If w is p-irregular and B>max {1/2,(2p) "'}, then w+ ¢ is (%+4—;p, p— 2—1B>—irregular with

w w 1/23
12y S (L4 |2 lwre) (1 + [l 7).

Proof. Since p e C’tﬁ, so does e*¢* %, for all £ €IR%. For any 6 > 1 — v we can then apply the estimates
from Young integration as follows:

t t r
/eig'(w’J“‘PT)dr /e"f'%d</ e’f'w“du)‘
S S S
t . . ) .
/ezg'wrdr +|ts|7+5[[elf'“’]]ca[[/ ezE'wT'drﬂ
s s Ccv
t
/e"f'wrdr
S

By interpolation and the hypothesis § < 3, we have

§6+v|ei§'%

< + [t = sV e[ .

e — it o <2, feit o e e et s lplos = |ei€ PP S 115t — s

similarly, for any 6 € (0, 1), it holds

t
/ e wrdy
S

Putting everything together, we obtain

t
/ et (wrter) 4p

Choosing 6 € (0,1) such that §p=p—3§/ 5, namely 6 =1—0/(Fp) we obtain the first statement.
The second one simply follows from the assumption v >1/2, taking § =1/2. O

SN@v [yt — s PO+ =01g| 0%,

—_ — - é
L e e T N e e S i [ S W e

Lemma 5.79 implies that, even if we consider a perturbation ¢ € C}, we should expect a loss
in spatial regularity of order 1/2, which is only partially recovered by an improvement in time
regularity of order 1/(4p). The new parameters (7, p) given by (5.79) satisfy 05 ,= 05 5, which
implies that w 4 ¢ still satisfies property (5.34), as can be checked directly using the fact that
pe Ctﬁ for some >4 ,. This hints that the above result, while not being fully satisfactory, might
be optimal, even if we cannot exclude the existence of other pairs (7', p’) with p’ > p such that
w+ ¢ is (v, p’)-irregular.

The proof above cannot provide better results in the case ¢ € C’tﬁ with 8> 1. Even if it were

*

false in general that w+ ¢ is (7, p)-irregular whenever w is so and ¢ € C’tﬁ with 8>6} ,, we would
at least expect the claim to be true whenever ¢ is C7°; this is a problem left open in [57] and [66].
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Following [143], we are able to give it a positive answer, up to strengthening the notion of
p-irregularity. Before giving the rigorous statement, let us give an intuition by considering the
following case. Suppose that ¢ € C’t1 +5 for some B € [0,1] and that w satisfies the following property:
for any a € RY, t—w; + at is p-irregular, uniformly in a, in the sense that sup, || ®% 1|y, < cc.
Then we could improve the estimates in the proof of Lemma 5.79 as follows:

t
/ et (wrter) 4p

t
e*i&(«szrswé)/ et (wrtor)
S

t
= / eiE-(tps,rwé(rS))d</rei6-(wu+wéu)du>

5H¢w+«p;t woee|t —s|7|€] 7P + ||q)w+<p;t W77p|t,s|Heif'(ips,»*@é('*s))||Cl/2
Swlt = s[7|€| 7P+ [t — s] || 77|l (e m2:lmD)]|

where the last norm is taken over the interval [s,t]. As before, we can estimate it using simple
interpolation arguments, only this time we have
u
/ pr,sdr
v

u
</ [eTcslr —s|Pdr <, |u—v|V2|t —s|V/2H0
v

|‘Ps,u - (p;(u - S) — Qs T Wé(” - S)l :|‘Pu,v - WQ(U - u)l =

where we used the fact that [v,u] C[s,t]. Therefore we obtain

t
/ et (wrter) 4p

we can now reason as in the proof of Lemma 5.77, i.e. split the interval [s, ] into N subintervals

Slt—s|V[E]7P+ [t — s |3/2HP e i=r

of size |t —s| /N, apply the estimate on them, sum over N and choose N ~ [£[*/(1+8) to obtain

t
/ et€-(wrter) qp

This shows that w+ ¢ is (p — (2+23) ~1)-irregular. In particular, even if we are not able to recover

St s[7]g] 12040,

p-irregularity, the loss of regularity for ¢ € C**# is now expected to be (2+243)~!, which suggests
that more generally for ¢ € C®, w+ ¢ should be (p — (23)~!)-irregular, for any € [1/2,+00).

This motivates the following definition; here F(§)=|£|?/+/log|¢|, é(x) =/ |logz|.

Definition 5.80. We say that w € CY is strongly p-irreqular if the following holds: for any n € N,
given n € R™ and denoting by g, := Zzzlnkrk, then
et dr|F(g)

sup <00
geR,neRn,s#t \/log(1+[n|) o([t — s|)

Definition 5.80 formalises the idea that the irregularity of w should be only mildly affected by
polynomial perturbations of any degree; this allows to proceed as above, by locally expanding a
more general additive perturbation ¢ in its Taylor series, centered around s.

(5.38)

Theorem 5.81. Let w be strongly p-irreqular. Then for any ¢ € C’tﬁ, BE[L/2,00) and for any p< p,
w+ @ is (p—1/2p)-irregular. In particular, if p € Cg°, then w+ @ is p-irregular for any p < p.

We omit the proof, which can be found in [143], Theorem 80; once the key idea presented above
is understood, passing from ¢ € C’t1 8 to peCy s mostly a technical matter. Of course, in order
for Theorem 5.81 to be useful, we need Definition 5.80 to be non-vacuous; this is the aim of the
next result.

Theorem 5.82. For any 6 € (0,1), almost every ¢ € C? is strongly p-irregular for any p < (26)~ L.
Almost every ¢ € CY is strongly p-irregqular for any p < co.
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Again we omit the proof and refer to Theorem 81 from [143]. Let us however briefly explain
the strategy of proof:

i. It is enough to show that, if X is a S-SLND continuous Gaussian process, then it is [P-a.s.
strongly p-irregular for any p <1/(24). Indeed once this is established, obtaining a preva-
lence statement can be accomplished as usual, leveraging on Remark 5.27; the fact that the
strong p-irregularity property defines Borel sets can be shown as in Lemma 5.10.

ii. To fix the ideas, from now on let X be a fBm of parameter H € (0,1). Then again by
Remark 5.27, and the results from Section 5.3.2, for any ¢” as in Definition 5.80 it holds

t L 2
/ €z§~XT+ng.’dT
S

iii. From here, one needs to run a Kolmogorov type of argument carefully tracking how many
“dyadic” ¢” (in the sense of having coefficients 7 € 27N7Z™) are needed; this gives rise to
the logarithmic corrections appearing in Definition 5.80.

£
€]
[t —s|

E| exp| p <K

for some universal constants p, K > 0.

We haven’t dedicated in this thesis much space to the concept of strong p-irregularity, because it is
somehow very unsatisfactory. It is very technical, not particularly elegant, and although it works it
doesn’t appear to give any useful insight on how to overcome the main difficulties in manipulating
p-irregular functions.

In comparison to the analytic results obtained here, the stochastic ones from Proposition 5.53
require much less effort, while having stronger conclusion; still, they are subject to the (major!)
constraint of the perturbation ¢ being deterministic. In the next section we will see how to relax
this condition.

5.4.5 The stochastic perturbation problem

We have already seen in Section 5.3.2 (e.g. Proposition 5.53) that p-irregular Gaussian processes
W are often insensitive to deterministic perturbations ¢, in the sense that W + ¢ is p-irregular
for the same parameters as p; this is in stark contrast with the pathwise results from Section 5.4.4
(e.g. Proposition 5.79), where we expect a “regularity loss” resulting in a new parameter p < p.

However, dealing only with deterministic (or more generally, independent from W) perturba-
tions is by far too restrictive. An alternative approach to the problem relies on the use of Girsanov
transform: if we know that Law (W +6) is equivalent to Law(T¥) on C{, then it shares all its almost
sure pathwise properties, including p-irregularity. For instance, this reasoning ensures that many
of the solutions to SDEs constructed in Chapter 3 are p-irregular.

In fact, it is not even necessary to have equivalence of laws (namely, we don’t need to verify
Novikov): it suffices to know that Law (W + ) < Law(W), which can be accomplished under the
mere requirement that IP( € CM"W) =1, see Proposition 1 from [198] e Theorem 7.4 from [206]. Here
CM"YW denotes the Cameron-Martin space associated to W if it is a fBm of parameter H € (0, 1),
then CMW=HH+1/2 and it is well-known that C’f+1/2+2€<—> I/IQH+1/2+€’2(—>HH+1/2 (see [137]),
providing more practical conditions to verify this requirement.

Also this approach presents some drawbacks; if the process W is 8-SLND, but is not a fBm,
verifying the validity of Girsanov may be much harder (although still possible, see e.g. the recent
work [229]).

We present here a different approach, which combines the “sewing analysis” from Section 5.4.4
to the stochastic properties of W, yielding a more satisfactory result, see Theorem 5.83 below.
The content of this section is mostly yet unpublished, although strongly based on [154] and the
ongoing work [142].

Let us first recall a basic property of conditional expectations: for any Fs-measurable Y, it holds

IX ~ BaX oo < |X = Y [lzo+ [EY — X]l2o <2/1X Y lor. (5.39)

We are now ready to present the main result of this section.
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Theorem 5.83. Let (2, F,F, P) be a filtered probability space and W be an adapted, Gaussian,

R?-valued B-SLND process w.r.t. F;>5; assume further that B[[W; 4] < |t — s|B for another para-
meter 3>0. Let 6 be another adapted R%-valued process; suppose that there exists € >0 such that,
for all p€[1,00), it holds

16: — Babellz Splt —s1°72F° Vs <t (5.40)
and that E[||0]|7%] < co. Then P-a.s. the process X: =W +0 is p-irregular for any p<1/(2p).

Remark 5.84. Condition (5.40) may be seen as a refinement of the one guaranteeing validity of
Girsanov (at least when the process W is a fBm); indeed, f<1/2 and E[[|0||7,5:1/2] < oo, then
by (5.39) it holds

1/p
10: — Esb|lLr < 2[|0; — Os|r <2IE ||9Hgf+1/2+5 |t — 5|ﬁ+1/2+a.

We may somehow interpret (5.40) as a “regularity condition” for stochastic processes, where stan-
dard increments are replaced by 0; — E40;.

In this sense, in analogy with Girsanov, the process X will have the same properties as W
(specifically, it will be p-irregular for the same values p) if it is of the form W + 6, with 0 possessing
approximately 1/2-regularity more than . In another light, condition (5.40) ensures that 6, can
be sufficiently well predicted by all the history up to time s, opposite to the local nondeterminism
of W, which implies its chaoticity.

Compare these results to the ones given in Section 5.4.4: although 6 is (by far!) not smooth,
there is no loss in the parameter p associated to X and we don’t need to invoke a complicated
condition like strong p-irregularity.

In order to give the proof of Theorem 5.83, we need a few preparations. We start with an
analytical result showing that, under suitable assumptions, we can obtain FL”** bounds starting
from FLP°P with p < co.

Lemma 5.85. Suppose ¥ € FLP'P has support contained in Br, p>0. Then 1 € FL? > and there
exists a constant C(p, p) >0 such that

|9 l7Le-oe < CRYP||4p|| ppovm. (5.41)

Proof. Up to a rescaling argument, it suffices to prove the statement in the case R=1. Let g€ Cc”
such that g=1 on B(0, 1), then by assumption ¥ =g and so ¥ =1 * §. But then

L+ DS <L+ 1D [ 1€ - mlIgtndn
sp/<1+ 1€ — )21 7€ — I+ D) a(n)ldn

SIfllzzerligllzpon ~p £ l7eee

which gives the conclusion. g
We now provide an alternative general criterion to establish p-irregularity of a given process.

Lemma 5.86. Let (X;)ie[o,1) be a R%valued stochastic process with bounded trajectories. Suppose
that it satisfies E[|| X ||7%] < 0o and that there exist v € (0,1), p>0 such that

¢
IE[ / et Xrdy

for allpe[l,00). Then X is P-a.s. (7, p)-irregular for any 5 <=, p<p.

p1l
}p§p|ts|V|§|P VEERY, s<t

5.6. Here for simplicity, when referring to S-SLND, we will enforce Var(W;|Fs) <c |t — s|2# uniformly over all
s <t (namely with § =T in (5.9)). The general case doesn’t pose any additional problems and can be treated similarly.
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Proof. For simplicity, in the following computations, whenever the FL?°P-norm appears, we will
restrict the integral on |£]| > 1. This comes with no harm, since we are always dealing with finite
measures p, whose Fourier transform is bounded; by the trivial estimate |2 ,(¢)| < |t — s|, the
presence of the additional weight (£)? doesn’t play any role for |£| < 1. By definition of ui‘:t and
the assumptions, for any fixed € >0 and s <t it holds
t P
/ et Xrdy } d¢
s

E[nui&n;wg,pw/ g><p—a>pE[
5%5@(’)‘8“’ [t = s |g| PP dg

[§1>1

<le=siv [ jerraeseplt—sl
[§1>1
up to choosing p large enough so that pe >d. By Lemma 5.85, it then holds
2 2
Bl el - oo ) SELIX N 25l 550 ]
SE[IX |24]V2 Bl gt

V2 < |t — s|7P/2,

7 |
FLr—=p
As the estimate holds for any p, an application of Kolmogorov’s continuity criterion readily yields
uX € C)™° FLP~5> P-a.s.; since € >0 was arbitrary, we obtain the conclusion. O

The final and most important tool we will need is a (heavily simplified version of) the shifted sto-
chastic sewing lemma, which first appeared in [154]. We adopt the same notation as in Lemma 1.1,
in particular 0Ag 4 ¢t = As + — As .o — Au t-

Lemma 5.87. Let (A t)(s,t)ef0,7)2 be a family of random variables in LY, p€[1,00), such that A
is Fy-measurable. Suppose that there exists a process (A¢)iejo, ) which is the limit of the Riemann-
Stjeltes sums associated to A, in the sense that

At - As = lim Z Ati,ti+1

|II|—0
where the limit is in probability in Q and holds along all possible sequences of deterministic parti-
tions {II,}n with mesh |IL,| —0. Additionally assume that there exist €,C; >0 such that
i [[AsellLe < Cylt — s|Y/2%E for all s <t;
i, |Es——50AsullLr < Colt —s|'T for all s <t with s >t —s, where u=(t+s)/2.

Then there exists a constant K, only depending on € and p, such that

A — Adllr < K(Cilt — s|V/ 2o 4 Co |t — 5|1 T5) Vs <t (5.42)

Proof. The statement is a simplified version of Lemma 2.2 from [154]. In particular, here we are
taking for simplicity M =1,e1 =¢2 and we are assuming the process A to already exist (usually
this is instead one of the conclusions of sewing type lemmas). Moreover we only consider u to be
the midpoint of (s,t), which is enough to work with dyadic partitions; indeed we are only claiming
the a posteriori estimate (5.42), knowing that A already exists. Equation (5.42) corresponds to
eq. (2.15) from [154] and can be proved as therein. O

Proof. (of Theorem 5.83) Fix ¢ € R% consider the family of random variables A ; given by
t
As,t: :Es—(t—s)/ elE.(ESi(tis)&*»VVT)dTa

with the convention that E, =IE whenever a <0. We start by showing that the limit of the
Riemann-Stjeltes sums of A is given by f;ezf'wr*wr)dr. Applying the basic inequality (5.39) and
assumption (5.40), it holds

¢
/ e Ot Wo)qr — A,

S

/S ‘

t
/ QA0 Wa) _ i€ (B (et Wa_ (o) gy
S

LP

w

LY
t
§|§|/ 10r —Es ¢ —s)0rllLr + [[We = We_(t—)llzr

SIEN([E = 5732 4 [t = s[7H)
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which readily implies the claim.

We pass to verifying assumptions i.-ii. from Lemma 5.87, By the 8-SLND property of W, it

holds

_l-2e 1
[ Aol St =] 7= g g7 g — 27

where we used the basic inequality e=*"z® <1 for a = (1 —2¢)/(23) and = =|¢||t — s|°. Similarly,

recalling that u=(t+s)/2, so that t —u=u—s=(t —s)/2, it holds

t . .
HEsf(tfs)aAs,u,t”LZ <HEu(tu)/ eiE.WT(elg'Es%tis)er - ez£~IE]u,(t,u)9r) dr

u

LP

)

u
E57(u75)/ er'WT(e7‘£']Esf(tfs)9T _ €1£~E57(u75)9r) dr
s L

t
g/ e—clélPlr—u+(t—u)?? ”ezéEs,(t,s)er_engu,(t,u)Gr o dr
u

+/uefc\s|2|r—s+<u—s>|” 6B b _ GE B gy
S
—cl|€]?t—u|?P !
<e €1 [ I1Bs—(t—)0r — Byt —w)fr|lp dr
u

u
elE]2)t— |28
+eclellt—vl IEI/ 1Es— (¢ —s)0r — Es— (u—s)0r|lLp dr
S
_Elel2|t—s|28
§€ clE?|t—s] |§| |t75|ﬁ+3/2+s;
above we used assumption (5.40) and basic properties of conditional expectation as follows:
||Eu—(t—u)[Es—(t—s)0T - QT]HLZ: < Hor - Es—(t—s)eTHLZ /Sp |7’ -5+ (t - 8)|ﬁ+1/2+6'
Applying the basic inequality e=*"z* <1, this time for a =1+ 1/(23), we find
1
1Es— (t— )0 As utllin SIENT T [t — | FF3/2F 0B = g 727 | — s |1 e,

The assumptions of Lemma 5.87 are therefore satisfies and by (5.42) we can deduce that

The conclusion then follows by the arbitrariness of € >0, p < oo and Lemma 5.86.

71725
Se.p |t_5|1/2+€|§| 2% VeéeRYs<t.
Ly

t
/ eiE- (0,.+Wr)d,r

S

O

As already mentioned in Remark 5.84, in the case < 1/2, a simple condition to verify
that (5.40) holds is to impose E[[|0||7,511/24] < 00.%7 More interestingly, for 3> 1/2, there exist
processes 0 satisfying (5.40) with limited Holder regularity. To illustrate this, from now on we
will work with the W being a (generalized) fBm of Hurst parameter H € (1/2,00) \ N (which

was defined in Section 5.1.3) and look at SDEs of the form

t
Xi=xz0+ / bs(Xs)ds + W,
0

Lemma 5.88. Let W be a fBm of parameter H € (1/2,00)\ N, 2o € R? and b € L{°CS with

a>1—L'
2H’

5.7. Actually, the same argument holds true also for 8> 1, up to further Taylor expanding: indeed

(k) (t—5)*
o= DL 0T
E<B]

16 = Esbellzr < SENONZH It - s]°.

LP

(5.43)

(5.44)
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suppose X is a solution to (5.43). Then X =0+ W with 6 satisfying the assumptions of The-
orem 5.83 for f=H; in particular, X is P-a.s. p-irreqular for any p<1/(2H).

Proof. Observe that under (5.44), a >0, so equation (5.43) is meaningful in the classical sense.
Let us assume for simplicity xo=0 (true up to shifting and relabelling b); then 6 satisfies

t
0, :/ by (0, + W, )dr.
0

Suppose we already know that ||0; — E0;||L» < |t — s|7 for some v > 0 (this is certainly the case for
v =1, since b € L{%); then, by the properties of conditional expectation, we have

100 — Esb¢llr <2 ‘

t
0, — 0, — / by (B0, + E,W,)dr

Lg

t
S [ 10064 W) = (0, 4 B s
t

SHbllem/ (167 = B[ *|lr + [[[Wr = EWe ¥ z) dr

S

t

<[bllzce / (116, — B [+ | — s|*H) dr
S

Sl t — s+

In particular, as long as v < H, we can improve it to a new exponent v’ =ay + 1. The affine map
v ay+ 1 admits a unique fixed point 4= (1 —«)~! and by (5.44) 4> H; this implies that, after
a finite amount of iterations of this procedure, the estimate will stabilize to

10 — Esby|rr < |t — s|@HHL
Finally, again by (5.44), it’s easy to see that aH +1>H +1/2. O

Remark 5.89. We left a few details in the above setup vague on purpose. Since, as already
mentioned, we are restricting ourselves to the case a >0, it’s easy to construct weak solutions
(X, W) to (5.43) by standard tightness arguments; in particular, X might not be adapted to the
filtration generated by W, but we can find a common filtration F; under which both processes
are adapted and W is a Fi-fBm (so that it is H-SLND w.r.t. F%). It is far less obvious to see that
actually, under condition (5.44), equation (5.43) admits a strong, pathwise unique solution; this is
not a consequence of the results from Chapter 3, since the drift b enjoys limited time regularity.
The claim instead follows from the strategy adopted in [154], although therein the author only
considers time-independent drifts; a further generalization will be presented in the upcoming [142].

5.5 Bibliographical comments

As already mentioned, almost all of the material presented is taken from [143]; there are two notable
exceptions: Section 5.3.4, whose prevalence result is unpublished (although the proof is strongly
based on [152]) and Section 5.4.5, based on the ongoing project [142]. Let me mention that The-
orem 5.83 is mostly non-optimal, as condition (5.40) can be further refined (but the presentation
becomes quite technical). I also decided to exclude some technical parts, like Section 4.4 from [143],
or the proofs of the statements involving strong p-irregularity appearing in Section 5.4.4.

As already mentioned, while with Max we were completing the first draft of [143], the work [170]
appeared, which clearly shares several key intuitions (the role played by the local nondeterminism
property, the relation with occupation measures, the infinitely regularising effect of some contin-
uous functions); in some sense, [170] merges the contents of Chapters 3 and 5. This simplification
allows for a short, elegant and self-contained exposition, but comes at a considerable price; indeed,
one loses the fine structure of the original problem and many statements become non optimal (e.g.
in terms of the required smallness of the parameter H). Also, the authors in [170] do not realize
that they can fully work outside a probabilistic framework through the concept of prevalence.
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On the historical side, let me mention that the problem of regularity of the local times of
Gaussian processes is more than fifty years old (yet still very active!), with pioneering works by
Berman [36, 37], Pitt [240] and Kahane [186]; see the reviews [152] and [272] for further references.
Although the authors therein did not study the concept of p-irregularity (it hadn’t been introduced
yet!), there is a striking similarity between the stochastic estimates first presented in [57] and those
already appearing in Chapter 18 from [186] (which were not motivated by regularisation by noise,
but rather the study of the Hausdorff dimension of images of fractional Brownian motion).

Concerning the results on regularisation by noise for PDEs presented in Section 5.2.2, notable
precursors are given by the works [88, 89, 34] for the study of modulated dispersive equations
and [205, 156] for scalar conservation laws; all these works results however only consider w sampled
as a Brownian motion and crucially relied on its stochastic properties. The realization that pathwise
properties of the process can be exploited to obtain path-by-path results (and largely extend
the class of allowed processes w) instead is due to [66, 65, 64], see also [151] for the case of
Hamilton—Jacobi equation.

In a different direction, the regularity of local times of Volterra-Lévy processes has been recently
studied in [167]; the techniques presented is Section 5.3 allow to show that these processes are
p-irregular as well. In the upcoming work [142], together with Maté Gerencsér we will show
p-irregularity of a large class of solutions to SDEs driven by S-SLND Gaussian processes.

There are yet many interesting problems to explore related to p-irregularity, besides Conjec-
tures 5.72 and 5.75. For instance, it is a completely open problem is to understand whether a similar
(useful) concept could be introduced for paths on manifolds. On another note, one could try to
study p-irregularity of random fields and try to apply it in regularisation by noise for PDEs.5-8

Let me conclude with a more philophical discussion, which is also propedeutical for the upcoming
Chapter 6. Like regularity can be measured in many different ways and at several different scales,
the same holds for irregularity. While p-irregularity seems to be special (a posteriori, maybe
even magical), given the plethora of applications it finds, it is of course not the only possible such
notion; it also doesn’t completely recover other “irregularity” properties of the path (like the sharp
Holder regularity of local times from Section 5.3.4, which is not a consequence of Lemma 5.22).

Depending on the problem in consideration, one might need to introduce a tailor-made notion
of irregularity to tackle it. Notable examples are given by the works [172, 173], which develop
the concept of variability of paths (still partially related to p-irregularity, see the discussion in
Section 4.5 from [172]) and the scaling condition introduced in Section 3.1 of [64].

Let me also mention the upcoming works [174, 248]; on one hand, the authors further explore
connections between notions of roughness, also provide a negative answer to Conjecture 5.75; on
the other, another concept of irregularity, based on small ball probability estimates is introduced,
which is still deeply tied to the joint space-time regularity of p*, but is also easier to check for
stochastic processes which are not of Gaussian nature.

Although slightly artificial, there is in fact a systematic way to introduce quantitative irregu-
larity properties, based on “inverse norms”; in a broad sense, this class includes the aforementioned
scaling condition from [64] and the upcoming Wei’s irregularity condition (see Definition 6.26 and
Remark 6.27).

Definition 5.90. Given a measurable path w:[0,T] — RY, a € (0,1], B€(0,1), we set
_glaB-1
[0,7] ws|
possibly taking value +oo.
The intuition is that Iﬁj’ﬁ represents an inverse Gagliardo—Niremberg seminorm. Let me shortly

discuss some connections between the finiteness of Ig’ﬁ , the irregularity of w and other concepts
of irregularity, as well as criteria for stochastic processes.

5.8. Fabian Harang communicated to me privately his attempts to pursue this line of research in the case 2D
dispersive type of equations with additive fractional Brownian sheet.



5.5 BIBLIOGRAPHICAL COMMENTS 167

Set 1P = Jio.z F () dt, where
’ _ elap—1
(0,7] |we — ws|

Lemma 5.91. Let w: [0, T] — R? satisfy F(t) < oo. Then w does not satisfy an approximate
a-Holder condition around t, i.e.

|wi — ws|

W:+OO. (546)

limsup

s—t

In particular, if Lj‘j’ﬁ <00, then w satisfies (5.46) at a.e. t€[0,T].

Proof. We are actually gonna show a slightly stronger statement, in which the limsup is replaced
by the approximate limit superior (see [152]). Let ¢ be such that F(t) < co and let L7 denote the
Lebesgue measure on [0,7]. Then for a given N >0 it holds

1 o 1 [t —s|of _3
2—€£T{s€(tfs,t+5):|wt,s|<N|tfs| }:2—€£T se(t—e,t+e)—F—>N

" Jwi —wy]?
SN—B/ s ds
2e J(t—c tqe)|we— w,|?
gN_ﬁ/ wds-
2 (t—e,t+e) |1Ut - ’ws|ﬁ ,
Since F'(t) < 0o, the last quantity is infinitesimal as e — 0:
lim L=l o,

e—0 (t—e,t+e) |’LUt - ws|ﬁ
As the reasoning holds for any N, it follows that for any ¢ such that F'(t) < oo it holds

|wi — w|

ap — limsup —=+o00.
s—t |t - 8|
The second claim follows from the fact that, if 12” < oo, then F(t) < oo for a.e. t €[0,T]. O

We can readily find simple conditions for a process X to satisfy Ifé’ﬁ < 0o. For simplicity, let
us consider a centered, R-valued Gaussian process X such that

E[X;— X =Clt—s|> V(s,t)€[0,T]? (5.47)

for some C' > 0. Then for any S <1 it holds

_ elaB—1
E{/ %dsdt}/ It — 5|8 1E[| X, — X,| 7] dsdt
(0,772 | Xt — X [0,T)2

Ng/ |t —s|*0 =1 Var(X, — X,)~?/2dsdt
[0,77?

~

</ |t —s|¥F=1798 dsdt < 0o
[0,77?

whenever § < «, regardless the value of 5. As a consequence, for P-a.e. w € (2, the path X (w) does
not satisfy an approximate Holder condition of order § > « on a set of points ¢ of full Lebesgue
measure.

The next two lemmas give explicit conditions for the finiteness I,z’ﬁ .

Lemma 5.92. Let w be such that (* € C)CY. Then F(t) < oo for all t €[0,T] and a € (0, 1),
B€(0,d) such that

aff+v>1;
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in this case, there exists a constant C =C(«, 8,7) such that

F(t) <C0* || gaco |w|i=P1+TY) vtelo,T).

Proof. Let us fix t €[0,T]. We adopt the following convention: whenever I is a finite union of
intervals, we denote by £ the local time on I, i.e. £}'=3" /" , where I =U;[s;,t;]. Moreover, for
neN, let us set I,,: ={s€[0,T]:[s —t| € (27", 27|}, which is always the union of two intervals
of size 27"~ 1. Then we can decompose F(t) as follows:

t_slaﬁ 1 |t—8|aﬁ 1
F(t) —/ =8 ds+ E / ds
{s€] el, |wt*ws|6

0,T):|s—t|>1} |wt*ws|ﬁ nelN

5/ |wt—ws|_ﬁds+z 2”(1*”‘@/ |wg —ws| P ds.
{s€[0,T):|s—t|>1} n sel,

We can now estimate the intervals appearing in the series as follows:

/|wt—ws|_ﬁds:/ |wy — x| =P L (v)dw
R4

<1 o / g — 2|8 dz
B(w¢,2||wlr o)
<107 o w42 P 2~

similarly, the first integral can be estimated by
/ jwe — w7 ds < / jwi — | =P (@) dx STV [0 | eveo [ w =7,
{s€[0,T):|s—t|>1} R
Overall, we obtain
F(t) Splle* | coco |w||;§£[Tv+Z 2"<1af”>} <o
under the condition af + v > 1. |

Lemma 5.93. Let w be (v, p)-irreqular. Then F(t) <oo for allt€[0,T] and a€(0,1),3€(0,d) s.t

B<p, a+pfy>1;
in this case there exists a constant C =C(a, 8,7, p) such that
F(t) <C[|®Y||wr.r (14+T7) Vte][0,T].
Proof. The proof is analogous to the one above, the main difference being how to estimate the

integrals appearing in the series associated to F'(t). This time we use Parseval identity and the
fact that F(|-| %) =cg.q4||?* ¢ (cf. Proposition 1.29 from [19]), to get

/ g — s P ds = / iy — 2|8 i (dz)
I, R4
~ / €194 i€ v G (E) de
Rd
<litllrze [P0+ lgh e

21

S, 119 lws

under the condition 8 < p, so that the integral is convergent. The estimate for the integral over
{s€[0,T]: |t — s| > 1} is analogous. Summing over, we find

(1) Sﬁ,p|¢w|W7’P[T’Y+Z 2”(1aﬁv)} <0

under the condition af + v > 1. ]
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So far, to the best of my knowledge, the condition Ig‘ﬂ < 0o has not appeared in the literature,
thus it is hard to say whether it can have any practical purpose. Nontheless, I presented it here
to emphasize that (v, p)-irregularity is only one option (not necessarily the best one!) and not the
end of the story. There is likely a “mathematical panorama of irregularities” out there waiting to
be discovered.






Chapter 6

Inviscid mixing for shear flows

As the title of the chapter suggests, here we will stray away from the standard regularisation by
noise setting (even more generally, from the probabilistic framework). We ask the reader a bit of
patience, as it will become increasingly clear why there is a natural fil rouge and a common philos-
ophy connecting the results given here with the ones from previous parts of the thesis (especially
Chapter 5).

In order to properly explain the motivations for this chapter, we need go far back to one of the
most fundamental classes of PDEs in fluid mechanics, namely advection-diffusion equations

Oif +b-V f=vAf. (6.1)

For the moment, let us assume the equation to be set on a compact, smooth, d-dimensional manifold
M without boundaries and let b be a smooth, divergence free vector field; V is the covariant
derivative, A the Laplace-Beltrami operator, v > 0 and an initial condition f|.=o=fo is given.

Usually f appearing in (6.1) represents the density of a quantity (e.g. chemical, temperature,
etc.) which is subject to diffusion and transported by the field b. For simplicity we will restrict here
to the case of a passive scalar f, i.e. in the situation where b is given and does not depend on f;
let us stress however that the case of active scalars is the most interesting in fluid dynamics, and
often people study (6.1) as a simplified toy problem for more complicated situations.

Since b is divergence free, the mean f:= [ f(z)dz of the solution to (6.1) is constant; here
dx denotes the normalized volume form on M and the LP-norms appearing in the sequel are
understood w.r.t. it. A natural question, both for theoretical reasons and in view of applications,
is to understand how fast the passive scalar f solving (6.1) is mized by the dynamics, in the sense
of getting close to its mean f = fy. In fact, a simple computation based on (6.1) and V-b=0 yields

SNf ~ Fla=—2019(F - Pl (6.2)

applying in the above the Poincaré inequality ||f — f||Z2 <A~ Y|V(f — f)|?2, where X is the first
eigenvalue of —A, and Gronwall’s lemma then yields

| fe— fllr <€_7t|\f0— fllz Vt=0; (6.3)

namely, an exponentially fast decay to 0. Formula (6.3) presents both several advantages and
drawbacks: on one hand, || f; — f||72 has a natural interpretation as a variance, thus justifies its use
for a quantitative description of mixing; on the other, in the computation b does not play any role
(it cancels out when deriving (6.2) due to V-b=0). Most importantly, in physical and engineering
applications v < 1 and thus a decay of the form (6.3) is hardly of practical use; in the limit case
v=0 it holds || fy — f|lzz= || fo— f|lz= for all £ >0, again due to V-b=0.

The above discussion then raises the question, first addressed in [214]: what is an efficient way
of quantifying mixing? Taking v =0 in (6.1), we are left with the transport equation

Of +b-Vf=0 (6.4)

which can be solved explicitly by fi(z)= fo(®; *(x)), where {®;};> is the flow generated by b and
®; ! denotes is inverse as a function from M to itself. In this way we find a pleasant ambiguity with
ergodic theory: since V -b=0, ®; preserves the volume measure and one can rather ask whether
®, is mixing in the sense that

lim vol(®; '(A) N B) =vol(A)vol(B) VA,BeB(M).

t— o0
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In fact, this property has a nice characterization at the Eulerian level (6.4): the flow ®; is mixing
in the ergodic theory sense if and only if, for any fy € L2, the associated solution f to (6.4) is
such that f; — f—0 as t — 0o, where — denotes weak convergence in L?. The result is classical,
see e.g. [74]; it is also worth mentioning [233], which discusses physical (kinetic) mechanisms for
mixing and addresses the problem using concepts and methods of dynamical systems theory, as
well as [193] for a more complete discussion of the relation between weak convergence and mixing.

The next natural step in this chain of considerations is the realization (first due to [204]) that,
since we are working on a compact manifold and || f; — f||z2 is constant, f; — f—0 if and only if
|| f¢ = fllg—s—0 for any s < 0.6 In particular, we can use the smallness of || f; — f||z -+ as a way
to measure how mixed is f;. This doesn’t however fully answer the problem, especially if the final
goal is to devise an optimal mixer b for a given initial state fo; quoting the review [261]: “Any
negative Sobolev norm will capture mixing in the sense of ergodic theory, so there is no profound
difference in using either norm. However, the rate at which different norms decrease will in general
be different, so different optimal solutions can be obtained.”

In fact, there are in the literature two common choices: i) the norm ||-||;-1/2, motivated by the
pioneering works [214, 213]; ii) the norm ||-||g-1, mostly due to its simplicity of use (the evolution
of || f¢— fllzz-1 can be computed almost explicitly from (6.1) and ||-||z7-1 has a rather simple dual
interpretation), see [261] and the references therein.

We are now ready to come full circle back to the PDE (6.1); we already mentioned that, in
the energy balance (6.2), the presence of b doesn’t play any role, which questions the optimality
of (6.3). The answer, both deep and surprisingly elegant, was obtained in [73]: in order for the
presence of b to affect the exponential decay in (6.3), in a way that can be quantified precisely by
the property of relaxzation enhancing flows, it suffices for b to be mixing in the sense of ergodic
theory!6-2 The aforementioned property (as given in Definition 1.1 from [73]) may be equivalently
rephrased in the following sense (see equation (1.2) from [79]):

Definition 6.1. The vector field b is diffusion enhancing if there exist C',vy>0 and a contin-
uous, increasing function r: (0, v9] — (0,1) such that any solution f to (6.1) satisfies

I fe—= Fllz<Ce™ ™™ fo— fllz ¥E=0 (6.5)

and moreover
im —=0. 6.6
v—01(V) (6.6)

Condition (6.6) encodes the idea that the rate r is sublinear; the idea behind Definition 6.5
is that, when v < 1, the relevant time scale of the dynamics (in the sense of || f; — f||L2 staying
macroscopic) is given by t~7(v)~1. By condition (6.6), r(v) "< v ™!, the latter being the standard
diffusive time scale suggested by (6.3), which also holds in the absence of b.

To make the context less abstract, let us mention a real-life example of diffusion enhancement:
whenever we pour sugar in a cup of coffee and stir it, what we are actually doing is accelerating the
dissolution of the sugar by means of a mechanical (mixing) action. The sugar is naturally subject
to diffusion, so the coffee would eventually become sweet even without stirring; but in order for
it to do so in a reasonable amount of time (before the coffee gets cold), we need to use our spoon
(thus change the relevant time-scale of the dynamics to accomodate the human one).

We can now finally come to the main purpose of this chapter, which is based on the work [144].
The theoretical questions we will try to address here (in a very simplified setting, that will be shortly
presented) are the following: i) are generic vector fields b mixing and/or diffusion enhancing?
ii) what is the optimal rate we can hope to achieve? iii) is there a link between the mixing
properties of b and its roughness? iv) what is the correct way to measure roughness in this setting?

6.1. Here H~* can be defined either by duality of by spectral theory, e.g. g€ H~* iff (1 — A)_s/Qg € L2 We
will soon specialize to the case M =T% d-dimensional torus, where H~° can be defined in a more standard way in
terms of Fourier series.

6.2. Actually there is an exact characterization in terms of the spectum of b-V in H'(M) and a sufficient

condition is given by weakly mizing b, see Theorem 1.2 and Corollary 1.3 from [73]; here for simplicity we will only
work in the mixing framework.
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We hope the reader will now start to realize why this chapter is a pertinent addition to this
thesis. Indeed, genericity will be understood in the sense of prevalence, allowing us to give prob-
abilistic proofs and a key role in our analysis will be played by p-irregular fields (spoiler: this will
not be the only notion of roughness we wil employ! think of Section 5.5).

Moreover, we will obtain here a nice counterpart of the principle “the rougher the noise, the
better the regularisation”, which can be summarized as “the rougher the drift, the faster the mizing”.

As already mentioned, we will not however address questions i)-iv) in the fully general setting
of the PDE (6.1) (or its counterpart (6.4)), but we will restrict ourselves to the paragdimatic (yet
undoubtly simpler) setting of 2-dimensional shear flows on T? (see the upcoming eq. (6.7)).

Structure of the chapter. In Section 6.1 we introduce our rigorous analytical setup and
provide the statements of our main results, specifically Theorems 6.2, 6.6 and 6.7.

Sections 6.2 and 6.3 contain the proofs of Theorems 6.6 and 6.7 and are designed in a similar
manner: in both cases we will first prove the lower bound, then introduce the concept of p-irreg-
ularity (resp. Wei’s condition) and explain its connection to the upper bound, as well as to the
irregularity of wu; finally, we will show by probabilistic means that a.e. u € BY , satisfies such
property. The end of Section 6.3 also contains the proof of Theorem 6.2.

Finally, Section 6.4 contains further comments on future research directions and a broader
discussion on existing literature.

Notations and conventions. We will mostly adopt the same notations and conventions as
in previous chapters, up to the following few exceptions.

As already mentioned, T? will denote the d-dimensional torus, which whenever needed for
simplicity will be identified with [—7,7]? with periodic boundary condition.

Since we will both consider function spaces like L?(T; C) or L?(T?;R) (similarly for H*), we will
quite often write them explicitly instead of resorting to the shortcut notation L? (which however
will still be used when there is no confusion). We denote by dra(z, y) the canonical distance on the
flat torus T, namely dya(x,y) = infycza |v + 27k — y|, where |-| denotes the Euclidean distance
on R?% With a slight abuse, we will keep writing |z| for = € T¢ to denote da(z,0).

Operator norms for linear operators between two Banach spaces E, F will be denoted by
|- lz— F, while £ will be sometimes used to denote the Lebesgue measure on T*.

Finally, we will keep using the notation E[X] to indicate conditioning w.r.t. a reference filtra-
tion Fs, whenever there is no ambiguity (otherwise we will use the full expression E[X |F;]).

6.1 Analytical setting and main results

We are interested in the long time behavior of solutions f to
Of +udpf=vAf 67
fli=o=fo,  [pfo(x,y)dz=0 :

on the 2-dimensional flat torus T2. The PDE (6.7) is an advection-diffusion equation associated to a
shear flow u=u(y): T— R, f:R>0 x T?— R with initial condition fy€ L*(T?) and where v € [0,1] is
the diffusion coefficient. Indeed, defining b: T? — R? as b(x, y): =(u(y),0)”, equation (6.7) becomes
a particular instance of (6.1); note that such b is a divergence-free vector field and a stationary
solution to 2D Euler equations, thus (6.7) describes the action a perfect fluid on the passive scalar f.

Exactly for this reason, shear flows have received a lot of attention in the literature, in connec-
tion to the aforementioned problem of understanding the interaction between mixing and diffusion
in fluid mechanics and the transfer of energy from large to small scales for the scalar f. In
particular, shear flows are sufficiently simple to allow explicit calculations, while presenting a highly
non trivial behavior, as already observed by Kelvin in [187] in the case of the Couette flow u(y)=1y.
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Observe that for continuous u, eq. (6.7) can be solved explicitly by Feynman-Kac formula,
giving

fule, ) E[fo(x - wly+ /I B2)ds + VIV BL y + VI Bf)] (65)

where B = (B!, B?) is a standard 2D Brownian motion. In the case v =0 we obtain

fi@,y) = folz —tu(y), y). (6.9)

Both formulas (6.8) and (6.9) can then be extended to the case u € L*(T),5-3 in which case eq. (6.7)
must be understood in the weak sense, and generate continuous semigroups e(=4%=+v4) op L3(T?).
Yet, they do not provide any immediate insight on the long time behavior of the solution f, in
particular on the decay in time of quantities like || f¢||z-s and || f¢||z2-

Following the line of research initiated in [271, 71], we consider rough shear flows, in the sense
of requiring u € Bf o(T) for some a € (0,1). Here Bf .o(T) denote the Besov-Nikolskii spaces, see
Appendix A.2 for their definition.

We are interested in understanding the behavior of generic u € BY (T, a problem explicitly
left open in [71]. For this purpose, we will again adopt the measure-theoretic notion of prevalence,
which is recalled Section A.3. As usual, the expression “for almost every ¢ € E”, where F is a
function space, will be understood in the sense of prevalence.

The next statement summarizes the main findings of [144].

Theorem 6.2. Let a € (0,1). The following hold:

i. For almost every u € Bf .(T) we have inviscid mizing in the scale H/?*(T?), in the fol-
lowing sense: for any & > «, there exists C' = C(a, &, u) such that, for any fo € H1/2(’]I‘)
satisfying [ f(x,-)dz =0, it holds

o
le=%= follg-1/2 < Ct 2% || foll a2 ¥t >0.

i. For almost every u € BY oo(T) we have enhanced dissipation in the following sense that: for
any &>« there exist C;=C(a, &, u) such that, for any fo€ L*(T) satisfying Jpf(z,-)dz=0,
1t holds

e 2+ 2 < Gy exp( ~Co 07 )| follze Ve 0,0 €0, 1],

In the above statement, the condition |, o (x,-)dz =0 is necessary, as it naturally ensures that
[ witnesses the effect of the transport operator u0,; indeed g:(y): = [ fi(x, y)dz must solve the
standard heat equation ;g = V@ig and thus cannot exhibit any mixing/enhanced dissipation effect
(it is similar to considering the decay of f — f in the context of (6.5)).

There is no obvious a priori reason to work with the spaces BY oo(T) (e.g. in [71] the authors deal
with C%(T) = B, (T)), rather they arise naturally in our analysis. One of the main intuitions of
the work [144] is the identification of such spaces as the correct one for studying generic inviscid
mixing and enhanced dissipation properties of shear flows. At the same time, let us mention that
the only truly relevant parameter is a € (0,1): indeed statements similar to those of Theorem 6.2
can be given for the (smaller) spaces By ,(T') for any choice of p, g € [1, 00|, see Remark 6.8 below.

Remark 6.3. Before moving further, let us heuristically motivate the connection between Points i.
and 4. of Theorem 6.2 and why it is natural to expect the exponent v®/(“+2) to appear, given the
decay || fillg—1/2 <t~/ 2% In fact, the argument can be given in the general framework from the
introduction: let f¥ be a solution to (6.1) with v >0, f=0 and b: T¢ = R be a divergence free
vector field; then f” satisfies the energy balance

d 14 14
S IEa= =20V 17 e

6.3. For u € L1(T), the formal expression féu(y ++/2v B2)ds in (6.8) can be made rigorous using the local time
of B?; alternatively, equation (6.7) can be solved by applying the Fourier transform in the z-variable and solving
the family of equations for f*= P.f, see the beginning of Appendix B from [144] for more details.
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Now assume the solution f to the transport equation d;f +b-V f =0 to satisfy || fil|g-- St~** for
suitable parameters a >0, s € (0,1] (for s > 1, one may reduce to s=1 by Riesz—Thorin interpolation
theorem). For v <« 1 and sufficiently short times, we expect f” and f to stay close and therefore
f¥ to exhibit the same decay as f. By the interpolation inequality

s

1
I N SNV N2
we can then deduce that
d -2 —2(+) 2 -5 2
gl ~ vl felle " AV 2 v 2. 2 vte (6.10)

Assume for simplicity || follL2 =1 and define 7 >0 to be the first time such that || f/|2=1/2.
Integrating (6.10) over [0, 7], we obtain

2 T2 ez e e
1~25—1ZV/ tedt~vT a:(ua”T)a”.
0

Namely, in order for the energy || f¢||2 to be reduced by half by the dynamics, we need to wait
for at most 7 <v~/(@+2)_ Tterating the argument on intervals [n7,n(7 + 1)] would then produce
an asymptotic decay at least of the form exp(—Cty=+2).

(0%
a+2
works for any choice of the parameter s> 0 (in particular for s=1/2 as in Theorem 6.2) and not
only for s =1, which is the case receiving the most attention in the literature.

Unfortunately, there are only few rigorous quantitative results connecting explicitly inviscid
mixing and enhanced dissipation properties (see [76] and the references therein) and they appear
not to be optimal in the case of shear flows®4. For instance for s € (0,1], an application of Corol-
lary 2.3 from [76] would only predict a decay

Although the above argument is clearly heuristic, it predicts the correct exponent and

a(l+s)
< _C l]st , =
||ft||L2 eXp( v )HfOHL2 q a+s+as
2a

in particular ¢; = a1

. 3a
while g1 /2= Tt T

Relation with existing literature. Understanding the interaction between mixing and dif-
fusion is one of the most fundamental problems in fluid mechanics, dating back to the works of
Kelvin [187] and Reynolds [245].

As already mentioned, in the pioneering work [73], such relation has been formalized math-
ematically by introducing the concept of relaxation enhancing flow; the result has been recently
revisited in a more quantitative fashion in the works [76, 109]. The use of weak norms H ~*° in
order to quantify mixing of passive scalars was first introduced in [214] for s =1/2, the general
case being due to [204]; see also the review [261] and the recent work [231].

Shear flows and circular flows in particular have been recently studied by several authors,
employing a variety of technique, including stationary phase methods and hypocoercivity
schemes [32, 75, 77|, spectral methods [271, 149] and stochastic analysis [79]. Roughly speaking,
the main known results for (6.7) are the following:

e If we C"*! has a finite number of critical points with maximal order n, then enhanced
dissipation holds with r(v) ~v"*2(1+logr~1)~!, see Theorem 1.1 in [32].

e There exist u € C% a € (0,1), for which enhanced dissipation holds with r(v) ~ve+2 see
Theorem 5.1 from [271].

e The above results are sharp, up to logarithmic corrections, in the sense that for u € C™*!

(resp. u € C¥) the best possible rate is r(v) ~ yTHE (resp. 7(v) ~v**?), see Theorem 4
in [79]; the proof is based on the Lagrangian Fluctuation Dissipation relation introduced
in [99], [100].

6.4. Actually, in order to apply Corollary 2.3 from [76], one would need to verify the abstract condition (2.4)
therein, which tipically requires u to be Lipschitz. Leaving aside this technicality and assuming the result is still
applicable, it doesn’t yield the optimal rate anyway.
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Let us also mention the remarkable stable mixing estimate obtained in [75] for u satisfying Assump-
tion (H) therein®?. Motivated by the above results, the authors of [71] explore the mixing and
enhanced dissipation properties of rough shear flows, namely u sharply a—Holder for a € (0,1). In
particular, they construct a Weierstrass-type flow u such that the following hold (see Theorem 1.1
in [71]):

1. enhanced dissipation holds with rate r(v) ~v**+2, confirming the results from [271];

2. along suitable sequences t,, — 0o, inviscid mixing holds on H ! with rate r(t) ~t/:

1
et 2= follg—+ St | follr.

3. however, to the authors’ surprise, there exist other sequences t,, — co on which inviscid
mixing only holds with rate r(t) ~¢, in the sense that

lle=tnudx foll -1 > t;l Il follz-

In particular, the inviscid mixing rate r(t) ~t is the same attained by suitable Lipschitz functions;
the authors wonder whether such a discrepancy between Points 2. and 3. is to be expected for
generic flows u € C?%, see the paragraph “Perspectives”, p.3 in [71].

The main aim of the present work is to give a negative answer to the above question, while
letting a more natural picture emerge in the context of generic rough shear flows. Theorem 6.2
shows that for generic v € BY o (similarly for v € C®, see Remark 6.8) inviscid mixing holds on
H~'/? with rate r(t) ~ /2% yniformly over all ¢>0. Such a decay is also the best possible, see
Theorem 6.6 below. On the other hand, Theorem 6.2 confirms the enhanced dissipation rate
r(v)~ v/ (@+2) “already identified in [271, 71], as a property of generic shear flows.

A complete picture is however still missing; for instance, the question whether generic u € BY' o
satisfy inviscid mixing on H ! with rate r(t) ~ ¢t~/ is still open and goes beyond the methods
presented here. It also raises the question (supported by the works [214] and [102]) whether H ~!

1/2

is indeed the correct way of measuring mixing and whether H~"/“ is instead a better one.

Structure of the proof. As done frequently in the literature, in order to prove Theorem 6.2
for the PDE (6.7), we will pass to study its hypoelliptic counterpart

Ouf + udyf = VOZf (6.11)

again under the assumption fT fo(z,y)de =0 for all yeT.
For k € Zy:=7Z\ {0}, define the Fourier transform in the z-variable as

(Pef)(y) = A f(, y)e = da

so that any f:T2?— R has a decomposition f(z,y)= >k (Puf)(y)et . If f solves (6.11), then for
each k € Zo the function fF:= P.f, solves the one dimensional complex valued PDE (harmonic
oscillator)

OufF +iku fF=vo2f*. (6.12)

For k € Zo, v >0 and u € LY(T), the PDE (6.12) has an associated semigroup on L?*(T;C), which
we denote by et(_ik“+”8§); observe that the parameter k, up to its sign, may be removed by the
rescaling £ =t|k|, =v/|k|. In this way, the study of asymptotic behavior of f* may be reduced
to that of f*!, which motivates the following definitions.

Recall that whenever referring to a rate r:R>o— R0, we mean a continuous, increasing map.

Definition 6.4. A velocity field u € L*(T) is said to be mixing on the scale H*(T;C), s> 0, with
rate r, if there exist a constant C >0 such that

; C
—itku R e > ) .

6.5. As a side remark, it is extremely interesting to observe the similarity between the assumption from Proposi-
ition 1.4 from [66] and Assumption (H) from [75].
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Definition 6.5. A velocity field u € L*(T) is said to be diffusion enhancing on L*(T;C) with
rate r if there exists a constant C' >0 such that

et ikt , L, < Cexp(—r(ﬁ)vcn) Vk € Zo, v (0,1], t > 1. (6.14)

The following theorems, which are the main results of this chapter, provide sharp inviscid
mixing and enhanced diffusion statements for generic shear flows. In particular, they describe
precisely the behavior of solutions to (6.7) at each Fourier level P.

Theorem 6.6. (Inviscid case v =0) Let o €(0,1).
a) Lower bound. Suppose that u € BY () is mizing on the scale HY?(T;C) with rate r, in
the sense of Definition 6.4; then necessarily r(t) <t2e.

b) Upper bound. Almost every u € BY o(T) satisfies the following property: for any &> o, u
1
is mizing on the scale HY/*(T;C) with rate r(t) > 2.

Theorem 6.7. (Dissipative case v >0) Let a € (0,1).
a) Lower bound. Suppose that u € BY (T) is diffusion enhancing with rate r, in the sense of
Definition 6.5; then necessarily r(v) Svo+?.

b) Upper bound. Almost every u € BY oo(T) satisfies the following property: for any &> o, u
is diffusion enhancing with rate r(v) > v/ (@+2),

Theorems 6.6 and 6.7 will be proven respectively in Sections 6.2 and 6.3, which are structured
in a very similar way. Roughly speaking, the strategy we adopt in proving upper and lower bounds
may be summarized in three main steps:

1. In both cases, the lower bound follows from estimates which explicitly employ the regularity
assumption v € BY «; in the case v >0, we need to preliminary establish a Lagrangian
Fluctuation-Dissipation relation for the PDE (6.12) (see Proposition 6.24) similarly in spirit
to what was done in [79].

2. The upper bound is satisfied by any v enjoying a suitable analytic property, which encodes
its irregularity. It turns out that the right properties are given respectively by p-irregularity
(already introduced in Chapter 5) for v =0 and by Wei’s irregularity condition (see Defini-
tion 6.26) for v >0. A shear flow u satisfying any of such properties necessarily enjoys only
limited regularity in the scales B, (see Lemmas 6.17 and 6.30), confirming that these are
the correct spaces to work with.

3. Finally, we show that a.e. u € Bf' is p-irregular (resp. satisfies Wei’s condition), see
Section 6.2.3 (resp. Section 6.3.4). As before, this is achieved by probabilistic methods, using
the law of fractional Brownian motion to construct a measure witnessing the prevalence of
such properties.

Remark 6.8. Let us stress that points a) of Theorems 6.6-6.7 holds for all u € Bf o, not only
generic elements. Since T is finite, we have the embeddings B}, — B, for any p, ¢ € [1, o0l
thus the lower bound is true for all u € By ; as well. On the other hand, the proofs of points b) of
Theorems 6.6-6.7 can be easily readapted to provide the same statements for almost every u € By ,
for any choice of p, g €1, 0.

In particular, one could always work with the spaces C* = BS,  if desired. There are however
several reasons for working with Bf ., or more generally B}, instead of C.

Mathematically, such spaces include genuinely discontinuous functions, as well as (possibly
continuous) functions of finite p-variation for any p € [1, 0o]: it holds

B VP VP BT

see Proposition 4.3 from [207], Proposition 2.3 from [135] for more details.
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Physically, a simple way to explain singularities in fully developed turbulence is by means of
structure functions (see e.g. [131]), which are closely related to the finite difference characterization
of Besov spaces By .. Turbulence is also believed to be closely connected to multifractality (again
we refer to the appendix of [131]), a feature which is absent from generic v € C* (which are
monofractal) but instead manifested by almost every u € By ,, see [184, 130, 129].

Our results show that the only relevant parameter in understanding mixing and enhanced
dissipation rates for a.e. u € By 4 is a € (0, 1), regardless of the values of p, ¢; thus there is no
apparent connection between mixing and multifractal features of u, at least in the context of shear
flows.

6.2 Inviscid mixing

This section contains the proof of Theorem 6.6, which is split in several steps.

Recall the setting: in order to study the transport equation 9¢f +ud,f =0, we pass to Fourier
modes fF(y) = (P.f:)(y), each one solving d;f* +iku f¥ =0; namely, fF(y)=e "W ff(y). Tt is
thus natural to take a slightly more general perspective and study properties of maps of the form
y— e Wg(y) with € € R, g € H¥(T).

All the proofs of this section (and the upcoming Section 6.3) are heavily based on fine properties
of Besov spaces, for which we refer the reader to Appendix A.2.

6.2.1 Lower bounds in terms of regularity

We show here that the regularity of u, measured in the Besov—Nikolskii scale B ,, necessarily
implies a lower bound on the decay of solutions in the H ~'/?-norm. The proof is partly inspired
by that of Proposition 3.2 from [71].

Lemma 6.9. Let u€ B (T) for some a€(0,1). Then for any g€ H'(T) there exists a constant
C=C(a,g) such that

L
2

u o
e gllgg-172> C(AL+ [lullpe ) 7> €] 72 VI >1. (6.15)

Proof. Fix ¢ with [£] > 1 and set §:=e"g; we claim that g€ Bg‘g By Sobolev and Besov
embeddings, g € LN BS/2; e e L=, so it’s enough to show that €% € BS/%. By the basic

2,007 2,00°

estimate |e*® — e®| < /2 |a — b|'/2, it holds
lei€uC+9) — ei€uCHD|| o S[E[V2lu(- +y) — u(- + G147
1/2 _
SIEM2ullg _dr(y, )/
By the equivalent characterization of Besov—Nikolskii spaces, this implies
; 1/2
¥l ggr2 S1+ 12l S 1+ [lullsg )€

a/2
2,00

19115572 < gl (1 + e )21, (6.16)

and so by Proposition A.12 in Appendix A.2 we conclude that g€ B,’~ with

Clearly ||gllz2=|g|lz2- Using the interpolation inequality from Corollary A.10 in Appendix A.2
(for the choice s1=1/2, sa=a/2) we obtain
1

o
1+«

lgllez=11glz2 S 17150 117 (6.17)
Rearranging now the terms in (6.17) and applying the estimate (6.16) we find
_1 141
19llg-12 2 Ngllga2llgllz>
" By 1L (6.18)
14+ _1 _r 1
lgllze Mgl (L +llullzs ) =[] 2=

vV
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where the hidden constant in (6.18) only depends on «. Using the definition of § and relabelling
the constant to include the g-dependent terms yields the conclusion. O

Corollary 6.10. Let u€ B oo(T) be mizing with rate r, in the sense of Definition 6.4. Then there
exists a constant C = C(a,u) such that

r(t) < Ct7.

Proof. Choose any g € H*(T) with ||g||;;1/2=1; then by Definition 6.4 applied for the choice k=1

and Lemma 6.9 for £ = —t, it holds
2l e 12> e

r(t)

up to relabelling constants, this yields the conclusion. O

. L
TG 12 R (T [lullpg )2 82

Remark 6.11. In fact, the statement of Lemma 6.9 can be generalized as follows. For a € (0, 1),
uw € Bf oo(T), g€ H(T) and any s >0 there exists a constant C(«, g, s) such that

s

e gllgg-«> C(A+ ullsg ) = 1617 VIE[> 1
Then arguing as in Corollary 6.10 one can conclude that the best possible rate for inviscid mixing
on the scale H*(T) is 7(t) ~t~%/%. Taking s =1 provides the rate t~'/®, which is in line with
Proposition 3.2 from [71].

6.2.2 Upper bounds in terms of p-irregularity

The concept of p-irregularity was introduced in Section 5.1.1 for paths defined on [0, T; for the
reader’s convenience, we recall here the definition, modified in order to allow paths defined on T.

Definition 6.12. Let y€[0,1), p>0; a measurable map u: IR — R is said to be (v, p)-irregular if
there exists a constant C >0 such that

/e’f“(z)dz
I

where I stands for an interval of R and |I| denotes its length5%. A map w: T — R is said to be
(7, p)-irregular if it is so once it is identified with a 2m-periodic map u: R — R. In both cases, the
optimal constant C in (6.19) is denoted by ||®"||, ,. We say that u is p-irregular for short if there
exists v >1/2 such that it is (v, p)-irregular.

<CI7[E|=P VEER,ICR with [I]<27 (6.19)

The property of p-irregularity may be rephrased in the following form, more suited for the
purposes of this chapter.

Lemma 6.13. Let u: T — R be (v, p)-irregular, then

le*“Ipy-1 SI®¥[ly.0 16177 VEER.

Proof. For §€[—m, 7] and £ € R, define the function
y 7 ™
vE(7) :/ ciEu(v)dy — (y;:f )/ ci€uv) gy,

by periodicity, it can be identified with a function on T. Then, by definition of (v, p)-irregularity,
it holds [[v¢]|cv < ||®Y]|4,, |€] 7 by Proposition A.8, we deduce that

1™ eut
(vg)/+%/ e"fu(y)dy

—T

3 —
€] gy 1=

y—1
Boo,oo

St o] [ ey
2m| ),

S0 €177

6.6. The condition |I|< 27 appearing in (6.19) is merely out of convenience, since our endgoal is to work on T
which we identify with [—7, 7], but it could have been replaced with |I| < M for any fixed finite M > 0.
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implying the conclusion. O
The relation between p-irregularity and inviscid mixing comes from the next result.

Lemma 6.14. Let w: T — R be (v, p)-irregular for some v >1/2. Then there exists a constant
C=C(v) such that

e gllgr-1r2 < C 1@y p 11PN gl g2 FEF0, g€ HY, (6.20)
As a consequence, u is mizing on the scale HY/? with rate r(t)=tP, in the sense of Definition 6.4.
Proof. By assumption v+ 1/2> 1, thus by Proposition A.11 and Lemma 6.13 it holds
e e o [ v
<19l 1E1 gl 37
=[|2"/ly,p 1€17 21l 172

Again by the hypothesis v —1> —1/2 and so by Besov embeddings B;_’gol —H~
first claim. Applying estimate (6.20) for k € Zg, £ = —tk gives

i cle|
itku _ < J:P
le 2 =172 < (t]k])?

172 vielding the

and thus the conclusion. O

Remark 6.15. Going through the same proof as in Lemma 6.14, one can show that if w is
(7, p)-irregular with v > 1 — s, then it is mixing on the scale H® with rate r(t) =¢~”. In the case
v=0 an even simpler proof, based on duality and integration by parts, provides mixing on the
scale H! with the same rate. In fact, since H*(T;C) is an algebra, by integration by parts it holds

(i€ £, g)] ‘ Js f(y)g(y)dy‘

<ta-m| [ wa]+ [Tl [

SUIFgllze+11(F9) M) [12%[lo,p [€177
SIS lellgllzz |90, [€177

which by duality implies ||€** f||z-1 < || f || z]| Y

dy

0,p |€]77 and so the claim.

As we have already seen, the property of p-irregularity implies roughness of u, in a sense that
can be quantified precisely. In particular, the notion of 8-Holder roughness (cf. Definition 5.68)
carries immediately to the periodic setting (one only needs to be careful by replacing |y — z| by
the canonical distance on the torus dr(y, z)). In fact, since we are in the one dimensional case,
Definition 5.68 admits the following equivalent characterization: u: T — R is a-Holder rough with
modulus of a-Holder roughness L, (u) if and only if

La()= inf sup 1) vl

> 0. 6.21
y€T=5>Oz€B(5(y) 6 ( )

Arguing as in the proofs of Theorem 5.64, Corollary 5.66, Corollary 5.69, one can then show the
following result.
Proposition 6.16. Let w: T =R be (v, p)-irregular and set o*:=(1—~)/p. Then:

a) w is a-Holder rough for any o> a* with Ly(u) =~+00.

b) u has infinite p-variation on any subinterval I C'T and for any p>1/a*.

The parameter o* is also linked to the regularity of u in the Besov-Nikolskii scales BY ;

although the result is also true for u: [0,7] — R% we preferred to keep this result here, rather than
in the general discussion in Section 5.4.2.
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Lemma 6.17. Let w: T —R be (v, p)-irreqular and set a* = (1—)/ p; then u does not belong to
BT o for any o> ™.

Proof. Fix a> o* and choose a € (a*, a); going through the same computations as in Theorem 5.64
and Corollary 5.66, it can be shown that

lim inf et Ay (h € (0,8): |u(y+h) —u(y)| =% =1,
e—0t yeT

where £ denotes the Lebesgue measure on R. It follows that, for all € > 0 sufficiently small, it must
hold

wgﬂrs—l/\l(h € (0,8): [u(y + h) — u(y)| > %) dy
<[ =7 [Cluty+ b = uw)lanay

—e1-a / - +h) —u() o dh
0
<e*™*[ullss .

where in the second passage we used Markov’s inequality. Since o > @&, letting e — 0™ we conclude
that [u]pe = +o0. O

Remark 6.18. If u is p-irregular, then Lemma 6.17 implies that « does not belong to Bf ., for
any a > (2p) ! Conversely, if u € Bf' o, then it can only be p-irregular for parameters p satisfying
p<(20)71

6.2.3 Prevalence statements and proof of Theorem 6.6

Given the results of Sections 6.2.1-6.2.2, it is natural to wonder whether generic elements of BT
are “almost as irregular as possible”; in the sense of being p-irregular for any p < (2a) ~!; given the
results from Chapter 5, the reader will not be surprised that we can give a positive answer. Yet,
the proof requires a few simple preparations.

Differently from before, in this section we will denote functions on T by ¢, while the letter
u shall be used for the canonical process associated to the measure p involved in the proofs of
prevalence statements (which, up to technical modifications, will be the usual fBm law pf).

We identify the torus T with the interval [—m, 7], up to —m ~ 7; thus any measurable function
¢: T — R can be identified with ¢: [—m, 7] = R such that ¢(—7)= ¢(7). Any such ¢ is in a 1-
1 correspondence with a pair (1, p2) of measurable functions defined on [0, 7], given by @1(y):
=p(y), v2(y): =¢(—y); they satisfy the constraint ¢1(m) = @a(m).

Lemma 6.19. A measurable function p: T — R is (v, p)-irregular if and only if the functions ¢1,
v2:[0,7] = R are so.

Proof. The proof is elementary. Given I C [—w, 7|, setting Iy =IN[0, 7], I=IN[—m,0] it holds
max {|[1], | 12|} < |I| < 2max {|I1],|12|}, so that

maX{HCI)‘PlH%p, ||q)m”v-,p} < HCIWHW-,/J< 2max{|\<I)‘P1||%p, ||(I)(P2Hv-,p}- U

Conversely, given a measurable ¢: [0, 7] — R, we can associate it another function ¢ =T @:
T — R by setting T@(y) = ¢(|y|), which corresponds to (T'¢)1=(T@)2= @.

It immediately follows from Lemma 6.19 that 7' is (v, p)-irregular if and only if @ is so; it is
also easy to check that, if ¢ € Bf (0, 7) N L>(0,7), then T € BY o(T).

Next, we give the following result, which is a simple analogue of Point i. of Theorem 5.29.

Proposition 6.20. Let a €(0,1); then a.e. ¢ € Bf o(0,7) is p-irregular for every p < (2a)~'.
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Proof. Given p >0, define the set A,={p € Bf «(0,7): ¢ is p-irregular}; arguing as in the proof
of Lemma 5.10, it’s easy to check that 4, defines a Borel set. If we show that A, is prevalent in
Bf (0, 7) for any p< (2a)~!, then the same holds for

(o)
A: {cp € BY (0, 7) : ¢ is p-irregular for every p < %} = A1 1
n=1
which implies the conclusion.

Now fix p < (2a) ! and choose H € (0,1) such that H > «, p < (2H)™!; denote by uf the law
of fractional Brownian motion on C([0,7]) and by u = {u,, y € [0, 7]} the associated canonical
process. Since p!? is supported on CH ~¢([0,7]) for any € >0 and H > q, it is also a tight probability
measure on Bf' (0, 7). Since u is a H-SLND process and p < (2H) ™!, it follows from Point a)
of Proposition 5.53 that, for any measurable ¢: [0, 7] — R, pf-a.s. ¢ +u is p-irregular. Taking
¢ € BY (0, 7) we deduce that

pH e+ A)=1 Ve B (0,7),

namely that pf witnesses the prevalence of A, in Bf (0, ). a
Corollary 6.21. Let a€(0,1), then a.e. p € Bf oo(T) is p-irreqular for any p < (2a) L.

Proof. The proof that the set A:={p € BY o(T): ¢ is p-irregular for any p<1/2a } is Borel in
the topology of Bf (T) is again identical to that of Lemma 5.10.

Now let ;1 be a measure on BY (0, 7) witnessing the prevalence statement of Proposition 6.20;
since in that proof we can take = u'? for suitable H > o, we may assume p to take values in
Bf (0,7)N L>*(0, 7). Therefore we can define a measure on Bf o(T) by v =Tju, where (T'9)(y) =
@(|y|) for y € [0, 7]; also recall the notation ¢1, @2 from Lemma 6.19. For any ¢ € Bf o(T) it holds

v+ A) =M<{U € B (0, ) : Tu+ ¢ is p-irregular for any p<% })

2
. . 1
:u< q {u € BY (0, 7)1 u+ ; is p-irregular for any p < %0 }) =1
i=
where we used the fact that the p witnesses the prevalence of the statement of Proposition 6.20 and
that the intersection of sets of full measure is still of full measure. Thus v witnesses the prevalence
of the set A. O

We are now ready to complete the

Proof of Theorem 6.6. The lower bound comes from Corollary 6.10, while the upper bound
from a combination of Lemma 6.14 and Corollary 6.21. g

Remark 6.22. In this section we have always focused on u belonging to the scales Bf o(T) with
a€(0,1). If one is instead interested in the mixing properties of generic u € C(T), much faster rates
are available, given the results from Chapter 5. Indeed, for any > 1, it’s possible to construct
% € C(]0, 7)) satisfying

Y2
/ e’ (2)q
Y1

and so by symmetrization the same holds for u”:=T%”. Such @7 are given by typical realization of
the process X ? as defined in Proposition 5.51; in fact, one could use the law of such process to prove
that almost every u € C(T) satisfies (6.22) for any > 1. Arguing as in the proof of Lemma 6.14,
one can deduce that such u are exponentially mixing, in the sense that they satisfy the estimate

2
S8 Y2 — yll”exp(—cw,ﬁ |€|1+‘3) VEeR, 0<yi<y2<m (6.22)

2
e gL+ S exp( ~Cs 0 €77 ) lgllas Vg€ HY(T: ) (6.23)
and so that

2
et fll gy S exp( ~Co 177 )| f 2y (6.24)
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for all f € HY(T?) satisfying Pyf =0.

6.3 Enhanced dissipation

This section contains the proof of Theorem 6.7, which is split in several steps.
Recall the setting: we want to study the asymptotic behavior of the family of complex-valued
PDEs (6.12), equivalently obtain upper and lower bounds on

tLy
" “[|lL2(ms0)— L2(mi0) - B £—> 00,
where Ly, :=—tku+ 1/63.

6.3.1 Lower bounds in terms of regularity

We show here that if u has regularity of degree o € (0,1), as measured in a suitable Besov—Nikolskii
scale, then the its best possible diffusion enhancing rate is r(v) ~ v/ (2*®) The precise statement
goes as follows.

Proposition 6.23. Let u € Bf o (T) be diffusion enhancing with rate r, in the sense of Defini-
tion 6.5; then there exists a constant C >0 such that

r(v) gC’y“L+2
for all v e (0,1].

In order to provide estimates for e!L*¥ it is convenient to study more generally the properties
of solutions g: T — C to

Oy +i€ug=v0yy g (6.25)

in function of the parameters £ € R, v € (0,1) and the shear flow w.

The proof of Proposition 6.23 follows a similar strategy to [79] and is based on deriving a
Lagrangian Fluctuation-Dissipation relation (FDR) for the PDE (6.25), which is a result of inde-
pendent interest.

Proposition 6.24. Let u € L'(T), g be a solution to (6.25) with initial data go € L*(T; C); for
any (t,y) € R>o x T, define the complex random variable

t
Z) = exp(if/ u(y + \/21/Bs)ds> 9o(y +/2vBy)
0
where B is a standard real-valued Brownian motion. Then we have the following Lagrangian FDR:

lgoll2= — llgrl122 = A Var(Z}) dy. (6.26)

Proof. Without loss of generality, we can assume u and gg to be smooth, as identity (6.26) in the
general case follows from an approximation argument (the definition of Z} is meaningful for any
u € LY(T) thanks to the properties of the local time of a Brownian motion). By the Feynman-Kac
formula, the solution g to (6.25) is given by g:(y) =E[Z}]. Moreover since u is real valued, we have
the energy balance

t
lgoll2= — | gel2: = 20 / 18,9522 ds;
0

and more generally, the map (¢,2) > |g|?(t, z) satisfies
Oi|g|?=v0y|g]* —2v|0yg .
Now let & to be a solution of 9;h =v02h with initial data ho=|go|% It holds

d
T T[Igl2 —h] de=—2v9yg]|7-,
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which implies that
t
I\gollﬁrllgtl\%z:%/o Haygl\%ﬁ/T[ht(y)*Igt(y)IQ]dy-

Finally, since by Feynman-Kac, h(t,y) =E[|go(y + v2v B;)|?], we obtain
lgollZ=— [lgelIZ= ZA(]E[lgo(y +V2 By)?] - [E[Z{]]) da

- A (B[ 2! - [E[2Y)]?)dz

which gives the conclusion. O

Lemma 6.25. Let go€ H'(T;C), u€ Bf (T) for some a€(0,1) and £ €R. Then there exists
C'=C(a) >0 such that the solution g to (6.25) satisfies

2142
9ol = llgel3e < C lgollEn (vt + [ulg. |€l w3 475 ) ve,w >0,

Proof. Recall the elementary identity 2Var(X)=E[|X — X |?] for X being an i.i.d. copy of X. In
our setting, we can take

~ t ~ ~
Z{= exp(—i«f/ u(y + \/DBs)ds> go(y ++/vBy),
0
where B is another Brownian motion independent of B. Therefore

1 . ~
laoll = o = [ 022 =21 ay

sE[ I |go<y+ﬁBt>—go<y+ﬁBt>|2dy}

B
T

2
dy].

Using the inequality |e%® — e%€®| < /2 |€]Y/2|b — a|'/? and the characterization of Besov spaces in
terms of finite differences (see Appendix A.2), we deduce that

g2 — llgelZ SEllgo(- + v Be) — gol- +v7 B2
+Jlgoli2- |£|1E[ [/ |u<y+ﬁBs>—u<y+ﬁBs>|dsdy}
TJO

Slgoll?p[v]E[lBt ~ By + |§I/0 Elllu(- +v/vBs) = u(- ++/vBy)| 1] dé’]

(3 t ~
Sllanlin] v+ Ll el [ El15. - B as |
0
computing the last expectation yields the conclusion. O
We are now ready to complete the

Proof of Proposition 6.23. The proof goes along the same lines as Lemma 2 from [79]. We
argue by contradiction. Assume there exists no such constant C, then it must hold

limsupry *+2r(v) = +o0. (6.27)
v—0t
Now fix go € H! with || go||z2 = 1; by Definition 6.5 and Lemma 6.25 applied to £ =1 we deduce
that there exist constants C7, Cy > 0 such that, for any v <1 and ¢ > 1, it holds

1-Cy e ()t <1- ||etL1,uH%2 <1- HgtH%Q
<C2||90H%{1(1/t +[ulsg zﬁt”?)

o

<Callgollf (1 + [ulg )=t =
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Let v, }0 be a sequence realizing the limsup in (6.27) and choose

t = (r(v) v/ TP 71

then we obtain

__a 1/2 ——a _a4+2
1-Ch exp(f(z/,n ate r(z/)) )Sgo,u(’/n otz 7"(1/)) .
Taking the limit as n— oo on both sides, we find 1 <0, which is absurd. O

6.3.2 Wei’s irregularity condition

A major role in the analysis of dissipation enhancement by rough shear flows is played by the
following condition, first introduced in [271] (although described in a slightly different manner).

Definition 6.26. We say that u € L*(0,T) satisfies Wei’s condition with parameter o> 0 if,
setting Y(y) = [u(z)dz, it holds

g+é 1/2
To(u) = §720=3 inf / |w(y)clcgy|2dy] > 0. (6.28)
g

inf
6€(0,1),5€[0,T—46] c1,c2€R

A similar definition holds for u€ Li,o(R); u€ LY(T) is said to satisfy Wei’s condition once it is
tdentified with a 2m-periodic map on R.

Remark 6.27. Note that the condition is independent of the choice of the primitive 1. Denoting
by Py the set of all polynomials of degree at most one, for u € Li,.(IR) the definition is equivalent to

ICR,|I|<1 PePy

1/2
ra<u>( mf 111 g [ |w<y>P<y)|2dy) ~0;

this highlights its “complementarity” to the seminorm [v] 22043 associated to the higher order

Campanato space £32*73 as defined in [54] (think of the analogy with Definition 5.90!). Observe
that T, is homogeneous, i.e. Ti,(Au)= AT, (u) for all A >0.

The importance of condition (6.28) comes from the following result.

Theorem 6.28. Let u € L*(T) be such that Tp(u) >0 for some a>0. Then there exist positive
constants C1,Ca, depending on o and Ty (u), such that

o 2
HetL’“v"||L2_,L2<C’lexp(—CQVT“|k:|mt) VVE(O,l),kJGZQ,t?O. (629)

Namely, u is diffusion enhancing with rate r(z) ~ /(@2 in the sense of Definition 6.5.

Proof. The statement comes from Theorem 5.1 from [271]; therein u is required to be continuous,
but this restriction is not necessary, see Appendix B from [144] for the proof. a

Following the same approach as in Section 6.2, we proceed to show that the condition T}, (u)
implies irregularity of u; we start by relating it to the property of a-Hé6lder roughness, in the sense
of its characterization (6.21).

Lemma 6.29. Let u e LY(T) be such that T,(u) >0 for some a>0. Then u is a-Holder rough
and it holds La(u) =Ty (u).

Proof. Fix § >0, g €[, 7]; it holds

TER) g+6
w [ () — e — ey Py < / () — () - @)y - )Py

c1,c2€R
Y+ y 2
<f ( [t u<g>|dz) dy
Yy Yy
2

<62a+3< sup M)

€ Bs(7) oo
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As the inequality holds for all § and %, we obtain I',(u)? < Lo(u)? and the conclusion. O
We can also relate Wei’s condition to regularity in the Besov—Nikolskii scales BY .

Lemma 6.30. Let ue L'(T) be such that To(u) >0 for some o€ (0,1). Then u does not belong
to BT« for any &>« and does not belong to BT, for any q < co.

Proof. For any g€ [—m,n] and 6 >0 it holds

§20 9T, (u)? < / / "uz) — u(g)ldz

</ Y / ") - utgiaz ) ay

)
inf / u(i+h) —u(g)|dh > 5+ Ta(u) V5 e(0,1). (6.30)
ye 0

2
dy

y+o

thus implying that

Now fix & > «; starting from (6.30) and arguing as in the proof of Lemma 6.17 (with e replaced
by §), one obtains

2 Ta(w) <05~ ulg .
which implies the first claim by letting § — 0T. Integrating (6.30) over 3 € T yields
5
/ lu(- +h) —u(-)||prdh =6 T,(u) V6 € (0,1); (6.31)
0

now assume by contradiction that u € Bf ; for some g < oo, then by its equivalent characterization
(see Appendix A.2) and the uniform integrability of h+sh™1=%||u(- + h) —u(-)||#: it must hold

Olul-+h) —u()|}
li LY dh =0. 6.32
63)1*[) ||t e 032

On the other hand, by estimate (6.31) and Jensen’s inequality, it holds

*Jlu(- +h) —u()lf ag [°
/ i L dh 2 [+ =) an

5 q
5700 [t 1) =l an
0
>Ta(u)?>0
uniformly in ¢ € (0, 1), contradicting (6.32). O

Remark 6.31. It follows from Lemma 6.30 and the construction presented in Section 2 from [71]
that, for any a € @ as in Lemma 2.1 therein, there exists a Weierstrass-type function which belongs
to C%(T), satisfies Wei’s condition with parameter a and does not belong to By , for any p€[1, oc],
q€[1,00), nor to any By , with &> a.

In light of Theorem 6.28, in order to show that almost every shear flow u enhances dissipation,
it will suffice to show that almost every u satisfies Wei’s condition. We therefore need to find
sufficient conditions in order for I'y(u) >0 to hold. We start with the following simple fact, whose
proof is almost identical to that of Lemma 6.19.

Lemma 6.32. A map u: T — R satisfies Tp(u) >0 if and only if the maps u;: [0, 7] = R defined
by ui(z) =u(x), ue(x) =u(—2z) do so.

In this way, we can reduce the task to identifying sufficient conditions for functions defined
on a standard interval [0, 7]. For any 6 >0, we denote by A% the discrete Laplacian operator

A3 f(y)=f(y+26) —2f(y+0)+ f(y).
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Lemma 6.33. For any a >0 and any (g,9) it holds

1

3 - g+30 ) g+ e —2(14q)
s2=2int [ uy) 1 e dy>ﬁ( AT dy) . (6.33)
Yy Yy

Proof. First observe that A%(cy 4+ coy) =0 for any ¢y, c; and that for any f it holds

7+38 |
[ rwkay= 55 [ 183 ).
Yy Y

_ 1
Next, applying Jensen’s inequality for g(z) =2 20+ which is convex on (0, 00), it holds

1[I NI 1 [,
3 / A5 () dy <3 / A3f ()] T dy.
Yy

Y

Algebraic manipulations of this inequality and the choice f(y)=(y)—c1 — cay yield (6.33). O

In view of Lemma 6.33, given « >0 and an integrable u: [0, 7] = R, we define

g+6 1
Gly, 6): = / A2 (y)| T dy, (6.34)

7
where 9 is as usual a primitive of u (defined up to constant). The next result reduces the verification
of Wei’s condition to controlling a countable family of quantities associated to G,.

Lemma 6.34. For any a € (0,1) and £ >0, define f:=a+¢e(1+«) and

Ko o(u):= sup 27" Go(mk27 ", w27 1),
neN,1<k<2n—1

Then there exists a constant C = C(a, €) such that

Ds(u) = C (Ka,s(“))_l_a-
Proof. First observe that, for any € (0,1),

G438
T 2~ inf §5-28-3 inf / —c]— 24
|Ta(w)| 656(071/3)126[071735] 6171521613 : |(y) —c1—coy|?dy

so to conclude it suffices to provide a lower bound on the latter for our choice of 5. Fix (7, ) and
choose n€ N and k€ {1,...,2" — 1} such that

e (m2 w27 M) yen(k—1)27", k27"
so that [, 7 +36] 2 [§, 7+ 30] for the choice §=mk2™™, § =72~ As a consequence,

9 . g+30 )
57283 inf / (y) — e — cay[2dy
Yy

c,c2€R

B G438
26520 int [ 0y - e ewldy
ci,c2€R i

5 g+6 U S
i [T sk
Y
= (0°Ga(7,6)) 20+
where in the second passage we employed inequality (6.33) and then the definition of 3. Overall
we deduce by the definition of K and the choice of (7, S) that

G438
5_25_30 ICYQ{R/ 9(2) =1 — 222 dz 2 K e(u) 20,
1, Y
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taking the infimum over (4, y) yields the conclusion. a

6.3.3 Sufficient conditions for stochastic processes

In order to establish prevalence statements, we will sample u as a suitable stochastic process.
Lemma 6.34 readily gives the following intermediate, general result.

Proposition 6.35. Let u: [0, 7] — R be an integrable stochastic process, 1 = fo'us ds and suppose
that there exist A\, k>0, a € (0,1) such that

sup Elexp(AGa(y,0))] <k
6€(0,1),7€[0,m—4]

for G as defined in (6.34). Then for any 8>« it holds P(Ig(u)>0)=1.
Proof. By virtue of Lemma 6.34, for §=a+¢(1+ «a) it holds
P(Ts(u) >0) > P(Kq,e(u) <o00),

so to conclude it suffices to show that P(Kq «(u) <oo) =1 for all € >0. Given A as in the hypothesis,
define the random variable

2m—1
J::Z 2_2”2 exp(AGqo(mk27 ", w277 1)),
neN k=1

By assumption E[J] < 0o, so that IP(J < oo)=1. For any n, k it holds

Go(rk2~m, 7277 1) < %log(QQ” N <21 11log J)

n
A
which implies that

Y= sup lGa(wk2*”, 727"l 51(1 +logJ)<oo P-as.
neN,1<kg2-"—1 1 A

Finally, for any € >0 it holds K, -(u) <. Y, which yields the conclusion. O

We want to apply Proposition 6.35 to a specific family of Gaussian processes (i.e. those satisfying
suitable local nondetermism property, similarly to Chapter 5); this requires a few preparations,
in terms of the three Lemmas 6.36-6.38 below.

The next elementary lemma often appears in the probabilistic literature in connection to so
called Krylov or Khasminskii type of estimates, see Lemma 1.1 from [241] for a slightly more general
statement. For the sake of completeness, we give the proof; we also invite the reader to compare
this result with the one from Lemma 5.44, where the integrand is not required to be nonnegative.

Lemma 6.36. Let X be a real valued, nonnegative stochastic process, defined on an interval [t1,ts],
adapted to a filtration {]:s}se[tl,tg] ; suppose there exists a deterministic C >0 such that

t
ess sup E{/ Xr]gC Vs € [t1, ta).
we s

Then for any A € (0,1) it holds

to
E[exp(% err>} <(1-MN"L
t1

Proof. Up to rescaling X, we may assume C'=1. It holds

E[eprfx,.dr)] = %n«:{([xm«)] =3,

n=0 n=0

InIE[/ XT1~...~XT”dr1...drn].
t1<ri<...<rp<ts

where
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By the assumptions and the non-negativity of X, it holds

In:/ ]E{Xﬁ-.. X, 1/ X, drn]dm dr,—1
th1<r<...<rp_1<ta

:/ E|:XT1-... 'XTnl]ETn,1|:/ Xrnd’l“n:|:|d7“1...d7“n1
thi<m<...<rp_1<t2 Tn—1
</ E[Xrl'~~~'Xrn,l]drbudrnfl:]'nfl

t1<ri<. .. <rp 1<t

which iteratively implies I, < 1. Therefore we obtain

E[exp<A[Xuduﬂ ZA” (1—X\ O

In the next statement, N'(m,o?) denotes the law of a standard Gaussian variable with mean

m and variance 2.

Lemma 6.37. Let Z~N(m,0?) be a real valued Gaussian variable. Then for any 6 € (0,1) there
exists cg >0 such that

E[|Z]7% <coo".
Proof. Set Z=0oN +m, then E[|Z|~ % =0 E[|N — 2|~ for 2 = —m/o; therefore is suffices to
show that

supE[|N — z|~*] fsup/|x—y| 9 p(y) dy = |||~ # pllz~ < 00
zeR z€ER

where p stands for the Gaussian density p(z) = (27) ~'/%exp(—|x|?/2). By Young’s inequality it
holds

172 plleee < 170 <a) = pllzse + 101702 50) * Pl
<1702 <allzillplizee + 1T 1702 sl [Pz
<@ T2 <all 1 <00

which gives the conclusion. g

Lemma 6.38. Let Y:[0,7] =R be a (1+ H)-SLND Gaussian process with constant Cy, in the
sense of Definition 5.25. Then for any o> H there exists A\=A(«, H,Cy) >0 such that

y+0 1
]E[exp()\/ |AZY,| T+ dy)] <2 Voe(0,1),5€]0,m—0].
Y

Proof. The result follows Lemmas 6.36 and 6.37 applied to the process X, =|A%},| T+
Indeed, denote by F,, the natural filtration generated by ¢ and set G, :=F,425. It is clear that
ASthy =Yy 105 — 2Yy 15+ Y, is G,-adapted; for any [z, y] C [7, 9+ d] it holds

Var(A3Y,|G.) = Var(Yy1 25| Fs426) = Cy |y — 2|20 ).

Therefore we have a decomposition A3Y, = E,[A3Y,] + (A3Y, — E.[A3Y,]) = E.[A3Y,] + Z. , with
]EZ[A%Yy] adapted to G, and Z, , Gaussian and independent of G,; thus

g+ J+6 1
e T EA B R [P [V iEn

By Lemma 6.37, since Var(Z, ) > Cy |y — z|*@TH) and = (1 +a)~' €(0,1), it holds

_a+nm
sup]E“Zz ytal ! ]< Var(Z.,,) e Sa.H,0y ly—2] 7
z€R
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and thus

g+ _1+H
QZ]N/ ly—2| " dz

1+H
/|r e dr~C(a, H,Cy)

]E[/ |AZX, | 1+C*dy

where the estimate is uniform over z € [y, 7+ 6], § € T and § € (0,1). Choosing

1
~2C(a,H,Cy)’

we obtain the conclusion by applying Lemma 6.36. O

Corollary 6.39. Let X:[0,7] >R be a Gaussian process such that

y
Yy:/ X, dz
0

s (14 H)-SLND for some H €(0,1). Then
P(Ta(X) >0) =
for any o> H.

Proof. It follows immediately combining Lemma 6.38 and Proposition 6.35. g

6.3.4 Prevalence statements and proof of Theorems 6.7, 6.2

Similarly to Section 6.2.3, we define for ¢: [0, 7] = R the map (T9)(y) = ¢(|y|); conversely for ¢:
T =R, p1(y):=¢(y), v2(y): =¢(—y). Recall that if ¢ € Bf N L>, then Tg € BY ..
We are now ready to provide a prevalence statement which is of interest on its own.

Theorem 6.40. Let a € (0,1); then a.e. p € B (0, 7) satisfies Tg(¢) >0 for all > «.

Proof. Fix a€(0,1) and define A: ={¢ € Bf' .,(0,7) : I3(¢) >0 for all 3> a}; it holds

Azﬂ U An,m::ﬂ U {weBﬁm(O,ﬂ):Fg(¢)>%f0rB:a—i—%}.

n=1 m=1 n=1 m=1

The sets Ay, are closed in the topology of Bf ,(0,7) (the map ¢ — Is(¢) is upper semicontinuous
in the topology of L(0,7)), thus A is Borel measurable. In order to conclude, it is enough to show
that for any 8>, the set Ag:={p € Bf (0, 7): I3(¢) >0} (which is Borel by the same line of
argument) is prevalent.

Now fix 8>« and choose H € (a, 3); denote by u*? the law of fractional Brownian motion
of parameter H on C([0,n]) and by u={uy}yec[0, the associated canonical process. Since pf!
is supported on CH~¢([0, n1]) for any ¢ >0 and H > q, it is tight on Bf (0, 7). As shown in
Section 5.1.3 (as well as Example 5.49), the associated process ¢ = [ u( dy is (1+ H)-SLND and
so is f 4 1 for any measurable f:[0, 7] — R.

In particular, for a given ¢ € Bf (0, 7), taking f = f(')cp(y)dy, it follows from Corollary 6.39
and the choice 8> H that

(0 + Ag) =" ({u € B (0, m) : Tg(u+ ) > 0}) =

As the reasoning holds for any ¢ € Bf* (0, 7), we deduce that p* witnesses the prevalence of Ag
and we obtain the conclusion. g

Corollary 6.41. Almost every ¢ € BY oo(T) satisfies Tg(p) >0 for all B> a.

Proof. The proof is almost identical to that of Corollary 6.21, only this time employing the
measure v = Ty for (T%)(x) = @(|x|), p being a measure witnessing the prevalence statement
from Theorem 6.40; as in Corollary 6.21, we may assume pu to be a tight probability measure on

£ 00(0,m) N L>(0,7), so that v is tight on Bf (T). ]
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At this point we have all the ingredient to close the dissipative case.

Proof of Theorem 6.7. The lower bound comes from Proposition 6.23, while the upper bound
from a combination of Theorem 6.28 and Corollary 6.41. O

The main result of the paper, Theorem 6.2, is now a direct consequence of Theorems 6.6 and 6.7.
In fact, let us record here a slightly sharper estimate. Given f € L%(T?), for any s € R define

1B = S 1P A ey = S0 (LI [F(k, m)f

kEZ (k,m)ez?

it’s clear that, for s 20, || fllp2ms < || f lg=(T2) and || f{[z-+(12) < ||fHL§HJS.

Theorem 6.42. Almost every u € B o(T) satisfies the following property: for any &> o, there
exists C' =C(a, @, u) such that, for any fo€ HY?(T?) with Pyfo=0, it holds

p _r
et foll s 172 < Ct 2% foll 2 g (6.35)

Almost every u € BY o(T) satisfies the following property: for any &> a there exist C;=C(a, &, u)
such that, for any fo€ L*(T?) with Pyfy=0, it holds

et 1P =1A) £| 22y < Cy eXP(—C2 th)H Jollz2(r2).- (6.36)

Proof. By Theorem 6.6 b), for a.e. u€ Bf o(T) and any &> « it holds
p 1 _L
e % foll7apy1r2= Y I1Pu(e™ ™ fo)lF-1/25 Y (kD) TN Prfollf-1r2 St 7N foll 2172
o kEZo kEZo o

proving (6.35). Denote £, = —ud,, + 1/8,3, so that —ud, + —vA = L, + vd?, where the operators L,
and 192 commute; also observe that Py(e!% f) = e~ %" P, f.
Combining these facts with Theorem 6.7, for a.e. v € Bf o(T) and any &> « it holds

—uBetv _ 92 tL, _ - v
e et f e = 7 ([P et f)|Ba= Y e Pylet ) 2

k€Zo k€Zo
a 2
<Y exp( =26k — CromER [T )| P f |32
k€Zo
Sexp(~Ctvo7) 3 || f 32
k€Zo
which yields (6.36). O

6.4 Open problems and further references

6.4.1 Closing remarks and future directions

We have shown in this chapter that generic rough shear flows satisfy both inviscid mixing and
enhanced dissipation properties, with rates sharply determined by their regularity « € (0,1) as
measured in the Besov scale Bf .. In the enhanced dissipation case, this confirms the intuition
from [71]; instead in the inviscid mixing one, it shows that the behavior presented by Weier-
strass-type functions constructed therein is not generic in the sense of prevalence. Our results
provide a connection to the property of p-irregularity, which was never observed before in this
context, and highlight the importance of working with mixing scales H* with s 1 (especially
H~'/?). We conclude by presenting a few additional remarks and open problems arising from this
work.
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Remark 6.43. We are currently unable to establish a clear connection between the properties
of p-irregularity and Wei’s condition. Lemma 6.14 and the trivial estimate || f¢||g—1 < || fell g-1/2
imply that, for o € (0,1/2), the shear flows v € C constructed in [71] satisfy I,(u) >0 but are
not p-irregular with p~ (2a)~%; thus one implication does not hold in general. Heuristically, this
fact is similar to the existence of flows with small dissipation time which are not mixing, like the
cellular flows presented in [183]. The above argument also implies the existence of Weierstrass type
functions which are not p-irregular, for suitable values p. We believe this problem was open in the
probabilistic community, although never been explicitly addressed in the literature.

Given the above remark, it is reasonable to expect the property of p-irregularity to be strictly
stronger than Wei’s condition, although we are not able to prove it.

Conjecture 6.44. If u: T — R is p-irregular, then it satisfies Wei’s condition for any o< (2p)~1.

Even without establishing a direct connection to Wei’s condition, it would be desirable to show
directly that p-irregular functions are also diffusion enhancing, in line with the heuristic argument
presented in Remark 6.3. Since such functions are mixing, they are indeed “qualitatively” diffusion
enhancing by [73]; however, the quantitative results from [76] do not provide the sharp rate which
is known to hold for typical fBm trajectories.

Conjecture 6.45. If u: T — R is p-irreqular, then it is diffusion enhancing with r(v) ~ @/ (@t2)
for any a < (2p)~1, in the sense of Defiition 6.5.

Conjectures 6.44 and 6.45 are the most natural ones to address, in order to obtain a cleaner
picture on what are the correct notions of irregularity to use in connection to mixing properties.
They are not however necessarily the most interesting ones.

As already seen in Chapter 5, the property of (v, p)-irregularity can be formulated in terms of
(the Fourier transform of) the occupation measure of u (since we are on the torus, we will denote
it by wi); closely related to it, there is also the local time of u, namely the Radon—Nikodym
derivative dp#/dAr. This gives rise to the following task:

Problem. Find a link between the mixing properties of u and the regularity of its local time.

In a different direction, although there are valid reasons to measure mixing by the weak norm
H~1/2 it would be desirable to extend the results to other scales, especially the most often consid-
ered H~!. Given Remark 6.15, this can be reduced to the task of finding (0, p)-irregular functions
with arbitrarily large p (in particular, scaling would suggest u € C* with p~1/«a). As already
mentioned in Remark 5.70, it is however an open problem to provide examples of (0, p)-irregular
functions w, for any p > 1. Instead there are several examples of u: [0, 7] — R which are (0, 1)-
irregular, including the choice u(y) =y, see Proposition 5.6.

Remark 6.46. Finally, recall that the property of p-irregularity holds for generic vector-valued
functions u: [0, 1] = R? (resp. u: T —RY), for any d € N. In particular, similar statements to part
i. of Theorem 6.2 can be established for “higher dimensional” shear flows of the form

Of +a-Vf=vAf (6.37)

for f: T =R, a(w1,...,2411):= (u(z4+1),0)T; observe that for d =2, @ is a stationary solution
to 3D Euler equations. In light of [73], the vector field @ constructed by a p-irregular u is diffusion
enhancing; thus can be applied in the study of suppression of blow-up by mixing phenomena,
similarly to what was done e.g. in [188, 33, 183, 78].

Instead of (6.37), one might consider the case of parallel shear flows, i.e. PDEs of the form

Of +v(y)0af =vAf (6.38)
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where now f= f(t,z,y), z€R (or z €T) and y € T (or more generally y € Q, 2 smooth subset
of R, in which case f is prescribed suitable boundary conditions). This case has been examined,
by means of resolvent estimates, in the recent work [149] (at least for fairly smooth v).

When v =0, our analysis on inviscid mixing estimates would still work, if we were to introduce
a suitable definition of p-irregularity for fields v: R* — R. So far, examples of p-irregular fields
have not been given in the literature, although it is reasonable to expect typical realisation of
fractional Brownian sheet to fullfill this kind of notion. An analogue of Wei’s condition and a clear
link between it and a diffusion enhancement property is instead completely open.

6.4.2 Bibliographical comments

As already illustrated at the beginning of this chapter, the study of the mixing and enhanced dissi-
pation properties of vector fields lies at the intersection of several disciplines: ergodic theory, PDEs
and functional analysis, but also engineering applications (devising optimal stirring strategies for
chemicals) and theoretical physics (understanding energy cascade mechanisms and more generally
turbulence). There are several important mathematical contributions I haven’t discussed properly,
due to the large literature and its countless ramifications; I try to mention some of them here in
terms of different “thematic blocks”.

Universal, generic and random mixers. If we go away from the shear flow setting, where
the best possible mixing rates are of polynomial type (cf. Theorem 6.6), it is by now well estab-
lished that, even in the case of an incompressible Lipschitz drift b, the associated flow can mix
exponentially fast. A natural questions in this context is whether one can find universal exponential
mizers (in the sense of mixing exponentially fast all initial data fo€ H® for some s> 0). The
work [102] answers affirmatively the question in any dimension d > 2 and any s >0, while showing
the impossibility of universal mixers (even not exponential) for s =0.

In a different direction, the work [40] studies for d =2 (more precisely on [0, 1]?) whether the
properties of being exponential, strong or weakly mixing are generic (in the Baire sense, w.r.t. to
a suitable topology on L{BV,), or at least form a dense set, for time-periodic vector fields.

Another natural assumption is to either consider a random flow, by taking b itself solution to a
fundamental (stochastic) equation of fluid dynamics like Navier-Stokes, or to deal with a stochastic
flow (tipically the so called isotropic Brownian flows first introduced in [181, 274]), the latter being
strictly connected to the Kraichnan model of turbulence [62, 104]. The first option has recently
seen tremendous progress thanks to the works by Bedrossian and collaborators, see [30, 31] and
the references therein; regarding the second one, a classical result can be found in [98], while novel
advances are given in [157].

Functional mixing and geometric mixing. In order to measure “mixedness”’ of a given
density f, we adopted the use of negative Sobolev norms ||-||g-s, due to their natural connection to
ergodic theory. This is however only one possible option, usually referred to as functional mizing,
with an alternative given by the so called geometric mizing property, first introduce by Bressan in
the work [48] and associated to his famous cost-rearrangement conjecture. The terminology in the
literature is not completely settled: for instance the definitions adopted in [2, 3] are rather different
from the ones in [284] (which we will shortly comment more in depth).

Relation with propagation of regularity. In the analytic community, the importance
of the concept of geometric mixing comes from its close connection to the general principle that
“propagation of regularity implies lower bounds on mixing” (also testified by our Theorems 6.6-6.7).
Indeed, the first work to give a partial positive answer to Bressan’s rearrangement conjecture
was [81], which derived it as a simple corollary of their general results on Lusin-Lipschitz type
regularity of generalized Lagrangian flows. Since then, several papers have sharpened these argu-
ments, including [253], [182] (cf. Lemma 2.3), [197] and [50] (cf. Lemma 3.9). Related to Bressan’s
conjecture(s), let us finally mention the recent work [39].
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Let me conclude by commenting further on the relation between geometric and functional
mixing. I follow the definitions from [284, 102]; here Q = (0,1)? is the unit cube, which can be
endowed with either slip, no-slip or periodic boundary conditions (the latter reducing to T¢9)

Definition 6.47. (Definition 1.1 from [102]) Let f € L>(Q) be mean-zero on Q and let ¢,
k€(0,1/2]. We say that f is k-mized up to scale € if
1

|Be(y)| /&(y)f(x)dx

The smallest such ¢ is the (k-dependent) geometric mizing scale of f.

<kl flle Vye@.

As explained in the comments in [284] right after Corollary 1.5, there is a deep link between
the geometric mixing scale and the mix-norm defined in [214] (which is in turn equivalent to the
functional norm ||-||;-1/2 by the results therein). In particular we have the following:

e if fis k-mixed up to scale ¢, then || f||z-1/2SvVe+ K2 | flloe;
o conversely, if || f||y-1/2 < K3/ 43/?|| f||Lo~, then f is sk-mixed up to scale €.

These two facts provide the justification why in [102] the quantity || f||%-1/2/ | f||Z~ is defined as
the functional mixing scale of f. It would be interesting in the future to understand if a suitable
analogue of our Theorem 6.6 can be given in terms of geometric mixing rates and whether the
above link between the two notions can be sharpened.



Appendix A

Miscellanea

A.1 Fractional Brownian Motion

Fractional Brownian motion (henceforth fBm) is a fundamental fractional process, first intro-
duced by Kolmogorov [189] in the study of turbulence and later rediscovered by Mandelbrot, Van
Ness [211]. We recall in this appendix several classical facts involving fBm, which can be found
in [225, 236].

A one dimensional fBm (W;);>¢ of Hurst parameter H € (0,1) is a centered, continuous Gaussian
process with covariance

(W, Wi] = o (427 + |2 — [t — 5[2F).

A d-dimensional fBm of parameter H € (0,1) is a Gaussian process with i.i.d. coordinates distrib-
uted as one dimensional fBms with the same parameter.

When H=1/2, fBm coincides with standard Brownian motion; however for H #1/2, it is not
a semimartingale nor a Markov process, see [247]. Still, it shares many properties of Brownian
motion, such as stationarity, reflexivity and self-similarity. Sharp results on the support of pf,
the law of fBm of parameter H € (0,1), go back to [68] (see also [268] for a modern proof which
extends to the vector valued case): it holds

pH(CH==([0,T);RY)) =1 Ve>0, pH(BY(0,T;RY))=1 Vpe[l,00),T€(0,00),
while
pH(CH([0, T RY) =0,  pH (B0, T;RY)) =0 Vp,g€[l,00), T € (0,00);
here ng denote Besov spaces as defined in Appendix A.2. In particular, fBm trajectories are

sharply not H-Hélder continuous, but by Ascoli-Arzela u'! is a tight probability measure on
B #(0,T;RY) for any € >0, p€[1,00] and T € (0, 00).

A very useful property of fBm is that it admits representations in terms of stochastic integrals.
Given a two-sided Brownian motion {B;}:cR, a fBm of parameter H #1/2 can be constructed by

WtcH/t [(tfr)fflﬂi(770)5*1/2](137“ (A1)

— 00

where cg =T'(H +1/2) 7! is a suitable renormalising constant and I' denotes the Gamma function.
Such a representation is usually called non canonical as the filtration F, = o(Bs: s <t) is strictly
larger than the one generated by W; set E;X: =IE[X |Fs]. Expression (A.1) is useful as it imme-
diately shows that, for any pair 0 < s <t, W; decomposes into the sum Wy = (W; — E;W;) + E, W,
where

t s
W, f]ESWt:cH/ (t—r)H-1/24B,, IESI/Vt:cH/ [(t =)= (=) =1/2]4aB,.
In particular, [EgW; is Fs-measurable, while W, — [E;W; is independent of Fy and
Var(W, — EsW;) = ég |t — s|?H
for éy=cf /(2H). This also implies that

Var(W;|o(W;., r < 5)) = Var(W; | F,) = Var(W; — EW;) = ég |t — s|>H. (A.2)

195
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Equation A.2 is a strong local nondeterminism property; loosely speaking, it means that for
any s <t, the increment W, — W; contains a part which is independent of the history of the path
up to time s, thus making its trajectories “intrinsically chaotic”. The local nondeterminism (LND)
property was first introduced by Berman in [37] in the study of local times of Gaussian processes;
it plays a major role in the regularisation by noise effect of {Bm trajectories on SDEs (see the
thorough discussion in Section 5.1.3).

Another useful integral representation of fBm is based on fractional calculus, which we quickly
introduce and for which we refer the interested reader to [249]. For simplicity, from now on we only
work with d=1, but everything can be immediately extended to R by reasoning componentwise.

Given f € LY(0,T) and a >0, the fractional integral of order o of f is defined as

1 .
I”‘f.:—/ t—s5)*"1f ds. A3
(11).= g | (=9 (A3)
For «€(0,1) and p>1, the map I¢ is an injective bounded operator on LP? = L?(0,T'); we denote by
I%(LP) the image of L” under the I, which is a Banach space endowed with the norm || f||7a(zr):=
llgllr if f=1%g. On this domain, I* admits an inverse, the fractional derivative of order «, given by

[ _ 1 d k fS _ 1 ft ¢ ftffs
Dty e (e ) .

With this notation in mind, a fBm of Hurst parameter H € (0, 1) can be constructed starting from
a standard Brownian motion B on the interval [0,T] by setting W = Kg(dB), where the operator
Ky is defined as

% IISH71/2IH71/281/27Hh 1fH>1/2
uf= [2H /2= H (V2= HH=1/2p ¢ i1 <1 /9

where s7 denotes the multiplication operator by the function s~ s%. It can be shown that this
definition of W is meaningful and that the operator K corresponds to a Volterra kernel Ky (t, s),
so that the above representation is equivalent to

¢
W}z/ Ky (t,s)dBs. (A.5)
0
The explicit expression for Ky in the case H >1/2 is given by
t
KH(t,s):cHsl/Q_H/ (u—s)H=3/2H=1/2 qy; (A.6)

in the case H < 1/2 it is more complicated and can be found in [225]. It can be shown that the
processes B and W generate the same filtration, which makes (A.5) a canonical representation;
moreover Ky is invertible, so that for any given fBm W on a probability space, one construct an
associated standard Bm by setting B. = fo (K}}lW)S ds. The inverse operator K5 ' is given by

) GH—1/2pH-1/2,1/2—H ¢/ ifH>1/2
KHlf:{ f / (A7)

§1/2-HpU2=HH=1/2p2H 3 <1/2°

Given a filtered space (Q, F,{Fi}i>0,P), we say that a process W is an F;-fBm if it is a fBm under
P and the associated B is an F-Bm in the usual sense.

The importance of the representation (A.5) lies in the following version of Girsanov theorem
for fractional Brownian motion.

Theorem A.1. (Girsanov) Let (2, F,{F;}1>0,P) be a filtered probability space, W be an F-fBm
of parameter H € (0,1) and h be an Fi-adapted process with continuous trajectories s.t. ho=0. Let
B be the Bm such that W = Kg dB. Suppose that Kg'h € L? with probability 1 and that

E[%} =1, (A.8)
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where the variable dIP /dQ is given by

dp T o | P
—=exp| — [ (Kg'h)sdBs—= [ |(Kg h)s|*ds |. (A.9)
dQ 0 2Jo

Then the shifted process W:=W +h is an Fi-fBm with parameter H under the probability Q. A
sufficient condition in order for (A.8) to hold is given by Nowvikov’s condition

E[exp@/oﬂ(f(,;lh)g?ds)} < 0. (A.10)

Proof. The result is taken from [226], Theorem 2, with the exception of the final part which is
just classical Novikov condition; in the original statement from [226], the process h is taken of the
form h.= [, 6“8 ds, but this doesn’t play any role in the proof, which indeed holds also in the case
h is not of bounded variation. a

A.2 Function spaces

We recall here the definition and main properties of the Besov spaces B, ,, which have been used
frequently throught this thesis. For simplicity, we will only state the results on R¢, where Besov
spaces can be defined by means of Littlewood—Paley blocks as done in the monograph [19]. The
same results transfer to the analogous spaces on T¢ by a clever use of Poisson summation formula,
see [163], [222]; alternatively, periodic Besov spaces have been treated in Chapter 3 of [251]. Besov
spaces on general open domains O C R can be defined by means of finite differences, see e.g. [201]
or the classical paper [256] for spaces on an interval I C R. Finite different characterizations are

robust enough to generalize to functions taking values in a metric space, see [207].

To avoid confusion, in this section B, will denote the open ball in R of radius r >0, B, its
closure. Closed annuli on RY are then of the form A= Bg \ B, with 0 <7 < R. Let us also recall
that S = S(R?) denotes the Schwarz space, S’ the space of tempered distributions; the Fourier
transform of f will be denoted by either Ff or f’ .

Definition A.2. Let A be the annulus 38/3\83/4. A dyadic pair is a couple of functions (x, @)
such that x € C2°(Byys), ¢ € C°(A) and such that
[ee]
X(E+) p(277¢) =1 VEeR
j=0
as well as
= 3'122= suppp(277-) Nsuppp(279"-) = 1.

Given such a dyadic pair, we define the operator A_y by A_1f =F Y (xFf) and similarly A; for
320 by Ajf =F Hp(277)Ff).

Before introducing Besov spaces, let us recall some fundamental inequalities involving functions
with compactly supported Fourier transform, which come very handy when applied to Little-
wood-Paley blocks A;.

Lemma A.3. ([19], Lemma 2.1, Bernstein estimates) Let A be an annulus and B be a ball.
There exists a constant C such that, for any k €N, p, q €[1,00] with g = p, A=0 and any u € L?,
1t holds

k+d(2-21
Suppi CAB = [[Dhufpe< NG q)||u|\Lp,
k4d(L-—21
Suppa C A = || DFullpe=C I G q>|\u||Lp.

Lemma A.4. ([19], Lemma 2.4) Let A be an annulus. There exist positive constants ¢, C such
that for any p € [1,00],t >0, A€ N and any u € LP, it holds

Suppt CAA =  ||Pru|lrr< Ce_cw‘QHUHLP-
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Definition A.5. For s€R, (p,q) €[1,0]?, the (inhomogeneous) Besov space B; ,(RY) = B; |,
is defined as the set of all tempered distributions f € S’ such that
0o 1/q
Ifllsg o= D 2990 lIEe | <oo

Jj=0

with the usual convention when q=oc.

By, endowed with ||-||ps . is a Banach space and enjoys the Fatou property, see Theorem 2.72
from [19]; its definition does not depend on the chosen (x, ), in the sense that different pairs yield
the same space of distributions with equivalent norms. If p, ¢# oo, B, , is separable and CZ° is
dense in it; if p, g € (1,00), By 4 is reflexive and its dual can be identified with B,,/%,.

Let us mention some basic facts that can be easily checked using the definition of B, ;. For
any ¢ >0 and any p, q € [1,00], B} , continuously embeds in B} 1%; for any p € [1,00], we have the
embeddings

B) 1< LP— B
where the second inclusion comes from Young’s inequality for convolutions: for all 57 >0 it holds
1A fllLe = IF 0277 ) * flle < IFH o277 Dllpall £ llze = 1F @) e[l £ e

Similarly, M — B?_yoo, M denoting the set of finite signed measures on RY. For p € [2, 00) we
actually have the sharper embedding ng < LP, which also induces the dual embedding LP’ <
B) 5, see Theorem 2.40 from [19].A1

Besov spaces are handy to use due to their many properties, including functional embeddings,
behavior under translation and derivation, and interpolation inequalities.

Proposition A.6. ([19], Prop. 2.71, Besov embeddings) Let 1 <p; <p2< 00, 1< g1 < @< 0.

Then for any s €R, the space By continuously embeds in B, where

P2,927
s*zs—d(i—i)
pP1 P2

Lemma A.7. Let f € By , and set 7°f = f(- +v) for allveR?. Then for any a €[0,1] it holds

1,91

|\T‘”f—Tyf|\B;:1a§|x—y|a Va,y€eR™L

Proof. For any j € N, by Bernstein estimates and interpolation inequalities it holds

12;(r%f =Y )|lr =|I(T" — T¥) Ajf ||Lr
<lz = y|*[|(r% = 7Y DAGF1E2 | (7% = 79) Asf |17 ©
Slz =yl 29 |A;f || Le.

Therefore
|72 f —TVf]

o= 207 (= ) A IS o yI7Y D 29 A s
J J
which yields the conclusion. O

Proposition A.8. ([222], Prop. A.5) Let s€R, p,q€[l,00], i€{1,...,n}. Then the map
[ 0if is a continuous linear operator from B, , to B;;Jl.

A.1. In fact, this follows from a much more general embedding result. Similarly to the Besov spaces B, 4, one
can use dyadic pairs to define the Triebel-Lizorkin spaces Fj, 4, see [263]. Standard Sobolev spaces WkP with k€N,
p € (1,00) coincide with leig and for p € [2,00), s € R by Minkowski’s inequality one has By o= Fj 2, Fpr 2= By .
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Proposition A.9. ([19], Thm. 2.80, Interpolation inequalities) A constant C exists which
satisfies the following properties. For any s1,s2 € R with s1<s2, € (0,1) and p, g €[1, 0], setting
sg="0s1+ (1 —0)sa, it holds

1 2o, < IS B I £ 12 (A.11)

c (1 1 0
s < _ 81
190 < 5 (5 T ) 1415

Proof. The result is well known, see e.g. Theorem 2.80 from [19]; let us provide a simple proof of
inequality (A.12) without tracking the exact dependence of the constants on sy — s1, 6. By linearity,
we may assume || f| gz =1; then for any N >0 it holds

(A.12)

1fllgza, =3 29O A=A f o4 3 29O+ =05 A f
J<N i>N
< fllpe S 29006250 4| fllgea Y 27900200
<N BN

<||J('||BS1 2N(170)(52751) + 27N9(52751)-
Choosing N such that || f{|g:1_~ 9~ N(s2=51) the conclusion then follows. O

Let us stress the power of inequality (A.12): by means of Besov norms By, , with ¢ =00, we are
actually able to control an intermediate Besov norm with ¢ =1 (and thus by embeddings also for
any other g € [1,00), or Triebel-Lizorkin norms Fy*,). In particular, the so called Agmon inequality
(see Lemma 13.2 from [1]) may be regarded as a particular subcase of (A.12); another simple
consequence of Proposition A.9, which is quite useful in Chapter 6, is the following.

Corollary A.10. For any s1, 2 >0 there exists a constant C(s1, $2) such that

1F e S C UL N f 5L+ v e B (A.13)

Proof. Applying Proposition A.9 for the choice p=2, 0 =55/ (s1 — s2) and using Besov embeddings,
we find

£z <1 fllsg,, S 1/ 1522

|l

1-0
B52, <Hf||H s1

fli

B;g . D

Another advantage of Besov spaces is that they allow to define the product between distribu-
tions, at least whenever the sum of their regularities is positive. The key tool in the proof of such
results is the so called Bony’s paradecomposition.

Proposition A.11. ([222], Prop. A.7) Let s1,82€ R and p, p1, p2, ¢ € [1,00] be such that
1 1 1
51<0<582, 81+52>0, —=—+—;
p p1 P2

then (f, g)~ fg is a well-defined continuous bilinear map from By  x B,? , to By},

Besov spaces of positive regularity also enjoy a nice algebra structure. Observe that when sp > d,
by Besov embedding the intersection with L* is redundant.

Proposition A.12. ([19], Cor. 2.86) For any s >0 and p, q € [1,00], the space By ;N L> is an
algebra and there exists a constant C' =C(s) such that

I £9lls;,, < C(If l=<llgllB; , + 1 fIB; ,glle) V. g€ By qNL>.

We also need to recall the action of the heat flow P, on Besov spaces. The statement is classical
and can be proved easily using Lemma A.4; see Proposition 5, p. 2414 of [221], for the proof in a
more general context.
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Lemma A.13. For any s€R, p>0, p,q€[l,00] and for any f € B, ,, t>0 it holds

1P llpgo S22 £

s .
BP"J

Finally, let us mention that Besov spaces include several other classical function spaces (when-
ever we say that two spaces coincide, we enforce equivalence of the respective norms):

e For sc R, B3, coincides with the fractional Sobolev space H*.
e For s€(0,00) \ N, B  coincides with the Hélder space C?, i.e. the space of bounded
functions with bounded, {s}-Hélder continuous derivatives up to order [s].

e Forsec(0,1)and pe[l,00), the space By , often referred to as Besov—Nikolskii space, can
be characterized by the equivalent norm
i [fC+2) = FC+ o)l

[ fllBs o=l fllLr+ sup
i z#yeR? |x7y|S

e For s€(0,1), p,q€[l,00) the space B, , has equivalent norm

= . — f()lrr \? 1/q
|f|B;’q:|f|Lp+<[Rd<||f( +x|;|sf(>|L)ﬁdx) |

When p=q € (1,00), the above integral quantity is a Gagliardo-Niremberg seminorm and

B, , coincides with the fractional Sobolev space W*?, see e.g. [95].

We conclude this section by discussing another (less canonical) class of functions which was used
in Chapter 5, namely the Fourier-Lebesgue spaces.

Definition A.14. Let s€ R, p€[l,00]; Fourier-Lebesgue space FL*P = FL*P(R%) is defined as
FLoP={f € S'RY): (€)°]F(€)| € LP(RY)}
where (€)= (1+|£>)Y/2. It is a Banach space endowed with the norm
1f e =11¢)2F .

It follows immediately from the definition that we could replace (-) with any other locally
bounded function with the same behaviour at infinity, e.g. (14 |]); () is usually considered

as it is the Fourier symbol associated to the operator (I — A)'/2. Here is a list of relations of
Fourier—Lebesgue spaces with other known functional spaces:

e For any s €R, FL*? coincides the classical fractional Sobolev space H® = (I — A)*/2L2.

e By the Hausdorff-Young inequality (see Proposition 2.2.16 from [160]), for p € [1, 2] we have
the embedding LP < FL%?’; similarly for the Bessel spaces L*? = (I — A)~%/2L? we have
L5P < FL*?" and conversely FL*P < L*P (always only for p € [1,2]).

e Inthecase f€ L' the result is slightly stronger, namely f is uniformly continuous, bounded
and f(£)—0 as £ — oo by the Riemann-Lebesgue lemma; if f is a finite measure on R,

then f is still uniformly continuous and bounded.

e We have the embedding FL%! < C° and more generally FL*! < C*, where for s=n €N
we mean the classical C™ space, while for s fractional or negative C* = B, .

There are also embeddings in different scales of Fourier—Lebesgue spaces.

Lemma A.15. For any q<p and any € >0 it holds

—&,q

Frowes 7 G )

Proof. For any ¢ < p and § >0 we have

I 1rzes=( . d<<s>s|f<§>|>q<§>—6ng)”q< o ([ 677%)
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where the integral is convergent if and only if —dpq/(p — q) < —d, namely

5> d(l - l). 0
q p
The above statement can be combined with other embeddings like the ones mentioned above.
For instance we have FL*> — FL3~4/2782 = [fs=d/2=¢ and FL* >y FLs—d78 ey gamd e,
One of the main motivations to introduce Fourier—Lebesgue spaces is that they behave nicely
under convolution, due to the properties of Fourier transform.

Lemma A.16. Let f € FL*?, g€ FLP9 with %+(—11< 1. Then fx g€ FL*T57 where %:%Jr% and

1S * gllFreror < fllrrerllgllrrs.o

Proof. By the properties of Fourier transform m = fﬁ, therefore

. 1/r
15 gl =( [ (€1F@ (€130 dg) < ez sllglruss

where in the last passage we used the generalised Holder inequality || || < ||@|lee||¢||Le for r,
p and ¢ as above. O

As a consequence, any bounded Fourier symbol acts continuously on FL*'P for any choice of
a and p; we also have FL*P x FLB»> —y FLa+5:p,

We conclude this appendix by recalling a classical fact on the properties of convolutions with
tempered distributions. To this end, we first recall that the following notion.

Definition A.17. A function ¢ € Co(RY) is said to be slowly increasing if all of its derivatives
grow at most polynomially at infinity, namely if for any o € N there exists N(a) such that

10%0(2)] < (&)@ VzeRL

Proposition A.18. (Proposition 9.10 from [127]) If o €S and Y €S’, then v x ¥ is a slowly
increasing Clae function.

A.3 Prevalence

Prevalence [232] is a notion of “Lebesgue measure zero sets” in infinite dimensional complete
metric vector spaces. Such sets cannot be naively defined, due to the fact that there cannot exist
o-additive, translation invariant measures in infinite dimensional spaces. It was first introduced by
Christensen in [67] in the context of abelian Polish groups and later rediscovered independently by
Hunt, Sauer and Yorke in [179] for complete metric vector spaces. A key advantage of prevalence,
with respect to other notions of genericity, is that it allows the use of probabilistic methods in the
proof.

Prevalence has been used in different contexts in order to study the properties of generic
functions belonging to spaces of suitable regularity. For instance, it was proved in [178] that almost
every continuous function is nowhere differentiable, while in [129, 130] the multifractal nature of
generic Sobolev functions was shown. Recently, prevalence has also attracted a lot of attention in
the study of dimension of graphs and images of continuous functions, see among others [128, 26].

Here we follow the setting and the terminology given in [179] even if, for our purposes, working
on a Banach space F will always suffice.
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Definition A.19. Let E be a complete metric vector space. A Borel set AC E is said to be shy
if there exists a measure p such that:

i. There exists a compact set K C E such that 0 < p(K) < oo.
ii. For everyve E, p(v+A)=0.

In this case, the measure u is said to be transverse to A. More generally, a subset of E is shy if
it is contained in a shy Borel set. The complement of a shy set is called a prevalent set.

Sometimes it is said more informally that the measure p “witnesses” the prevalence of A€.

It follows immediately from part i. of the definition that, if needed, one can assume p to be a
compactly supported probability measure on E. If E is separable, then any probability measure
on F is tight and therefore i. is automatically satisfied.

The following properties hold for prevalence:

1. If F is finite dimensional, then a set A is shy if and only if it has zero Lebesgue measure.
2. If A is shy, then sois v+ A for any v € E.

3. Prevalent sets are dense.

4. If dim(FE) = +00, then compact subsets of E are shy.

5

. Countable union of shy sets is shy; conversely, countable intersection of prevalent sets is
prevalent.

All proofs can be found in [179]; let us only give a short proof of Point 1.

If £L4(A)=0, where £¢ denotes the Lebesgue measure on R?, then Definition A.19 is satisfied
for =L due its the translation invariance property. Conversely, if A is shy, then there exists
a probability measure p transverse to it; then combining Definition A.19 with the translation
invariance of £¢ and Fubini theorem, it holds

LYA)=p(RY) x LUYA) = (uxLY)(A)= /Rdu(ac + A)dz=0.

We will say that a statement holds for almost every v € E whenever the set of elements of F
for which the statement holds is prevalent. Property 1. states that this convention is consistent
with the finite dimensional case.

Definition A.19 might appear to depend on a given measure p transverse to A; as the next
lemma shows, once such a measure can be found, infinitely many others can be produced from it,
thus making the property to some extend independent of the specific measure under consideration.

Lemma A.20. Let p be a measure tranverse to a Borel set A C E. Then for any compactly
supported v € M(E), v u is transverse to A.

Proof. By Fubini, for any v € F, it holds

o+ 4)= [

g (v+w+A)y(dw):/Oy(dw):0.

E
Similarly, it’s easy to check the existence of a compact set K C F such that (v# u)(K)<oco. O

In the context of a function space F, it is natural to consider as probability measure the law
induced by an FE-valued stochastic process. Namely, given a stochastic process W defined on a
probability space (2, F,P), taking values in a separable Banach space E, in order to show that a
property P holds for a.e. f € E, it suffices to show that

P(f + W satisfies property P) =1 VfeE.

Clearly, we are assuming that the set A={w € F:w satisfies property P} is Borel measurable; if
FE is not separable, then we need to additionally require the law of W to be tight, so as to satisfy
Point 4. of Definition A.19.
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As a consequence of Properties 4. and 5., the set of all possible realisations of a probability
measure on a separable Banach space is a shy set, as it is contained in a countable union of compact
sets (this is true more generally for any tight measure on a Banach space). This highlights the
difference between a statement of the form

“Property P holds for a.e. f”
and, for instance,

“Property P holds for all Brownian trajectories”,

where this last statement corresponds to p(Property P holds) =1, p being the Wiener measure
on C([0,1]). Indeed, the second statement doesn’t provide any information regarding whether the
property might be prevalent or not. Intuitively, the elements satisfying a prevalence statement are
“many more” than just the realisations of the Wiener measure.

A.4 Stochastic integration in Banach spaces

In this appendix we recall several results on abstract stochastic integration; in view of application
to Chapter 3, we will only recall results for martingale type p spaces, but the modern theory is far
reaching and allows for the more general setting of UMD Banach spaces.

All the material presented here is taken from [266, 267]. For simplicity we restrict to the case
of W being a real valued Bm (the extension to the d-dim. case being straightforward), but one
could consider H-cylindrical Brownian motion, H being an abstract Hilbert space. This gives rise
to y-Radonifying norms (#, E); in the simple case H =R it holds |||z, z) = |-||&-

Definition A.21. Let p€]1,2]. A Banach space E has martingale type p if there exists a
constant C' >0 such that for all finite E-valued martingale difference sequences (dn)h_; it holds

N
> d,
n=1

The least admissible constant is denoted by Cy E.

p N
E <CPY " EllldallE)-

n=1

E

Examples of martingale type spaces are the following:

e Every Banach space has martingale type 1.

e Every Hilbert space has martingale type 2.

e A closed subspace of a Banach space of martingale type p has still martingale type p.

e If F has martingale type p and (S,.A, p) is a measure space, then L"(S; E) with r € [1, 00)
has martingale type p A7; in particular Lebesgue spaces LP(IR%) have martingale type p A 2.

e Let (Ey, E1) be an interpolation couple such that E; has martingale type p; € [1, 2], let
6 € (0,1) and consider p € [1,2] such that 1/p=(1—6)/po+6/p1. Then both the complex
and real interpolation spaces Fy and Ey have martingale type p.

For the last two examples, see Propositions 7.1.3 and 7.1.4 from [180]. It follows that Sobolev
spaces WFP(R?) with p € [2, 00) have martingale type 2 as they can be identified with closed
subspaces of LP(RY)®" for suitable n. Besov spaces B, , with p, ¢ € [2,00) have martingale type 2,
as can be shown alternatively by: a) by constructing them as interpolation spaces (see for instance
Section 17.3 from [201]); b) identifying B, , by means of its Littlewood-Paley decomposition with
9(N, p; LP(R?)), where pu({j})=2"°%.

Let W be a real valued F;-Bm on a filtered probability space (2, F, {Fi}i>0, P), {Fi}i>0
being a filtration satisfying the usual conditions. For martingale type 2 spaces it is possible to
define stochastic integrals analogously to the Euclidean case: for an adapted elementary process
¢: R4 x Q2 — E, namely of the form

n—1

o(t,w)= Z i, 0)x B(E W)
1=1
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where 0t <to< -+ <tpn, z;€ E, F; € Fy,, we set

. n—1
/ odW: :Z T; ﬂFi(W/\ti+1 —Wont,)-
0 i=1

Using the martingale type 2 property it is then possible to show that the L? norm of the process
defined in this way is controlled by |¢|| 2. x0,E), see Theorem 4.6 from [267]. By standard
approximation procedures, together with Doob’s maximal inequality, the following analogue of
standard Itd integration can then be proven.

Theorem A.22. Let ¢: R4 X Q— E be a progressively measurable process satisfying

“+o00
|¢|%2<R+XQ,E>E[ /0 ||¢t|%dt} .

Then [ ¢dW is well defined as an E-valued martingale with paths in Cy(Ry; E) and satisfies

t
/ 6o AW,
0

Remark A.23. It follows immediately from the definition for simple processes and the usual
approximation procedure that, for any ¢ as above and any deterministic p* € E*, the following
identity holds

E|sup

t>0

E

2 —+00
]@C&,Em[ / |¢t|%dt] (A1)
0

(e [ oy = [ (e o (4.15)
where the integral on the r.h.s. is a standard real valued stochastic integral.

In the setting of martingale type 2 spaces a one-sided Burkholder’s inequality is available; we
state it with the optimal asymptotic behaviour of the constants, which is needed in the estimates
in Section 3.1.3. It was first shown by Seidler in [252].

Theorem A.24. (Theorem 4.7 from [267]) Let E be martingale type 2. Then for any progres-
sively measurable process ¢: R4 x Q— E and p € (0,00) there exists a constant Cp, g such that

t _ 00 p/2
Joaw| | <czer|( [Troras)” ] (A.16)

In particular, it is possible to choose C~’p7E such that CN'p_,E < Cgy/p for any p>2, where Cg is a
universal constant that only depends on the space E.

E| sup

>0

2
E

Finally we recall the Azuma-Hoeffiding inequality in martingale type p spaces, which played a
key role in Section 3.1.4.

Theorem A.25. Let E be a Banach space of martingale type p € (1,2], and {Xp}n>1 be an E-
valued martingale sequence satisfying || Xn41— Xnllg <cn P-a.s. for alln € N, where {cp}n>1 are
deterministic constansts. Then there exist p, K depending on E such that

eXp(u”i):(LlLﬁ%’)] <K. (A.17)

n n

E

Proof. The result is a useful rewriting of Theorem 1.3 from [208], where it is stated in terms of
p-uniformly smooth Banach spaces; it was shown by Pisier [239] that martingale type p spaces
admit an equivalent p-uniformly smooth norm.

By linearity, we can assume ) c? =1; by Theorem 1.3 from [208], there exists x > 0 such that

Elexp(i [ Xoo|5)] = /0

where the last quantity is finite as soon as we take pu < k. O

+oo r

—+oo
IP(exp(u|\XooH%)>a)da<1+/ 2a *da=:K
1
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A.5 Space-time regularity of random fields

The Garsia-Rodemich-Rumsay lemma [150] is a very powerful tool to analyse the local regularity of
vector fields starting from macroscopic integral quantities. The following version is taken from [25§],
Exercise 2.41; see also Appendix B from [84].

Theorem A.26. Let p,1): [0, +00) — [0, 4+00) be strictly increasing functions, B(a,r) denote the
closed ball of radius r >0 around a € R% and let E be a Banach space; assume f: B(a,r) — E is a
continuous map such that

B::/ w<—”f(x)_f(y)|E)dxdy<oo. (A.18)
B(a,r)x B(a,r) p(|l‘ - y')
Then there exists a dimensional constant kq such that
2|z —y| [ kaB _
5@ - 1l [0 (55 ) plaw) v, ye Blaun) (A19)

Starting from Theorem A.26, one can derive several criteria for establishing regularity of sto-
chastic processes and vector fields, as well as Gaussian tails of the associated norms.

Corollary A.27. Let {Xi}iep0,1) be a continuous, E-valued stochastic process such that

2
]E{exp(uM )} <K Vs, tel0,T]. (A.20)

|t — 5|2

Then there exists ¢ >0, depending only on «, such that
X el
sup ———2——

2
exp| cp

( s#t (ba(t - 5) )
for the choice ¢o(t — s) = |t — s|*/|log|t — s]|.

Proof. Up to rescaling, we may assume p=1. We apply Theorem A.26 for the choice d =1,
h=exp(x?), p=|t —s|% for B as defined in (A.18), we deduce that

E <KT? (A.21)

2|t —s|
| X5, el < a/ VNog(kq) +log B —2dlogu u®~ ' du S, /log B w(t — s)
0

and so that
[ Xs.tll2 _ -
sup—+————~<¢+/logB
sF#t ¢a(t - 8)

for some ¢ = é,. Taking ¢ =¢~2 and using the hypothesis (A.20) in the definition of B, we obtain

Remark A.28. In the case of a Gaussian process X, Corollary A.27 provides a quantitative version
of Fernique’s theorem [111]. If for any x> 0 there exists K, such that X satisfies assumption (A.20),
then we can infer the stronger conclusion that
x 2
supM )] <oo Vu>0.

ool et

A similar consideration also applies to the upcoming Corollary A.30.

[[Xs el =
sup ——————

E
s#t (ba(t - 3)

<E[B]<KT> O

E

In the remainder of this Section, we are going to apply Theorem A.26 to deduce joint space-
time regularity of suitable vector fields; in particular we will estimate seminorms of the form
[-18.x [-18,Rs [-]a,8,1 as defined in Section 1.1.1. Our approach is not the only possible, see [177],
Section 2.5 from [21] or Section 3.2 from [139] for some alternatives.
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Corollary A.29. Suppose we are given a continuous random vector field F: R — R such that
_ 2
g esp( 0 =W | Blesp(ul o)) < 5 oye Rt (A.22)
r—y
Then for any A >0 and € >0, P-a.s. it holds F € C’f_g’k; moreover there exists constants ¢, C' >0
depending on d, B,e, A such that

Elexp(cn|F[}3-.)] < CK. (A.23)

Proof. It is clear from assumption (A.22) and the definition of ||F'||g—. x that we only need to
estimate the corresponding seminorm [F]g—.,x; as before, we can assume pu=1.

As in the proof of Corollary A.27, an application of Theorem A.26 for the choice 1 (z) =exp(z?),
p(z) =2 on B(0, R) with fixed R gives the existence of ¢ =¢&(d, 3,¢) such that

E[¢[F]3-c,r] KR VYR>1; (A.24)

we have only introduce the parameter € > 0 for simplicity, to get rid of logarithmic corrections.
Observe that by definition

[[Fﬂg_g,,\ = supR_’\ [[FH/B_E,RN sup 2_"’\[[Fﬂﬁ_a,2n. (A.25)
R>1

nz=1
Define the random variable
J=3 27 ey \[FTA . )

by estimate (A.24), it holds E[J] < K. Moreover (A.25) and simple manipulations show that

[Flg—c,a~sup 27" [Flg—c 2n Ssup 27" /log J + n Sx /1 +log J;

n>1 n>=1

up to relabelling the hidden constants, we conclude that E[exp(c[F]3_. )] <E[J] S K. O

~

Recall the incremental notation Fy (x):= F(t,z) — F(s,z) from Chapter 1.

Corollary A.30. Suppose we are given a continuous random field F(t,z):[0,T] x R — R? such
that F(0,-)=0; assume there exist u, K >0 such that

_ 2 2
E[exp(u [F.4(2) = Foo(y)| )} \/]E[exp(uM )} <K Vs,t€[0,T],z,ycRY  (A.26)
|t — 5|2 |z —y[** |t — s[>

Then for anye >0 and A>0, P-a.s. it holds F € Cf‘_ECf_E’/\; there exist constants ¢, C, depending
ond,e,a, B, A such that, for ¢, as defined in Corollary A.27, it holds

2
exp(cu )
Proof. For any s <t, applying Corollary A.29 for the choice F(z)=F, /|t — s|®, we deduce the

existence of ¢,C' >0 such that
| Fs,tllB—c.x
exp C“W

up to relabelling the constants, the conclusion then follows by applying Corollary A.27 for the
choice E=(CP~2, O

sup L Flls =z

E
s#t (boz(t - 5)

<CKT2 (A.27)

E <CK;

Remark A.31. Corollary A.30 admits several extensions; for instance, if instead of (A.26) we had
assumed more generally that, for any R>1, it holds

| () = Foa(y)|? |Fs,o(z)| * .
]E|:exp<'u|t_3|20( |x_y|2BR2A VE exp um gK VS,tG[O,T],.T,yGBR(O),
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then similar computations would show that for any € >0 P-a.s. it holds F' € C'f”ng*E")”LE and
2
exp(c L )

A.6 Nonlinear Young lemmas

up L Fells—e e

s#t (ba(t_s)

E < KT

We collect in this appendix some basic tools concerning nonlinear Young integrals, as treated in
Chapter 1. For the sake of brevity, we do not include the (elementary) proofs, which can be found
in [141].

Let us shortly recall the setting: V' is a separable Banach space, endowed with its Borel

o-algebra; the space Cy PV is defined as in Section 1.1.1 and endowed with the o-algebra induced by
the norm ||- || 5. Recall that by the Lemma 1.1, the map J: C5""V — CV is linear and continuous.

Lemma A.32. (Lemma A.1 from [141]) Let V as above, (S, A, 1) a measure space and consider
a measurable map I': S — C’Qa‘ﬂV, 0—T(0), such that

LT @l sn(0) <.
Then the map J o1 S — CfV is measurable and it holds
J( /S F(H)u(d9)> _ /S J((0)) u(dh). (A.28)
Lemma A.33. (Lemma A.2 from [141]) Let {I'"}, C C5PV satisfying sup, [|0T"|3 < R and

lim, [|[T”?||o — 0. Then JT™—0 in C{*V and for all n big enough it holds

[ 7)o Srp (L4 R) D7) 71/, (A.29)

The next simple interpolation estimate concerns the effect of translations on C‘T}+ﬁ .

Lemma A.34. (Lemma A.3 from [141]) Let f € C21P, 21,z € V. Then for any n e (0,1) with
n<n+ B it holds

(420 = F( +22)lngp—n Sllzr = 22001 flIns s

Finally we recall a useful density result; here approximation in C} _C\g,_w stands for approxi-
mation in C’f‘feC‘ﬁ/TmE,, for any € > 0.

Lemma A.35. (Lemma A.4 from [141]) Any A€ C?C@_’W can be approzimated in C;’_Cgfw
by a sequence A™ such that 0.A™ exists and is continuous.
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