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Abstract. These are the notes for a course at the 18th Brazilian School
of Probability held from August 3rd to 9th, 2014 in Mambucaba. The
aim of the course is to introduce the basic problems of non-linear PDEs
with stochastic and irregular terms. We explain how it is possible to
handle them using two main techniques: the notion of energy solutions in
[Gongalves and Jara, Arch. Ration. Mech. Anal., 2014] and [Gubinelli and
Jara, Stoch. Partial Diff. Fquations: Analysis and Computations, 2013],
and that of paracontrolled distributions, recently introduced in [Gubinelli,
Imkeller, and Perkowski, Forum Math. Pi, 2015]. In order to maintain
a link with physical intuitions, we motivate such singular SPDEs via a
homogenization result for a diffusion in a random potential.
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Chapter 1

Introduction

The aim of these lectures is to explain how to apply controlled path
ideas [12] to solve basic problems in singular stochastic parabolic equations.
The hope is that the insight gained by doing so can inspire new applications
or the construction of other more powerful tools to analyze a wider class
of problems.

To understand the origin of such singular equations, we have chosen to
present the example of a homogenization problem for a singular potential
in a linear parabolic equation. This point of view has the added benefit
that it allows us to track back the renormalization needed to handle the
singularities as effects living on other scales than those of interest. The
basic problem is that of having to handle effects of the microscopic scales
and their interaction through non-linearities on the macroscopic behaviour
of the solution.

Mathematically, this problem translates into the attempt of making
Schwartz’s theory of distributions coexist with non—linear operations which
are notoriously not continuous in the usual topologies on distributions.
This is a very old problem of analysis and has been widely studied. The
additional input which is not present in the usual approaches is that the
singularities which force us to treat the problem in the setting of Schwartz’s
distributions are of a stochastic nature. So we dispose of two handles on
the problem: the analytical one and the probabilistic one. The right mix
of the two will provide an effective solution to a wide class of problems.

A first and deep understanding of these problems has been obtained
starting from the late '90s by T. Lyons [25], who introduced a theory of
rough paths in order to settle the conflict of topology and non-linearity
in the context of driven differential equations, or more generally in the
context of the non—linear analysis of time—varying signals. Nowadays there
are many expositions of this theory [27, 9, 26, 8] and we refer the reader
to the literature for more details.



6 M. Gubinelli and N. Perkowski

In [12, 13], the notion of controlled paths has been introduced in order
to extend the applicability of the rough path ideas to a larger class of
problems that are not necessarily related to the integration of ODEs but
which still retain the one—dimensional nature of the directions in which the
irregularity manifests itself. The controlled path approach has been used
to make sense of the evolution of irregular objects such as vortex filaments
and certain SPDEs. Later Hairer understood how to apply these ideas to
the long standing problem of the Kardar—Parisi-Zhang equation [18], and
his insights prompted the researchers to try more ambitious approaches to
extend rough paths to a multidimensional setting.

In [14], in collaboration with P. Imkeller, we introduced a notion of
paracontrolled distributions which is suitable to handle a wide class of
SPDEs which were well out of reach with previously known methods.
Paracontrolled distributions can be understood as an extension of
controlled paths to a multidimensional setting, and they are based on
new combinations of basic tools from harmonic analysis.

At the same time, Hairer managed to devise a vast generalization of
the basic construction of controlled rough paths in the multidimensional
and distributional setting, which he called the theory of regularity
structures [19] and which subsumes standard analysis based on Holder
spaces and controlled rough path theory but goes well beyond that. Just
a few days after the lectures in Mambucaba took place, it was announced
that Martin Hairer was awarded a Fields Medal for his work on SPDEs
and in particular for his theory of regularity structures [19] as a tool for
dealing with singular SPDEs. This prize witnesses the exciting period we
are experiencing: we now understand sound lines of attack to long standing
problems, and there are countless opportunities to apply similar ideas to
new problems.

The plan of the lectures is the following. We start by discussing energy
solutions [10, 11, 15] of the stationary stochastic Burgers equation (one
of the avatars of the Kardar—Parisi-Zhang equation).! Energy solutions
have the advantage of being relatively easy to handle and of being based on
tools that are familiar to probabilists. On the other side, they only apply
in the specific example of the stochastic Burgers equation in equilibrium,
and here we will only focus on the existence but not on the uniqueness
of energy solutions. Starting our lectures in this way will allow us to
introduce the reader to SPDEs in a progressive manner, and also to
introduce Gaussian tools on the way (Wick products, hypercontractivity)
and to present some of the basic phenomena that appear when dealing with
singular SPDEs. Next we set up the analytical tools we need in the rest
of the lectures: Besov spaces and some basic harmonic analysis based on

1The paper [11] is the revised published version of [10]. We would like to cite them
together to acknowledge that the notion of energy solutions historically predates that
of Hairer in [18].
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the Littlewood—Paley decomposition of distributions. In order to motivate
the reader and to provide a physical ground for the intuition to stand
on, we then discuss a homogenization problem for the linear heat equation
with random potential which describes diffusion in a random environment.
This will allow us to derive the need for the weak topologies we shall
use and for irregular objects like the white noise from first principles and
“concrete” applications. The homogenization problem also allows us to
see that there are naturally appearing renormalization effects and to keep
track of their mathematical meaning. Starting from these problems we
introduce the two—dimensional parabolic Anderson model, the simplest
SPDE in which most of the features of more difficult problems are already
present, and we explain how to use paraproducts and the paracontrolled
ansatz in order to keep the non-linear effect of the singular data under
control. Then we return to the stochastic Burgers equation and show
how to apply paracontrolled distributions in order to obtain the existence
and uniqueness of solutions also in the non—stationary case. effect of the
singular data under control. Then we return to the stochastic Burgers
equation and show how to apply paracontrolled distributions in order to
obtain the existence and uniqueness of solutions also in the non—stationary
case. effect of the singular data under control. Then we return to
the stochastic Burgers equation and show how to apply paracontrolled
distributions in order to obtain the existence and uniqueness of solutions
also in the non—stationary case.

Acknowledgements. The authors would like to thank the two
anonymous referees for the careful reading and the manifold suggestions
which helped up to greatly improve the manuscript. We would also like
to thank the organizers of the Brazilian Summer Schools in Probability
for the invitation and the researchers who attended the meeting for the
wonderful atmosphere.

The main part of the research was carried out while N. P. was
employed by Université Paris Dauphine. N. P. was supported by the
Fondation Sciences Mathématiques de Paris (FSMP) and by a public grant
overseen by the French National Research Agency (ANR) as part of the
“Investissements d’Avenir” program (reference: ANR-10-LABX-0098).

Conventions and notations. We write a < b if there exists a constant
C > 0, independent of the variables under consideration, such that a < Cb.
Similarly we define 2. We write a ~ b if a < band b < a. If we
want to emphasize the dependence of C' on the variable x, then we write
a(z) <p b(x).

If a is a complex number, we write a* for its complex conjugate.

If 7 and j are index variables of Littlewood—Paley blocks (to be defined
below), then i < j is to be interpreted as 2! < 27, and similarly for ~ and
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<. In other words, ¢ < j means ¢ < j + N for some fixed N € N that does
not depend on ¢ or j.

We use standard multi-index notation: for u € Ng we write |u| =
p1+ ...+ pg and 94 = 9l /o [ oraas well as ot = it .. -2k
for x € R4,

For a > 0 we write Cy* for the bounded functions ' : R — R which are
| ] times continuously differentiable with bounded and (« — |a])-Holder
continuous derivatives of order |«], equipped with the norm

O*F(x) — OHF
|Fllce = sup  [|0"F|p~+ sup Sup| (z) Ohw(y)\
p0< || < o) pilul=la) 2y [T =Yl

If we write u € €, then that means that u is in €* ¢ for all € > 0.
The € spaces will be defined below.

If X is a Banach space with norm || -||x and if T > 0, then we define CX
and CrX as the spaces of continuous functions from [0, c0) respectively
[0,7] to X, and CrX is equipped with the supremum norm | - ||c,x. If
a € (0,1) then we write C*X for the functions in CX that are a—Holder
continuous on every interval [0, 7], and we write

||f||C;X: sup M

o<s<t<T |t —s[®



Chapter 2

Energy solutions

The first issue one encounters when dealing with singular SPDEs is the
ill-posed character of the equation, even in a weak sense. Typically, the
equation features some non-linearity that does not make sense in the
natural spaces where solutions live and one has to provide a suitable
smaller space in which it is possible to give an appropriate interpretation
to “ambiguous quantities” that appear in the equation.

Energy solutions [11, 15] are a relatively simple tool in order to come up
with well-defined non-linearities. Moreover, proving existence of energy
solutions or even convergence to energy solutions is usually a quite simple
problem, at least compared to the other approaches like paracontrolled
solutions or regularity structures, where already existence requires quite
a large amount of computations but where uniqueness can be established
quite easily afterwards. The main drawback is that we lack of general
uniqueness results for energy solutions. Only very recently, after the
completion of these notes, we were able to prove that energy solutions
for the stationary stochastic Burgers equation are unique. This topic will
not be touched upon here. The interested reader can find the details in
the preprint [17].

2.1 Distributions

We will need to use distributions defined on the d-dimensional torus T¢
where T = R/(27Z). We collect here some basic results and definitions.
The space of distributions .7/ = .#/(T¢) is the set of linear maps f from
& = C>(T%,C) to C, such that there exist k € N and C' > 0 with

[(f o) = 1F (@)l < C sup [|0"p]| g (Ta)
[pl<k
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for all p € 7.

Example 1. Clearly L? = LP(T9) C .’ for all p > 1, and more generally
the space of finite signed measures on (T 2B(T?)) is contained in .
Another example of a distribution is ¢ — 0"p(x) for p € Nd and x € T.

In particular, the Fourier transform .% f : Z¢ — C,

with e = e *F)/(2m)4/2 is defined for all f € ./, and it satisfies
|-Z f (k)| < |P(k)| for a suitable polynomial P. Conversely, if (¢(k))reza is
at most of polynomial growth, then its inverse Fourier transform

Flg=>" g(k)e;

kezd

defines a distribution (here e} = e*(¥) /(2m)%2 is the complex conjugate
of eg).

Exercise 1. Show that the Fourier transform of ¢ € . decays faster than
any rational function (we say that it is of rapid decay). Combine this with
the fact that F defines a bijection from L?*(T) to (*(Z%) with inverse F ~!
to show that F ' Ff = f for all f € " and F.F'g = g for all g of
polynomial growth. Extend the Parseval formula

e = [ f@hplayds = 3 fiioth)
k

from f,o € L*(T9) to f € &' and p € 7.

Exercise 2. Fiz a complete probability space (Q, F,P). On that space let
€ be a spatial white noise on T?, i.e. & is a centered Gaussian process
indexed by L*(T), with covariance

E[E(f)¢(g)] = / f(2)g(x)dz.

Td

Show that there exists € with P(E(f) = £(f)) = 1 for all f € L?, such that
E(w) e S forallw e Q.
Hint: Show that B[}, 70 exp(A|€(ex)]?)/(1 + [k]9T1)] < oo for some

suitable X > 0.

Linear maps on .’ can be defined by duality: if A : ¥ — &
is such that for all ¥ € N there exists n € N and C > 0 with
supy, <k |0 (Ap) e < C'supy,cp [10#¢llLe, then we set ("Af, @) =
(f, Ap). Differential operators are defined by (9" f, ) = (—1)I(f, 0"¢).
If o : Z% — C grows at most polynomially, then it defines a Fourier

multiplier
(D) : " =7, oD)f =F T f).
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Exercise 3. Use the Fourier inversion formula of Exercise 1 to show that
for f € S, v €. and for u,v : Z¢ — C with u of polynomial growth and
v of rapid decay

F(f)(k) = (2m) "2 " f(k — 0)(¢)
J4

and
T uw) (x) = (277)‘1/2(?71% (Z o) (x - ).

2.2 The Stochastic Burgers equation

Our aim here is to motivate the ideas at the base of the notion of energy
solutions. We will not insist on a detailed formulation of all the available
results. The reader can always refer to the original paper [15] for missing
details. Applications to the large scale behavior of particle systems are
studied in [11].

We will study the case of the stochastic Burgers equation on the torus
T. The solution of the stochastic Burgers equation is the derivative of the
solution of the Kardar—Parisi—-Zhang equation, a universal model for the
fluctuations in random interface growth which has been at the center of
several spectacular results of the past years. Excellent surveys on the KPZ
equation and related areas are [6, 28, 29].

The unknown u : Ry x T — R should satisfy

Ovu = Au + d,u? + 9,€,

where £ : Ry x T — R is a space-time white noise defined on a given
probability space (€2, F,P) fixed once and for all. That is, £ is a centered
Gaussian process indexed by L?(R, x T) with covariance

E[E(f)¢(g)] = / F(t 2)g(t,2)dtda.

R+ xT

The equation has to be understood as a relation for processes which
are distributions in space with sufficiently regular time dependence. In
particular, if we test the above relation with ¢ € . := #(T) := C*(T),
denote with w;(y) the pairing of the distribution wu(t,-) with ¢, and
integrate in time over the interval [0, t], we formally get

() = uolp) + / ua(Ag)ds — / (42, 0,)ds — / . (Duip)ds.
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Let us discuss the various terms in this equation. In order to make sense
of ut(p) and fot us(Ap)ds, it is enough to assume that for all ¢ € .7
the mapping (¢,w) — us(¢)(w) is a stochastic process with continuous
trajectories. Next, if we denote M(¢) = — fot &s(0pp)ds then, at least by
a formal computation, we have that (M;(¢)):>0,0c.7 is a Gaussian random
field with covariance

E[Mt(@)Ms(w)] = (t A S)<a'v§07 8zw>L2(T)-

In particular, for every ¢ € . the stochastic process (Mi(p))i>o0 is a
Brownian motion with covariance

el (m) = (Dop, Oatp) L2(1)-

We will use this fact to have a rigorous interpretation of the white noise
& appearing in the equation. Here we used the notation M in order to
stress the fact that M;(¢) is a martingale in its natural filtration and
more generally in the filtration F; = o(M(¢) : s < t, € HY(T)), t > 0.

The most difficult term is of course the nonlinear one: f(f (u2,0,p)ds.
In order to define it, we need to square the distribution u;, an operation
which in general can be quite dangerous. A natural approach would be to
define it as the limit of some regularizations. For example if p:R— R4
is a compactly supported C*° function such that f]R z)dz = 1, and we

set po(+) = p(-/)/e, then we can set N . (u)(z) = fo pe*us)(x))?ds and
define N;(u) = lim._,o N; - (u) whenever the limit exists in & = .'(T),
the space of distributions on T. Then the question arises which properties
u should have for this convergence to occur.

2.3 The Ornstein—Uhlenbeck process

Let us simplify the problem and start by studying the linearized equation
obtained by neglecting the non—linear term. Let X be a solution to

X(e) = Xolp /X (Ag)ds + My () (2.1)

for all ¢t > 0 and ¢ € . This equation has at most one solution (for
ﬁxed Xo) Indeed, the difference D between two solutions should satisfy

fo s(Ap)ds, which means that D is a distributional solution to
the heat equatlon Taking ¢(z) = ex(x), where

ex(z) := exp(—ikz)/V/2m, keZ,
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we get Di(ex) = —k? fg D,(ex)ds and then by Gronwall’s inequality
D:(er) = 0 for all t > 0. This easily implies that D; = 0 in .¥’ for
all t > 0.

To obtain the existence of a solution, observe that

X, (ex) = Xoler) — k2/0 X, (ex)ds + My (e)

and that M;(eg) = 0, while for all k& # 0 the process f:(k) = M¢(ex)/(—ik)
is a complex valued Brownian motion (i.e. real and imaginary part are
independent Brownian motions with the same variance). The covariance
of B is given by

E[B:(k)Bs(m)] = (¢ A 8)6k+m=0

and moreover 3¢(k)* = B:(—k) for all k # 0 (where -* denotes complex
conjugation), as well as $;(0) = 0. In other words, (X;(e)) is a complex—
valued Ornstein—Uhlenbeck process ([23], Example 5.6.8) which solves a
linear one—dimensional SDE and has an explicit representation given by
the variation of constants formula

t
Xi(ex) = e Xolen) — ik / R =0 q, 5, (k).
0

This is enough to determine X;(y) for all t > 0 and ¢ € .7.

Exercise 4. Show that (X¢(ex) : t € Ry, k € Z) is a compler Gaussian
random field, that is for alln € N, for all ty,...,t, € Ry, k1,...,k, € Z,
the vector

(Re(Xt, (er,)), - -, Re(Xe,, (ex,)), Im (X, (ex,)), - -, Im(Xy, (ex,)))

is multivariate Gaussian. Show that X has mean E[X(ex)] = e’ktio(ek)
and covariance

E[(X: (ex) ~E[X1(ex)]) (Xs (em) —E[Xa(em)])] = K0k sm—o / ey,
as well as

E[(X(ex)—E[Xi(ex)]) (Xo (em)—E[Xo(em)]) ] = kS / R Koy,
In particular,

1 _ €—2k2t

E[|Xu(ex) — ELXi(en)]’] = —

Next we examine the Sobolev regularity of X. For this purpose, we need
the following definition.



14 M. Gubinelli and N. Perkowski

Definition 1. Let o € R. Then the Sobolev space H® is defined as
Ha:fwww={peyﬂnwzm=§ju+kfwm@m2<w}.
keZ
We also write CH® for the space of continuous functions from Ry to H*.

Lemma 1. Let v < —1/2 and assume that Xo € HY. Then almost surely
XeCH".

Proof. Let o =y — ¢ and consider

1X: = Xollzra = Y (14 [K[)*| Xe(exr) — Xo(er) .
k€EZ

Let us estimate the L?P(£2) norm of this quantity for p € N by writing
E|X: — X5 = > H (1+ [kq? O‘]EHIXt er,) — X(er,)*.
ki,....,kp€Zi=1
By Holder’s inequality, we get
P P
E|X: — X, |5 S LI+ k) TTEX (er,) = Xo(er,) PP
ki,...,kp€Zi=1 i=1

Note now that Xi(eg,) — Xs(eg,) is a Gaussian random variable, so that
there exists a universal constant C, for which

E|X(en,) — Xo(en,) " < Cp(BI X (en,) — Xoler,) ")

Moreover,

&ww—&@w=@*%ﬂ—nxwm+m/ e~F N, 6, (),

S

leading to
E[ X, (ex) — Xs(ew)[”

t
:(e—k’-’(t—s) o 1)2E|Xs(ek)|2 + ]4;2/ e_QkQ(t_T)dT

S

:(e—kz(t—s) . 1)26_2k23|X0(6k)‘2 + (e—kz(t—s) . 1)2/{32 /S e—2k2(s—r)dr
0

t
+ k2/ 672k2(t7r)dr
i 1 i .
:(e—th . e—k2s)2|XO(ek)‘2 + 5(e—kz(t—‘s) . 1)2(1 . e—2k25)

+ (1 o 672k2(t75))'

DN | =
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For any k € [0,1] and k # 0, we thus have
E[Xi(ex) — Xs(er)|* S (K*(t = 5))" (|1 Xo(ex)|” + 1),

while for k& = 0 we have E|X;(eg) — Xs(eg)|> = 0. Let us introduce the
notation Zy = Z \ {0}. Therefore,

p
E| X — X, |7 S Z HIHM *TTEX(er) = Xolew)?
i=1

St=9)" Y H(1+\ki\g)a(kf)”’(lXo(eki)IQﬂL1)

ki,...,kp€Z0 i=1

S (=) [ 0 (14 K (02) ( Xolen) P +1)]

k€Zo

< (= P (1Kol rgry + [ 30 IR,

k€EZg

If « < —1/2 — K, the sum on the right hand side is finite and we obtain an
estimation for the modulus of continuity of ¢ ++ X; in L?P(Q; H*):

E|Xe — X[ 7fe S (8= 8)"P[L+ || Xol[Farn]-

Now Kolmogorov’s continuity criterion allows us to conclude that almost
surely X € CH® whenever Xq € HTF. O

Now note that the regularity of the Ornstein—Uhlenbeck process does
not allow us to form the quantity X? point-wise in time since by Fourier
inversion X; = ), Xi(ex)e}, and therefore we should have

XtQ(ek) = (277)71/2 Z Xt(BE)Xt(em)-
{+m=k

Of course, at the moment this expression is purely formal since we cannot
guarantee that the infinite sum converges. A reasonable thing to try is to
approximate the square by regularizing the distribution, taking the square,
and then trying to remove the regularization. Let Iy be the projector of
a distribution onto a finite number of Fourier modes:

(np)(@) = Y pler)ei(x).

|k|<N

Then Iy X;(x) is a smooth function of # and we can consider (ITyX;)?
which satisfies

(N X1)2(ex) = (2m) 72 D7 Ly, jmi<n Xe(ee) Xi(em)-
+m=k
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We would then like to take the limit N — 4o00. For convenience, we will
perform the computations below in the limit N = +oo, but one has to
come back to the case of finite N in order to make it rigorous.

Then

E[X7 (en)] =(2m) " 281=0 D ElXi(e—m)Xi(em))

meZo
=(2m) V200 > € 2 Xo(em)[?
meEZg
271_ 1/25167 Z / —2m?(t—s)
m&EZo

and

Z / —2m? (t— S)dS Z ( . 672m2t) = fo0.

me&Zo mEZo
This is not really a problem since in Burgers’ equation only components of
u?(ey) with k # 0 appear (due to the presence of the derivative). However,
X?Z(ex) is not even a well-defined random variable. For the remainder of
this subsection let us assume that Xy = 0, which will slightly simplify the
computation. If k # 0, we have

E[| X7 (er)?] =E[X} (1) X (e~1)]
=@2m) Y Y E[Xi(eo) Xi(em) Xi(er) Xe(em)]-
b+m=kl+m'=—k
By Wick’s theorem (see [22], Theorem 1.28), the expectation can be
computed in terms of the covariances of all possible pairings of the four
Gaussian random variables (3 possible combinations):
E[X:(e0) Xi(em) Xi(ew) Xi(em )] = E[Xi(er) Xi(em)E[Xi(er) Xi(em )]
+ E[Xi(e0) X (e )| E[X i (em) Xi(em)]
+ E[X:(er) Xt (em )] E[Xt(em) Xt (er)].
Since k # 0, we have £ +m # 0 and ¢/ +m’ # 0 which allows us to neglect

the first term since it is zero. By symmetry of the summations, the two
other terms give the same contribution and we remain with

EX2e)f == Y ElXu(e) Xe(ewJELXi(en) Xilem)]

E+m k0 +m'=—k

(2.2)
- > E[Xi(e) Xi(e—o)E[Xe(em) Xe(e—m)]
l+m=k
= % Z (1- e’zézt)(l - 672"’%) = +o00.

l+m=k
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This shows that even when tested against smooth test functions, X? is not
in L?(Q2). This indicates that there are problems with X? and indeed one
can show that X?(ej) does not make sense as a random variable.

To understand this better, observe that the Ornstein—Uhlenbeck process
can be decomposed as

0

t
Xi(ex) = ik / e F =95, (k) — ike M / 3, (k).

— 00

where we extended the Brownian motions (85(k))s>o to two sided complex
Brownian motions by considering independent copies. The interest in this
decomposition is in the fact that it is not difficult to show that the second
term gives rise to a smooth function if ¢ > 0, so all the irregularity of X,
is described by the first term which we call Y;(ex) and which is stationary
in time. Note that Y;(ex) ~ Nc(0,1/2) for all k € Zg and ¢ € R, where we
write

U ~ Nc(0,0%)

if U = V +iW, where V and W are independent random variables
with distribution A/(0,02/2). The random distribution Y; then satisfies
Yi(¢) ~ N(0, ||g0||2L2(T)/2), and moreover it is (1/1/2 times) the white noise
on T. It is also possible to deduce that the white noise on T is indeed the
invariant measure of the Ornstein—Uhlenbeck process, that it is the only
one, and that it is approached quite fast [23].

So we should expect that, at fixed time, the regularity of the Ornstein—
Uhlenbeck process is like that of the space white noise and this is a way
of understanding our difficulties in defining X? since this will be, modulo
smooth terms, the square of the space white noise.

A different matter is to make sense of the time-integral of 9, X?. Let
us give it a name and call it Ji(¢) = fo 0. X2(p)ds. For Ji(ey), the
computation of its variance gives a qulte dlfferent result.

Lemma 2. Almost surely, J € C*/?~H~1/2—,

Proof. Proceeding as in (2.2), we have now

E[|J¢(ex)|] = / / Xs(ee)Xor(e—0)|E[Xs(em) Xy (e—m)]dsds’.

+m=k

If s > s’, we have

1 —0%(s—s’ — s’
E[X.(er) Xu(e-e)] = 5o 70 (1 =727,
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and therefore

2 k2 ! ! — (2 4+m?)|s—s'| —202(s'As) —2m?2 (s’ As) ’
E[|Ji(ex)?] = — d e (1—e )1 —e )dsds
0 0

L+m=k

k2 t ¢ 2 2 ’
T / / Z 6—([ +m*)|s—s ‘deSl
T Jo Jo

2

N
|

{+m=k

1 = —(£24+m2)r
%k t Z /0 e dr
+m=k

1, 1

= —k“t —.

22
{+m=k

N

Now for k£ # 0

22125/2d$ QSL'
o P g 22+ (k —x) k|

So finally E[|J;(ex)|?] < |k|t. From which is easy to conclude that at fixed
t the random field J, belongs almost surely to H /2. Redoing a similar
computation in the case J;(ey) — Js(ex), we obtain E[|J;(ex) — Js(er)|?] <
|k| x |t — s|]. To go from this estimate to a path—wise regularity result of
the distribution (Jy);, following the line of reasoning of Lemma 1, we need
to estimate the p-th moment of Ji(ex) — Js(er). We already used in the
proof of Lemma 1 that all moments of a Gaussian random variable are
comparable. By Gaussian hypercontractivity (see Theorem 3.50 of [22])

this also holds for polynomials of Gaussian random variables, so that
EllJi(exr) = Js(en)|*] Sp (EllJe(ex) — Js(er)*])"-

From here we easily derive that almost surely J € C'/2~ H=1/2= which is
the space of 1/2—Holder continuous functions with values in H~%/2=. O

This shows that 0,X? exists as a space-time distribution but not
as a continuous function of time with values in distributions in space.
The key point in the proof of Lemma 2 is the fact that the correlation
E[X(e¢)Xs (e—g)] of the Ornstein—Uhlenbeck process decays quite rapidly
in time.

The construction of the process J does not solve our problem of
constructing fg 0,u2ds since we need similar properties for the full solution
u of the non-linear dynamics (or for some approximations thereof), and
all we have done so far relies on explicit computations and the specific
Gaussian features of the Ornstein—Uhlenbeck process. But at least this
give us a hint that indeed there could exist a way of making sense of the
term O, u(t, )2, even if only as a space—time distribution, and that in doing
so we should exploit some decorrelation properties of the dynamics.
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So when dealing with the full solution u, we need a replacement for the
Gaussian computations based on the explicit distribution of X that we
used above. This will be provided, in the current setting, by stochastic
calculus along the time direction. Indeed, note that for each ¢ € % the
process (X¢(¢))i>0 is a semimartingale in the filtration (F;)¢>0.

Before proceeding with these computations, we need to develop some
tools to describe the It6 formula for functions of the Ornstein—Uhlenbeck
process. This will also serve us as an opportunity to set up some analysis
on Gaussian spaces.

2.4 Gaussian computations

For cylindrical functions F : %/ — R of the form F(p) =
F(p(p1), - plon)) with ¢1,...,¢, € % and f : R" — R at least C7,
we have by Itd’s formula

n

AF(X) = Y FX)AX () + 5 3 Fu(X)d(X (), X (1))

ij=1

where (); denotes the quadratic covariation of two continuous
semimartingales and where F;(p) = 0;f(p(¢1),...,p(pn)) and F; ;j(p) =
Bf,jf(p(gal), ..., p(pyn)), with 0; denoting the derivative with respect to
the i-th argument. Now recall that dX;(p;) = Xi(Ap;)dt + dM(p;) is a

continuous semimartingale, and therefore

(X (i), X(pj))e = AM (i), M (7))t = (Ozpi, Oxpj) L2 (1) dt,

and then

=1

where Lg is the second-order differential operator defined on cylindrical
functions F as

LoF(p) = Z p(Ap;) + Z

Another way to describe the generator Lg is to give its value on the
functions p — exp(p(v))) for ¢ € ., which is

{0201, 0205) L2(T) - (2.3)

l\D\»—~

Loe?™) = v (p(Ags) — <w7Aw>L2(T>)~
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If F,G are two cylindrical functions (which we can take of the form

F(p) = f(p(¢1),- -, p(en)) and G(p) = g(p(p1),-- -, p(pn)) for the same
D1y 0n € F), we can check that

Lo(FG) = (LyF)G + F(LyG) + £(F, G), (2.4)

where the quadratic form £ is given by

ZF ) (Oupi, i) L2(T)- (2.5)

In particular, the quadratic variation of the martingale obtained in the It6
formula for F' is given by

a(f 3" F(XAM(e0), = E(FF) (Xt

Lemma 3. (Gaussian integration by parts) Let (Z;)i=1,.m be
an M-dimensional Gaussian vector with zero mean and covariance
(Cij)ij=1...m- Then for all g € CLRM) we have

E(Zvg(Z ZC @E{ )]

Proof. Use that E[e/(%N] = e’<>"c>‘>/ and moreover that

i ) ; 0
E[Zke“Z’”} — (_Z)%E[e <Z,A>] = (—i) 8,\ke —(A,CA)/ = i(CA\)pe —(A\,C\)/2

—ZZCk gAgE l(Z/\ ch zE z<Z’/\>].
¢

The relation is true for trlgonometrlc functions and taking Fourier
transforms we see that it holds for all ¢ € .. Is then a matter of taking
limits to show that we can extend it to any g € CL(RM). O

As a first application of this formula let us show that E[LoF'(n)] = 0 for
every cylindrical function, where 7 is a space white noise with mean zero,
ie. n(p) ~ N(O, [[¢ll72()/2) for all p € L§(T), and (1) = 0. Here we
write L3(T) for the subspace of all ¢ € L*(T) with [} ¢dz = 0. Indeed,
note that by polarization E[n(:)n(A¢;)] = (i, Ap;)r2(r), leading to

1
E Z §F¢,j(77) 0z i, Oxpj)r2(T) = —E Z Fz] ) pis Apj)L2(T)

3,j=1 1,j= 1
1 " 0
= - ZE[n(Asoj)Fj(n)L

Jj=1
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so that E[LoF(n)] = 0 (here we interpreted 0;f as a function of n + 1
variables, with trivial dependence on the (n + 1)-th one). In combination
with Itd’s formula, this indicates that the white noise law should indeed
be a stationary distribution for X (convince yourself of it!). From now on
we fix the initial distribution Xy ~ 7, which means that X; ~ n for all
t>0.

As another application of the Gaussian integration by parts formula, we
get

+ 1 Z E[F(n)Gi;(n)(pi, Apj)r2(r)

~ 3 EF0G nn(Ag,)]

N % D EIFm)Giy ()i Ags) e

= —E[(FLoG)(n)]-

Combining this with (2.4) and with E[Lo(FG)(n)] = 0, we obtain
E[(FLoG)(n)] = E[(GLoF)(n)]. That is, Ly is a symmetric operator with
respect to the law of 7.

Consider now the operator D, defined on cylindrical functions F' by
DF(p) =Y Fi(p)ei (2.6)

so that DF takes values in ./, the continuous linear functionals on .7.

Exercise 5. Show that D is independent of the specific representation of
F, that is if

F(p) = f(p(er), .- plen) = g(p(¥1), .., p(hm))
for all p € 7', then

Z Bif(p(01), - -, plion))pi = Z 3;9(p(W1), - -+ p(Vm)) .-

Hint: One possible strategy is to show that for all 0 € &,

(DF(p), 0) = L F(p+6)l=o.
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By Gaussian integration by parts we get

E[F(n){¢, DG(n))] + E[G(n) (&, DF(n))] = Z E[(FG)i(n) (¥ ¢i)]
=2E[n()(FG)(n)],

and therefore

E[F(n){(¢, DG(n))] = E[G(n) (¢, =DF(n) + 2pF (n))].

So if we consider the space L?(law(n)) with inner product E[F(n)G(n)],
then the adjoint of D is given by D*F(p) = —DF(p) + 2pF(p). Let
Dy F(p) = (¥,DF(p)) and similarly for D, F'(p) = =Dy F(p) +2p(¢) F(p).

Exercise 6. Let (e,)n>1 be an orthonormal basis of L*(T). Show that

1 *
Lo= ZD%DA%.

Recall that the commutator between two operators A and B is defined
as [A, B] := AB — BA. In our case we have

(Do, Dyl F(p) = (DeDy, — DyDo) F(p) = 2(4,0) L2(n) F(p),
whereas [Dy, Dy | = 0. Therefore,

* 1 * *
[L07 Dv([;] 25 Z[Den DAen ) Dw]

n
1 * * 1 * *
=52 D¢, Dac,. Dyl + 5 D [P, DjDac,

n

= Z Dzn <’lb, A€n>L2(T) = D*Aw'

So if 1) is an eigenvector of A with eigenvalue A, then [Lo, D;,] = ADj;.
Let now (%,)nen be an orthonormal eigenbasis for A with eigenvalues
A, = A\, and consider the functions

HWiyy oo ythi) : S = R, H(iy, .. i,)(p) = (DZH . 'Dfmn 1) (p).
Then
LOH(TZ%‘N - ,wln) = LOD;'LI,1 s Dz;inl
== ()\'Ll +"'+)‘in)H(wi1,---a¢i")7
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where we used that Lyl = 0. So these functions are eigenfunctions for L
and the eigenvalues are all the possible combinations of \;; +--- 4+ A, for
i1,...,%, € N. We have immediately that for different n these functions
are orthogonal in L2(law(n)). They are actually orthogonal as soon as
the indices i differ since in that case there is an index j which is in one
but not in the other and using the fact that Dy, ; is adjoint to Dy, and
that Dy G = 0 if G does not depend on ; We get the orthogonality.
The functions H(v;,,...,1;,) are polynomials and they are called Wick
polynomials.

Lemma 4. For ally € .7, almost surely

(eP31)(n) = e2W)=IIvI”,

Proof. If F is a cylindrical function of the form F(p)
fpler), -, plom)) with f € Z(R™), then

E[F(n)(eP%1)(n)] = E[eP* F(n)] = E[F (1 + ¥)] = E[F(n)e2)~ 11417,

where the second step follows from the fact that if we note Wy (n) =
F(n+ty) (note that every 9 € .% can be interpreted as an element of .%”")
we have 8; W, (n) = DyW;(n) and ¥o(n) = F(n) so that ¥, (n) = (ePv F)(n)
for all ¢ > 0 and in particular for t = 1. The last step is simply a Gaussian
change of variables. Indeed if we take 1 = ¥ and ¢y L for k > 2 we have

E[F(n+4)] = E[f(n(¥) + (, ), 1(p2), - -, n(pm))]

since (n+v)(pr) = n(ek) for k > 2. Now observe that n(v) is independent
of (n(w2),...,n(pm)) so that

E[f(n() + (b, ), n(e2)s - - 1(@m))]
=22/ 19112

[ B ) on)
ﬂe%—lwzxa[f(z,n(wz),...,n«omm
WETTE

=E[F (n)e2 )~ III%],

To conclude the proof, it suffices to note that E[F(n)(eP1)(n)]

E[F(n)e2®)=I1¥I"] for all cylindrical functions F implies that (¢®#1)(n)
2n(0) = ]2

Voo O

Theorem 1. The Wick polynomials {H(vi,..., 0, )(n) : n
0,41, ...,in € N} form an orthogonal basis of L?(law(n)).
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Proof. Taking ¢ = )", 0;%; in Lemma 4, we get

Xm0 =X oI _ (Pin)() = 3 w
n>0 n:

_Z Z Oiy = * aan(wm.”,win)(n),

n>04%1,...,0n N times

which is enough to show that any random variable in L? can be expanded
in a series of Wick polynomials showing that the Wick polynomials are an
orthogonal basis of L?(law(n)) (but they are still not normalized). Indeed
assume that Z € L%(law(n)) but ZLH (¢y,,...,;,)(n) for all n > 0,
i1,...,i, € N, then

0 =e2 71 R Z (P51 )]
_e PR 72 X, o= 1, oIl
:E[Ze2zi0m(1/)i)].

Since the o; are arbitrary, this means that Z is orthogonal to any
polynomial in 1 (consider the derivatives in ¢ = 0) and then that it is
orthogonal also to exp(i ., o;n(1;)). So let f € (RM) and o; = 0 for
i > m, and observe that

0 =(27r)_m/2 /d01 coodo F foy, ... ,UW)E[ZeiZi ‘”"(w")]

which means that Z is orthogonal to all the random variables in L? which
are measurable with respect to the o—field generated by (19(¢5))n>0. This
implies Z = 0. That is, Wick polynomials form a basis for L?(law(n)). O

Example 2. The first few (un—normalized) Wick polynomials are
H (i) (p) = Dy, 1(p) = 2p(¢s),
H (i, ¢5)(p) = Dy, Dy 1 = 2Dy, p(1h;) = —20i=; + 4p(¥:) p(¢;),
and

H (i, ¢, ¢)(p) = Dy, (—26= + 4p(15) p(¥r.))
= _46j:kp('¢i) - 4&:;‘0(%«) - 46i:kp(¢j)
+ 8p(vi) p(¥5) p(tor).-
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Some other properties of Wick polynomials can be derived using the
commutation relation between D and D*. By linearity DY, = D7, + Dj,,
so that using the symmetry of H we get

Hn(‘p—’_,ll))':H(sO—’_w?""so—’_,l/]): Z <Z>H(w7"'7@’w""’w)'

n 0Sksn k n—k

Then note that by Lemma 4 we have
(eD;l)(n)(ebel)(n) — e2n(@)=lel? c2n(@)=11¢l1* — g2n(e+v)=llo+v>+2(¢.3)
= (eDZ;er 1>(n)62<§07¢)_

Expanding the exponentials,

H,,(0) Hy, (¢ H, (¢ + ) (20, 1))
Z (o) Hn(¥) Z (p+v) (2{p, 1))

o m! n! > r! /!
X /_L
——
-y HG . 9.0, 0) 2(p,9)
N plg! 2! ’
q

and identifying the terms of the same homogeneity in ¢ and ¢ respectively
we get

In A
Hm( Z Z ;qu,:/;' ""’@7/(#7"‘71/}) (2<(p7/¢)>)l'
p+l=m q+l=n

(2.8)
This gives a general formula for such products. By polarization of this
multilinear form, we can also get a general formula for the products
of general Wick polynomials. Indeed taking ¢ = > kip; and ¢ =
> i_1 Ajt; for arbitrary real coefficients i1,..., Ky, and Ar,..., A, we
have

Z"?z@z Z)‘ﬂpj
= Z Z Riy * Riy, jl"')‘ij(SDilv"'v‘Pim)H(d}jl?"‘?wjn)'

U1yeeylm J1seesdn

Deriving this with respect to all the k, A parameters and setting them to
zero, we single out the term

Z H(0oys s Com) HWways s Yum))

oES,WES,
= m'n|H((pl7 ey @m)H(¢1» DR wn),
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where Sj denotes the symmetric group on {1,...,k}, and where we used
the symmetry of the Wick polynomials. Doing the same also for the right
hand side of (2.8) we get

H(‘Pla~-~a@m)H(¢17---7¢n)

o
Z Z pql[lz (‘07'17'"7901p’¢317"'7¢]q H(2<(pip+r’qu4ﬂ>)’
r=1

p+b=m q+4=n

where the sum over i, j runs over i1, ...,%, permutation of 1,...,m and
similarly for ji, ..., jn. Since H(i,, ..., @i, Vj,,---,¥;,)(n) is orthogonal
to 1 whenever p 4+ ¢ > 0, we obtain in particular

E[H (1, ¥n) (M H (1, n) ()] =— Ly H (Wi, ¥5,))

,]7“1

= Z H wmwa(r)

c€eS, r=1

In conclusion, we have shown that the family

(S TT@n o)) Hisre oot ) 13 001, i € )

ceS, r=1
is an orthonormal basis of L?(law(n)).

Remark 1. In our problem it will be convenient to take the Fourier
basis as basis in the above computations. Let ex(x) = exp(ikx)/V2m =
ap(z)+ibg(z) where (v2ap)ken and (vV2by)ken form together a real valued
orthonormal basis for L*(T). Then p(ex)* = ple_y) whenever p is real
valued, and we will denote Dy, = D, = Dg, + iDy, and similarly for
Dy = D;, —iDj, = —D_y + 2p(e—x). In this way, Dj is the adjoint
of Dy, with respect to the Hermitian scalar product on L*(Q;C) and the
Ornstein—Uhlenbeck generator takes the form

Lo= Z(Da akDa ax T D8 kaa bk Zk2Dka (2.9)
keN kez
(convince yourself of the last identity by observing that D Dy+D*, D_j, =
2(D;, D, + D, Dy,)!). Similarly,

E(F,G) =) Kk (DipF)*(DxG). (2.10)

keZ
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2.5 The Ito0 trick

We are ready now to start our computations. Recall that we want to
analyse Ji(p) = fo 0, X2(p)ds using Itd calculus with respect to the
Ornstein— Uhlenbeck process. We want to understand J; as a correction
term in It6’s formula: if we can find a function G such that LoG(X;) =
0. X2, then we get from It&’s formula

t
/ 0, X2ds = G(X,) — G(Xo) — Mars,
0

where Mg is a martingale depending on G. Of course, G will not be
a cylindrical function but we only defined Ly on cylindrical functions.
So to make the following calculations rigorous we would again have to
replace 9, X? by 9,11, X? and then pass to the limit, see the paper [15]
for details. As before we will perform the calculations already in the
limit N = 400, in order to simplify the computations and not to obscure
the ideas through technicalities. The next problem is that the pointwise
evaluation fot 0,X2(x)ds does not make any sense because the integral will
only be defined as a space distribution. So we will consider

G: " =

instead of G: ¥/ — C. Note however that we can reduce every such G to
a function from .’ to C by considering p — G(p)(ex) for all k.
Now for a fixed k, we have

Ze :ﬁ e e :ﬁ
0 X} (ex) \/?u%::kXt( ) Xe(em) ﬁuéj:km,m(xt), (2.11)

where Hym(p) = 2(D*,D*,.1)(p) = p(ec)p(em) — 26¢4m=o is a second
order Wick polynomial so that LoHy,, = —({*> + m?)H;, by (2.7).
Therefore, it is enough to take

Hym(Xy)
Xi)(eg) = —ik . 2.12
G(xX,) w3 e (2.12)

This corresponds to the distribution G(X)(¢) = — [;° 8(e**X1)?()ds
(check it!). Then

G(Xi)(p) = G(Xo)(p) + Ma,i(p) + (),
where Mg ((p) is a martingale with quadratic variation

d(Me .« (), Ma .« ()1 = E(G(x) (), G(x) () (X:)dt.
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We can estimate
E[|J:(0) — Js(0)1*"] Sp E[|Ma,i(9) — Ma,s(9)|*P] + E[|G(Xe) (9) — G(Xs)(9)]*7].

To bound the martingale expectation, we will use the following Burkholder
inequality:

Lemma 5. Let m be a continuous local martingale with my = 0. Then
forallT 20 andp > 1,

E[sup [my|*] < C,E[(m)f].
t<T

Proof. Start by assuming that m and (m) are bounded. Itd’s formula
yields

_ 1 _
dlmy[*? = (2p)|m[**~ dmy + 5(210)(210 — 1)|my[*P~2d(m),,
and therefore

T
Bllmr 7] = GE[ [ ~2a(m).] < Cylsup i P~ (m)s.

By the Cauchy—Schwarz inequality we get
E{jmr|*) < CpEfsup [my[*"] =2/ 2PE[(m)h]"/7.
t<T

But now Doob’s L? inequality yields E[sup, < [m.|**] < C)E[|mp|?"], and
this implies the claim in the bounded case. The unbounded case can be

treated with a localization argument. a
Applying Burkholder’s inequality, we obtain
P
Bl(e) - 50 5 B[] [ 6. e
+E[G(X)(p) = G(X)(9)7]

<(t- 8)”‘1/ E[IE(G(+)(p), G(+)(#))(Xr)[Pldr

+E[G(X0)(p) — G(X) ()]
= (t = s)PE[IE(G(+)(#), G(x) () ()["]
+E[G(X:)() — G(X:)(9) 7],

using that X, ~ 7. Now

p(ek—m)

DmG(p)(ek) = —Qikma
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and therefore

E(G(#)(er), G(x)(er))(p) = Y m* D G(p)(e-1)DmG(p)(er)

p(ed)?
= 4k? Z m? @+ m?y?

| 2

< k2 |p(64)

which implies that

[n(eo)]?
02 +m?

E[IE(G(*)(ex), G)(en)) )] S FE S

{+m=k

1
2
’S k Z Y2 + m2
l+m=k
AL
A similar computation gives also that

E[IE(G()(er), G)(ex)) (mF] < |k[P.

Further, we have

E[|G(X0)(ex) — G(X)(ex)] S K2 D E[|H€”'L(Xt)_H&m(Xs))}

2 212
l+m=k (6 +m |
2
2 m
Sk’ ‘t_5| Z (€2+m2)2 5|k”t_8|
l+m=k

And finally, since G is a second order polynomial of a Gaussian process we
can apply once more Gaussian hypercontractivity to obtain

EllJi(er) = Jo(en)|*] Sp (t = 5)P k[P

The advantage of the It6 trick with respect to the explicit Gaussian
computation is that it goes over to the non—Gaussian case. Indeed note
that while the boundary term G(X;)(¢) — G(X;)(y) has been estimated
using a lot of the Gaussian information about X, we used only the law at
a fixed time to handle the term f; E(G (%) (), G(x)(¥))(X;)dr.

In order to carry over these computation to the solution of the non—linear
dynamics u, we need to replace the generator of X with that of u and to
have a way to handle the boundary terms. The idea is now to reverse the
Markov process u in time, which will allow us to kill the antisymmetric
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part of the generator and at the same time kill the boundary terms. Indeed
observe that if u solves the stochastic Burgers equation, then formally we
have the It6 formula

n
deF(ur) =Y Fy(ur)dMi(pi) + LF (ug)dt,
i=1
where L is now the full generator of the non—linear dynamics, given by

LE(p) = LoF (p) + 3 Fi(p)(0:0", :) = LoF (p) + BF (p),

where

BF(p) = 3 (0.0%)(ex)DkF(p).

k

Formally, the non-linear term is antisymmetric with respect to the
invariant measure of Ly. Indeed since B is a first order operator

E[(BE(n)G(n)] = E[(B(FG)(n))] - E[F(n)(BG(n))] = *E[F(n)(BC(?gq);;

provided E[BF(n)] = 0 for any cylinder function F. Let us show this. We
have

E[BF(n)] =) _E[(0:1°)(ex)DiF(n)]

k

= — > E[Dx(@:7)(er) F ()] + Y EDu[(0:0*)(ex) F(n)]].
k

k
But now we get from (2.11)
Dy (8:1%)(ex) = V2ikn(eo) = 7~ /2ik(n,1) =0,

where we used that (n, 1) = 0. Gaussian integration by parts then formally
gives

E[B Z]EDk (02m*) (ex)F ZE (ex)(0:1%)(ex) F (n)]

= E{(n, 0 F(n)] = éEKl,azn?’)F(n)] =0

since (1,0,7%) = —(0,1,7%) = 0 (but of course (n,d,n?) is not well
defined).

The dynamics of u backwards in time has a Markovian description which
is the subject of the next exercise.



Chapter 2. Energy solutions 31

Exercise 7. Let (y+)t>0 be a stationary Markov process on a Polish space,
with semigroup (Py)i>0 and stationary distribution p. Show that if Py
is the adjoint of P, in L*(n), then (P}) is a semigroup of operators on
L*(p) (that is Py = id and P}, , = PP} as operators on L*(p)). Show
that if yo ~ w, then for all T > 0 the process §; = yr—¢, t € [0,T], is
also Markov, with semigroup (P;).cio,r), and that p is also an invariant
distribution for (Pf). Show also that if (P;) has generator L then (P;)
has generator L* which is the adjoint of L with respect to L*(p).

Now if we reverse the process in time letting 4; = ur_;, we have by
stationarity

E[F(a)G (do)] = E[F (ur )G (ur)] = E[F(uo) G (ut)].

So if we denote by L the generator of :

BILF(0)G(i0)] = | BIF()Glio)
d
= 5| EFe0G)

=E[LG(ug)F(uop)],
which means that L is the adjoint of L, that is

LF(p) = LoF(p) — BF(p) = LoF(p) — Y _(82p*)(ex)Di F(p).
k

In other words, the reversed process solves
t t t
e) = o) + [ auapis+ [ (i20n0)ds - [ E(Orolas
0 0 0

for a different space-time white noise 5 . Then Itd’s formula for @ gives

AP (i) = > Fi(a)dMy(p:) + LF (),
=1

where for all test functions ¢, the process M (p) is a martingale in the
filtration of 4 with covariance

d<M((p), M(w»t = <8a:§0a aw"/’>L2('jr)dt.

Combining the It6 formulas for u and @, we get

T
Flur)(g) = Fluo)(¢) + Mpr(p) + / LF(u,)(p)ds
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and
F(uo)() = F(ar) () = F(a0)(¢) + Mpr(p) + /0 " LR (s
= F(ur)(¢) + Mpr(p) + /O " P () (o),

and summing up these two equalities gives

T
0= Mra(e) + Mea(e) + [ (L+ DF()(e)ds
0
that is
T A
2 [ LoP(w)(¢)ds = ~Mrzr (o) - M (o),
0

An added benefit of this forward-backward representation is that the only
term which required quite a lot of informations about X, that is the

boundary term F(X;)(¢) — F(Xs)(p) does not appear at all now. As
above if 2LoF(p) = 0,p?, we end up with

T
/0 0p1i2()ds = —Mpr(p) — Mpr(p). (2.14)

Exercise 8. Perform a similar formal calculation as in (2.13) to see that
E[LF(n)] = 0 for all cylindrical functions F, so that n should also be
invariant for the stochastz'c Burgers equation. Combine this with (2.14) to

show that setting NN (o fo (M yus)*(p)ds we have
E[NDY (ex) = N (er) ] Sp (t = s)P|KIP
and letting NNM = NN — NM we get
E[IVGY () = N M(en)PP] Sp ([kI/N)TP(t = 5)P k[P
for all 1 < N < M. Use this to derive that
BN = NV DY Spa N7 (= 5)Y/?

for all a < —1 — g, and realize that this estimate allows you to prove

compactness of the approzimations NN and then convergence to a limit N
in L?P(Q; CY/?~H-17).
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2.6 Controlled distributions

Let us cook up a definition which will allow us to rigorously perform the
formal computations above in a general setting.

Definition 2. Let u, A: Ry x T — '(T) be a couple of generalized (i.e.
distribution-valued) processes such that

i. For all ¢ € Z(T) the process t — wu(p) is a continuous
semimartingale satisfying

() = uole) + / ua(Ap)ds + Ai(0) + Milg),

where t +—  My(p) is a martingale with quadratic wvariation
(M(p), M(1))¢ = (Orp, 0x) 2(myt and t — Ai() is a finite variation
process with Ag(¢) = 0.

i. For allt > 0 the random distribution ¢ — ui(p) is a zero mean space
white noise with variance |¢||3./2.
9]

1. For any T > 0 the reversed process iy = ur—¢ has again properties
1,41 with martingale M and finite variation part A such that Ai(p) =
—(Ar(p) = Ar—1(9))-

Any pair of processes (u,A) satisfying these condition will be called
controlled by the Ornstein—Uhlenbeck process and we will denote the set
of all such processes with Q.

Theorem 2 ([15], Lemma 1). Assume that (u, A) € Qoy and for any
N>21L,t>0,pe.% let

N (p) = / 0, (M uy)(¢)ds

Then for any p > 1 (NN)ns1 converges in LP(Q) to a space—time
distribution N' € CY/?~H~1~.

We are now at a point where we can give a meaning to our original
equation.

Definition 3. A pair of random distribution (u, A) € Qo is an energy
solution to the stochastic Burgers equation if it satisfies

() = uo(p) + / s (Ag)ds + Ni() + Mi()

forallt >0 and ¢ € .. That is if A= N.
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Now we are in a relatively standard setting of needing to prove existence
and uniqueness of such energy solutions. Note that in general the solutions
are pairs of processes (u,.A).

Remark 2. The notion of energy solution has been introduced (in a slightly
different way) in the work of Gongalves and Jara [11] on macroscopic
universal fluctuations of weakly asymmetric interacting particle systems.

2.7 Existence of solutions

For the existence, the way to proceed is quite standard. We approximate
the equation, construct approximate solutions and then try to have enough
compactness to have limiting points which then naturally will satisfy the
requirements for energy solutions. For any N > 1 consider solutions u?
to

SN = Al + 8zHN(HNuN)2 + 0,€

These are generalized functions such that
dul (er) = —k*ul (ex)dt + [0, (TTxu)?](ep)dt + ikd B, (k)

for k € Z and t > 0. We take ug to be the white noise with covariance
ug(p) ~ N(0,]|¢l|?/2). The point of our choice of the non-linearity is
that this (infinite-dimensional) system of equations decomposes into a
finite dimensional system for (v (k) = IIyu® (ex))k:(kj<n and an infinite
number of one-dimensional equations for each u™(ey) with |k| > N.
Indeed if [k| > N we have [0, 11y (IIyu”)?](ex) = 0 so us(ex) = X¢(ex) the
Ornstein—Uhlenbeck process with initial condition Xg(ex) = uo(eg) which
renders it stationary in time (check it). The equation for (v™ (k))k<n
reads

dvl (k) = ko (k)dt + by (vl )dt + ikd By (k), k| <N,t>0

where

b(v)) = ik Z Tig), k). Jmi<n 07 (£)of (m).
L+m=k

This is a standard finite-dimensional ODE having global solutions for all
initial conditions which gives rise to a nice Markov process. The fact that
solutions do not blow up even if the interaction is quadratic can be seen
by computing the evolution of the norm

Av= ) oY (k)

|k|<N
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and by showing that

dA; =2 > o) (—k)dol (k)

|k|<N
=-2 > N E)Pd+2 > v (—k)be(vf)dt
|k|<N |k|<N
+2ik Y o (—k)dBy (k).
|k|<N

Since A is nonnegative, we increase its absolute value by omitting the first
contribution. But now

SN (=RbeN) =2 > T mienko) (Ovy (m)v)Y (—k)
|k|I<N k,0,m:l+m=k

=2 > Lo il fml < (B)of (Ov] (m)oyY (k)
k4 mAl+m~+k=0

and by symmetry of this expression it is equal to

2,
—3t > Liep, k], i< (K + €+ m)of (O)of (m)vyY (k) = 0,
k4, m:A+m+k=0
SO ‘At| S |A0+Mt| where th = 2Z\k|<N Hlk‘gN(’Lk)’UI{V(*k)dﬂt(k') Now
T
E[M2] < / > R (k)Pdt S N2/ Aydt
|k|<N 0

and then by martingales inequalities

E[ sup (4] < 2E[AF] + 2E[ sup (M,)’] < 2E[AF] + S8E[M]
te[0,T] te[0,T]

T
2E[AZ] + CN? / E(A;)dt
0
Now Gronwall’s inequality gives

E[ sup (4,)% < eCNVTE[A2),
te[0,T]

from where we can deduce (by a continuation argument) that almost surely
there is no blowup at finite time for the dynamics. The generator L" for
the Galerkin dynamics is given by

LNF(p) = LoF(p) + B F(p),
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where

BNF(p) = Tinj<n(9p”)(ex)DrF (p).
k

And again the non-linear drift BY is antisymmetric with respect to the
invariant measure of Ly by a computation similar to that for the full drift
B. Next, using Echeverria’s criterion [7] we can obtain the invariance of
the white noise from its infinitesimal invariance which can be checked at
the level of the generator LY. Finally it is also possible to rigorously show
that the reversed process is a Markov process with generator

LNF(p) = LoF(p) — BNF(p),

thus proving that the reversed non-linear drift is the opposite of the
forward one. Taking

Ne = t UN S
AN (er) /Obus)d

we obtain that (vV, AY) € Q... Note that this result depends on the fact
that we kept the full linear part Ly of the generator. A more standard
Galerkin truncation would have lead us to a process which is controlled by
the Galerkin—truncated OU process. Estimates would have resulted in a
similar way but our setup is simpler.

Given that (v, AY) is controlled by the OU process, the It6 trick
applied to A" provides enough compactness in order to pass to the limit as
N — oo and build an energy solution to the Stochastic Burgers equation.
See [15] for additional details on the limiting procedure and [30] for details
on how to implement the It6 trick on the level of diffusions.

Remark 3. There is however one small catch: For a controlled
distribution (u, A) we required A(p) to be of finite variation for every test
function . The solution (v, AN) to the truncated equation will satisfy
this, but in the limit A(y) will only have vanishing quadratic variation
and it will not be of finite variation (in other words u(y) is a Dirichlet
process and not a semimartingale). Luckily in this setting it is still possible
to derive an Ité formula and everything goes through as described above,
see [15] for details.
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Besov spaces

Here we collect some classical results from harmonic analysis which we will
need in the following. We concentrate on distributions and SPDEs on the
torus, but everything in this Section applies mutatis mutandis on the full
space R?, see [14]. The only problem is that then the stochastic terms will
no longer be in the Besov spaces €* which we encounter below but rather
in weighted Besov spaces. Handling SPDEs in weighted function spaces is
more delicate and we prefer here to concentrate on the simpler situation
of the torus.

We will use Littlewood—Paley blocks to obtain a decomposition of
distributions into an infinite series of smooth functions. Of course, we have
already such a decomposition at our disposal: f =", f (k)ey. But it turns
out to be convenient not to consider each Fourier coefficient separately, but
to work with projections on dyadic Fourier blocks.

Definition 4. A dyadic partition of unity (x,p) consists of two
nonnegative radial functions x,p € C®(R% R), where x is supported in
a ball B = {|z| < ¢} and p is supported in an annulus o = {a < |z| < b}
for suitable a,b,c > 0, such that

1oX+2 50 p(279.) =1 and

2 supp(x) N supp(p(279) = 0 for § > 1 and supp(p(2~) 1
supp(p(277)) =0 for all 4,5 = 0 with |i — j| > 1.

We will often write p_1 = x and p; = p(277+) for j > 0.

Dyadic partitions of unity exist, see [1]. From now on we fix a dyadic
partition of unity (x, p) and define the dyadic blocks

Ajf =piD)f=F p;f), =1,

37
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where here and in the following we use that every function on R¢ can be
naturally interpreted as a function on Z¢. We also use the notation

Sif= Y Aif

i<j—1
as well as K; = (21)¥2.7 1 p; so that
Kix f=7 Y piZ )= Aif.

From this representation we can also see the reason for considering smooth
partitions rather than indicator functions: From Young’s inequality we
get only [[Ljgi o541)(ID) fllee < |7 s osenllpa || flle S I fllzee for
f € L*>, whereas ||p;(D) fllze < || f|lzes uniformly in j.

Every dyadic block has a compactly supported Fourier transform and is
therefore in .%. It is easy to see that f = Zj>_1 A f =limj_o S5 f for
all f e ..

For a € R, the Holder-Besov space € is given by €* = B (T4, R),
where for p, ¢ € [1,00] we define l

. /a
Biq = BI?’q(’H‘d?]R) = {f c. ||fHBqu = ( Z (2]04||Ajf||Lp)q)1 _ OO}’

jz—1

with the usual interpretation as £°° norm if ¢ = co. Then By, is a Banach
space and while the norm ||-[| gs  depends on (X, p), the space By, does not
and any other dyadic partition of unity corresponds to an equivalent norm
(for (p,q) = (00, 00) this follows from Lemma 10 below, for the general
case see [1], Lemma 2.69). We write [-[|o instead of ||-[|ps -

Exercise 9. Let &g denote the Dirac delta in 0. Show that 6y € €.

If « € (0,00) \ N, then €“ is the space of |«] times differentiable
functions whose partial derivatives of order |a] are (a — |«a])-Hdlder
continuous (see page 99 of [1]). Note however, that for k € N the space €*
is strictly larger than C*, the space of k times continuously differentiable
functions. Below we will give the proof for o € (0, 1), but before we still
need some tools.

Recall that Schwartz functions on R are functions f € C*°(R?) such
that for every multiindex p and all n > 0 we have

sup (1 + |z))"0" f(x)| < oo.
R4

Lemma 6. (Poisson summation) Let ¢ : R? — C be a Schwartz function.
Then

T p(r) = Z ﬁR_dlgo(x + 27k),

kezd
for all x € T, where Fg'p(x) = (2m) Y2 [ p(y)e! ¥ dy.
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Proof. Let g(x) = 3, cpa Fpa (2 + 27k). The function .y, Yo is of
rapid decay since ¢ € .¥ so the sum converges absolutely and deﬁnes a
continuous function g : R* — R which is periodic of period 27 in every
direction. The Fourier transform over the torus T¢ of this function is

Z9(y) =/ ‘“””’”9(56)(2:;/2

—l xT iy dx
/ 2 Friolo+ 2nkje iy (2m)d/2

kezd

since e~#27hy) = 1 for all y € Z? By dominated convergence the sum
and the integral can be combined in an overall integration over R:

; dz
_ 1 ()i @)
Z9(y) —/Rd Fpa pla)e Y Gmiz = T T “o(y) = e(y),

where Fpa f(x) = fﬂgdlf(f:z:). So we deduce that g(z) = .F 1p(x). O

Exercise 10. Show that ||-||o < ||| for o < B, that |||z~ S ||l for
a >0, that ||-||a S |||z for a <0, and that ||S;j - || < 27| - ||la for
a < 0. These inequalities will be very important for us in the following
and we will often use them without mentioning it specifically.

Hint: When proving |||l < |-l|lne for a < 0, you might need Poisson’s
summation formula.

The following Bernstein inequality is extremely useful when dealing with
functions with compactly supported Fourier transform.

Lemma 7. (Bernstein inequality) Let % be a ball and k € Ny. For any
A21,1<p<qg< oo, and f € LP with supp(F ) C AB we have

1_1
max 10" flla Spop NG| fl L.
pENT:|u|=k

Proof. Let ¢ be a compactly supported C* function on R? such that
¥ =1 on £ and write ¥ (x) = ¥(A\~tx). Then

O f(x) = " F N (AT f)(x) = 2m)¥*(f,0"(F a) (2 — )
= (2m)2(f % 0" (F 1)) ().

By Young’s inequality, we get

10" fllze S IIF1lze 10" (F~ s

L7,

where 1 + 1/¢ = 1/p + 1/r. Now it is a short exercise to verify
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1/r 1-1/r
(A

[RRVAES , an
0" (Z ") | =/ ‘28“ ) (@ -+ 2mk) | de
</Rd|aﬂ(9ﬂ;}w)(x)|dx
= [ X e
~ )\lul,
whereas
sup Zau w)\ .’L'+27Tk ‘ = Ad""l"‘ sup Z(auyﬂ@l¢)()\($+2ﬂk))
x€eTd k zeTd .
S AT sup Z 1+ Az + 27k|) 2
zeTe

< AL gup Z (14 |z + 27k[)~2
zeTd

< \dHlnl
We end up with

10 Fllza < N f Il 10 (F 24|
< ”fHLP)\‘”‘/T)\(dHM)(l,l/T)

= ||fllpe AHIFIQA/P=1/a),

O

It then follows immediately that for o € R, f € €, u € N¢, we have
oHf e € Inl . Another simple application of the Bernstein inequalities is
the Besov embedding theorem, the proof of which we leave as an exercise.

Lemma 8. (Besov embedding) Let 1 < p1 < pa < 00 and 1 < ¢1 <
g2 < 00, and let a« € R. Then B;‘l,ql is continuously embedded into
B d(1/p1— 1/]02)

p2,q92

Exercise 11. In the setting of Ezercise 2, use Besov embedding to show
that Il:ﬂ[||§||pd/2 ] < oo forallp>1ande >0 (in particular { € €~4?~
almost surely).

Hint:  Estimate ]E[Hészgpgp 2p] using Gaussian  hypercontractivity

(equivalence of moments).

As another application of the Bernstein inequality, let us show that
6> =C* for a € (0,1).
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Lemma 9. For o € (0,1) we have €* = C®, the space of a—Hdlder
continuous functions, and

e @) = 1]
I flla = fllce = lIfllL +§i§ dra(z,y)®

3

where dra(z,y) denotes the canonical distance on T?.

Proof.' Start by noting that for f € €% we have || f|[z= < 32, [[A; fllL~ <
3,277 flla S Iflla Let mow & # y € T and choose jo with
2790 ~ dya(z,y). For j < jo we use Bernstein’s inequality to obtain

18 f(x) = A; f ()] < (DA fl oo dpa (2, y)
< 21|18 fllpedra(z, y)
<Y flladra(z,y),

whereas for j > jo we simply estimate
18, ) = A3 )] S 185 e S 2792l
Summing over j, we get
1£(z) = FW)I < D2 flladpa(z,y) + > 277 flla
J<Jo J>Jjo
~ || flla (200" dpa (@, y) + 277°%) 2 || || adra (z, y)*.

Conversely, if f € C*, then we estimate |A_; f|r~ < || f]lpe. For j >0,
the function p; satisfies [(Z ~!p;)(x)dz = 0, and therefore

8,@1=| [ 77 e =) - ey
= [, Z ot -yt 200)(10) - S
k

Il
5
Y

s (e =) () — Fl@)dy].

Rd

Now [f(y) — f(2)] < [|flloedra(z,y)* < [|fllc~|z — y|*, and thus we end
up with

1A (@) < [Iflle-

2/ / (el )@ (@ =)l —yl°dy

= || fllo=277°

S fllea277e.

2 [ (Fl 0@ @ -l =)
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The following lemma, a characterization of Besov regularity for functions
that can be decomposed into pieces which are localized in Fourier space,
will be immensely useful in what follows.

Lemma 10.

1. Let o/ be an annulus, let « € R, and let (u;) be a sequence of
smooth functions such that Fu; has its support in 2./, and such that
lujllre <279 for all j. Then

u= 3w e and  fula S sup (2°uslre}.

iz-1 7z

2. Let A be a ball, let « > 0, and let (u;) be a sequence of smooth functions
such that Fu; has its support in 228, and such that ||u;||p- < 279¢
for all j. Then

u= w €€ and ula S sup {2 lu;lz=}-

iz-1 Iz

Proof. If Zu; is supported in 27.o7, then A;u; # 0 only for i ~ j. Hence,
we obtain

Al < D Avu; L
Jiimi

< S {25 lupllz=} D 279

jigri
~ sup {28 ug || }27
k>—1

If Fu; is supported in 272, then A;u; # 0 only for ¢ < j. Therefore,

1Az < D7 [ Aiullz=

Jizi
< S, {27 gl L=} ) 279
J:iZi
S sup {27kl = y27,
k-1
using « > 0 in the last step. |

When solving SPDEs, we will need the smoothing properties of the heat
semigroup. We define £ = C¢* N C*/?L> for a € (0,2). For T > 0 we

set Zp = Cr€* N C;/2L°° and we equip £ with the norm

|| : ||$79‘ = maX{” : ||CT<5”7 || : ||C¥/2Loo}'
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The notation .£% is chosen to be reminiscent of the operator £ = 0; — A
and indeed the parabolic spaces .£% are adapted to . in the sense that
the temporal regularity “counts twice”, which is due to the fact that £
contains a first order temporal but a second order spatial derivative. If we
would replace A by a fractional Laplacian —(—A)?, then we would have
to consider the space C€* N C*/(29) > instead of L.

We have the following Schauder estimate on the scale of ((£*), spaces:

Lemma 11. Let o € (0,2) and let (Py)i>0 be the semigroup generated by
the periodic Laplacian, & (P.f)(k) = e’t|k|235f(k). For f € €2 define
Jf(t) = fot P,_sfsds. Then Jf is the solution to LJf = f, Jf(0) =0,
and we have

[Jfllze S (L + D fllorga—2

for all T > 0. If u € €%, then t — Pyu is the solution to XPu = 0,
Pou = u, and we have

[t = Paullzg S llulla-

Bibliographic notes. For a gentle introduction to Littlewood—Paley
theory and Besov spaces see the recent monograph [1], where most of our
results are taken from. There the case of tempered distributions on R? is
considered. The theory on the torus is developed in [31]. The Schauder
estimates for the heat semigroup are classical and can be found in [14, 16].



Chapter 4

Diffusion in a random
environment

Let us consider the following d-dimensional homogenization problem. Fix
e >0and let u* : Ry x T? — R be the solution to the Cauchy problem

oput (t,x) = Aus(t,x) + e~ V(x/e)u(t, x), u®(0) = ug, (4.1)

where V : T¢ — R is a random field defined on the rescaled torus
T¢ = (R/(2re~1Z))¢. This model describes the diffusion of particles in
a random medium (replacing 9; by i0; gives the Schrodinger equation of a
quantum particle evolving in a random potential). For a review of related
results the reader can give a look at the recent paper of Bal and Gu [2].
The limit e — 0 corresponds to looking at the large scale behavior of the
model since (4.1) can be understood as the equation for the macroscopic
density u®(t,z) = u(t/e?, x/¢) which corresponds to a microscopic density
u: Ry X ']Tg — R evolving according to the parabolic equation

Owu(t, ) = Au(t, x) + 27V (2)u(t, x), u(0, ) = up(e-).

Slightly abusing notation, we do not index u or V by e despite the fact
that they of course depend on it. We assume that V: T¢ — R is Gaussian
and has mean zero and homogeneous correlation function C. given by

Celw —y) =EV(@)V(y)] = (¢/V2m)? Y "W H R(k).

keezd

On R: R? — R, we make the following hypothesis: for some 3 € (0, d]
we have R(k) = |k|®~?R(k) where R € .#(R?) is a smooth radial function
of rapid decay. For 8 < d it would be equivalent to require that spatial
correlations (in the limit € — 0) decay as |z|~#. For 3 = d this hypothesis

44
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means that spatial correlations are of rapid decay. Indeed by dominated
convergence

dk dk . .
in = J— I<Jj,k> — 7/<Jj,k)> B—d
gl—m Ce(z) / (27r)d/26 R(k) /Rd (27r)d/26 [kl" R (k)

= (2m) " (Fg (|- 177 » FLH(R)) (w).

Here we applied the formula of Exercise 3, which also holds for the Fourier
transform on R?. Now 7. (R) € Y(Rd) and Z, (|- [P~ (z) =~ |z 77 if
0 < B < d (see for example Proposition 1.29 of [1 [ ]), so lim.0 |Ce(2)| <
|z|=# for |x| — +oo0.

Let us write Vi(z) = e *V(x/e) so that (4.1) can be rewritten as
Owu® = Auf + V.uf, and let us compute the variance of the Littlewood—
Paley blocks of V..

In order to perform more easily some computations we can introduce a
family of centered complex Gaussian random variables {g(k)}reez, such
that g(k)* = g(—k) and E[g(k)g(k’)] = Og+rr=0 and represent V.(x) as

d/2—a
7)) = = cHek/e) R
Ve(x) (V2n)2 kgde R(k)g(k)

Lemma 12. Assume § — 2a > 0. We have for any ¢ > 0 and i > 0 and
any 0 < Kk < B —2a:

E[|A; Ve (2)?] S 200Frer.

This estimate implies that if 5 > 2, then for all § > 0 we have V. — 0
in L2(Q; B35 ~°(T4)) as e — 0.

Proof. A spectral computation gives

d/2 o

. iz, k/8>
AiVe(z) = NS VI Z e i(k/2)/R(k)g(k)
keezd
o
BIAVA@P] = eI e S pilh/=) ROV

(Vo) 9et=20 57, pa p(k/(e2))?R(K)  (4.2)

17202 supy e oiy R(K),

A

where &7 is the annulus in which p is supported. Now recall that g < d
so that (£29)#~¢ > 1 whenever £2° < 1, which leads to E[|AiV( RS
2idgd=2a(gi)f—d — ¢#=2a2i8 in that case. The assumption 3 — 2a > 0



46 M. Gubinelli and N. Perkowski

then implies E[|A;V.(z)[?] < 2@2FR)igk for any 0 < k < § — 2a. In the
case €2 > 1 we use that fRd (k)dk < 400 to estimate

e’ N plk/(e2Y) e’ > R( / R(k)dk < 400,

keezd kezd
and then E[|A;V.(z)]?] < 72 < 229(£2%)" for any small £ > 0. O

Remark 4. Using Gaussian hypercontractivity, we get from Lemma 12
that
E[|A:i V()] S E[A Ve (2)]P < 2@otmpigee

whenever p > 1, and therefore

. 2p 1 i(—a—d8)2p . 2p —
i BVE ] = Tim 37 2o [ 5[AV )]z =0

i>—1

whenever § > 0. By the Besov embedding theorem, this shows that for all
p,d >0

: P _

tim E[[[Ve[1, ] = 0.

Slightly improving the computation carried out in equation (4.2) we
can also see that if 8 — 2a < 0, then essentially V. does not converge
in any reasonable sense since the variance of the Littlewood—Paley blocks
explodes.

Remark 5. The same calculation as in (4.2) shows that
E[A; V. (2)A;Ve(2)] =0
whenever |i — j| > 1, because in that case p;p; = 0.

The previous analysis shows that it is reasonable to take @ < /2 in
order to have some hope of obtaining a well defined limit as ¢ — 0. In this
case V. stays bounded in probability (at least) in spaces of distributions
of regularity —a—. This brings us to the problem of obtaining estimates
for the parabolic PDE

Luf(t,x) = (0 — At (t, z) = Ve(x)u® (¢, x), (t,z) €[0,T] x T%,

depending only on negative regularity norms of V.. On one side the
regularity of u® is then limited by the regularity of the right hand side
which cannot be better than that of V.. On the other side the product
of V. with u® can cause problems since we try to multiply an (a priori)
irregular object with one of limited regularity.

Assume that V. converges to zero in ¥7~2 for v > 0. It is then
reasonable to assume that also Vou® € Cr%?~2, uniformly in € > 0, and
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that u® € Cp%" as a consequence of the regularizing effect of the heat
operator (Lemma 11). We will see in Section 5.1 below that the product
Veu® is under control only if v+~ —2 >0, that isif y > 1. If V., = 0 in
%17, it is not difficult to show that u® converges as € — 0 to the solution
u of the linear equation £u = 0 (for example this will follow from our
analysis below, but in fact it is much simpler to show). In this case the
random potential will not have any effect in the limit.

The interesting situation then is when v < 1. To understand what could
happen in this case let us use a simple transformation of the solution. Write
u® = exp(X*®)v® where X*¢ satisfies the equation .ZX¢ = V. with initial
condition X¢(0,-) = 0. Then

Lt = exp(X®) (V° L X + L0 — 07 (0, X°)? — 2(0,X°, 0,0 )ga)
= exp(X°)v°VL.
Since exp(X¢) > 0 on [0,7] x T9, this implies that v° satisfies
L — 0|0, X°|? — 2(0, X, 0,0 ) pa = 0, (t,z) € [0,T] x T

Our Schauder estimates imply that X¢ = JV, € Cpr%" with uniform
bounds in € > 0, so that the problematic term is |0, X¢|? for which this
estimate does not guarantee existence.

Note that J(e!+R) (¢, z) = ei@*) (1 — e~tIF”) /|k|2, which yields

Ed/2—oz

0, X () = ——— Z e TREOG (L, k)g(k) (4.3)
/97)d/2
( 277) / keezd
where Zg = Z4\{0} and where
k1= emtk/el]
Ge(t, k) =i—————/R(k).
(1) = i VR

Lemma 13. Assume that

0% = (\/ﬂ)d/ BE) 4, +00.

ra k2
Then if o =1 and t > 0 we have
lim E[|0.X¢)?(t,x)] = o2,
and ifa <1 andt >0
tim E[(19, X°[(t,2)] = 0.
Moreover

Valr[Aq(|6gEX‘E|2)(t7 )] < ghda min(047 (52q)5_2||RH0002).



48 M. Gubinelli and N. Perkowski

Proof. A computation similar to that leading to equation (4.2) gives

IE[|8mX5|2(t,x)] d —2a Z |k/€| {/ —(t—s)|k/e|? ds 2R(k)

keeZg
[1 _ e—t(k/s)z}Q

= ed(\/2m)de? 2 Z 2 R(k),
keeZd
which for e =+ 0, ¢t > 0, and o < 1 tends to
lim B[]0, X¢|2(t, 2)] = [o=1 (v27)? R(2 )k = Tp—102.
e—=0 R4 k

Let us now study the variance of |9, X¢|?(t,z). Using equation (4.3) we
have

Aq(|aa:XE|2)(ta )
d—2a

€ il 2,L/E
=i 2 Ty () )Gl )G ) kg ().
kl,kQEEZg

By Wick’s theorem ([22], Theorem 1.28)

Cov(g(k1)g(ka), g(ky)g(k5)) =E[g(k1)g(k1)IE[g(k2)g (k)]
+ E[g(k1)g(kz)|E[g(k2)g (k)]
=k =k k=0 F Ly 4y =ko k=05

which implies

Var[Aq(laszlz)(tyw)}:25(27T)d D (pal(kika) /)| Ge(t, k) PIGe (ko).

ki,kpeczd

For any ¢ > 0 (the case ¢ = —1 is left to the reader), the variables k; and
ko are bounded away from 0 and we have

o [R(k1)|| R(K2)|

VarlAy (10X )6, 2)] S 2T Y (pyl(kitha) /o) S

k1, ka€eZg

A first estimate is obtained by just dropping the factor p,((k1+k2)/e) and
results in the bound

Var[Aq(|8xX€|2)(t,:U)] 5 52d+474a Z |R(k1)2||R(l§2)| ,S 6474040,4.
o kPR
kl,kQGEZO
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Another estimate proceeds by taking into account the constraint given by
the support of p,((k1 + k2)/¢). In order to satisfy ky + k2 ~ €27 we must
have ko < k1 ~ €27 or €27 < ki ~ ko. In the first case

A Sl T L [.C)

2 2
ke ko €72 [
~ R(k
5211(5—2)€d+ﬂ+2—4o¢”R”00 Z Hk2§52‘1‘ |l§ |22)
k}zE&‘Zg 2
k)|
S22l [ anl

<(e29)7 72671 | R]| o0

~

since |R(k1)|/|k1]? < || R]|oo (€29)P =42, If €29 < ky ~ ky we similarly have

R(k)I||IR(k
2d+4—da Z H52‘1<k1~k2‘ (k1)||R(k2)]

2070 |12
k1Ko €eZd [ |2 o
—2) .d 2—4a || P ‘R k2)‘
A T [ I P TSE
szEZd
~ R(k
5(624)/3—254—4(1HRHOO/dk| k(|2)|
S(e29) 721 R |oo0?
O
This lemma shows that the interesting situation is o = 1. Then,

provided 0? < +o0o and 8 > 2 we have |0, X¢|%(t) — o2 in L?(Q;6°") for
all t > 0, and in fact the convergence is uniform for ¢ € [¢, C] whenever
0 < ¢ < C. Since all the operations that appear in the equation for v* are
continuous, it is then easy to see that v* converges to the solution of the
PDE
Lv=ocv (4.4)
and since X¢ is a continuous linear functional of V., we have X — 0 in
Cr%"” and thus we finally obtain the convergence of (u).>o to the same
.
Thus, we have (modulo technical details) shown the following theorem:

Theorem 3. Let B € (0,d] and let R = | - |°~R, where R € Y(Rd)
is a smooth radial function of rapid decay, and assume that o? =
V2m)? [oa R(k)/k*dk < co. Let V:T? — R be a continuous Gaussian

functzon with mean zero and correlatwn

E[V(2)V(y)] = Ce(z —y) = (¢/V2m)? Y VM R(k).

keezd
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Consider the solution u® : R, x T — R to the Cauchy problem
Ot (t,z) = Aus(t,z) + e *V(z/e)u(t, x), u®(0) = wo,

where ug € C(T4). If a € (0,1 A 3/2), then u® converges to the solution

u of
Opu(t, ) = Ault, x), u(0) = up.

However, if 1 = a < /2, then u® converges to the solution v of

dw(t,x) = Av(t,z) + o?v(t, z), v(0) = ug.

4.1 The 2d generalized parabolic Anderson
model

The case @ = 1 and f = 2 remains open in the previous analysis. When
B = 2 we cannot expect o2 to be finite and moreover from the above
computations we see that the variance of |0, X¢|? remains finite and does
not go to zero, so the limiting object should satisfy a stochastic PDE rather
than a deterministic one. If we let 02(t) = E[|0,X¢|?(¢, z)] (which depends
on time but which is easily shown to be independent of z € T?), then we
expect that solving the renormalized equation

L = V.af — it

should give rise in the limit to a well defined random field @ satisfying
@ = eX ¥, where

L= 0C + 2(0, X, 0, 0)pa

and where X is the limit of X¢ as ¢ — 0 while { is the limit of

k o2(s)ds .

(0,X%)? — 02. The relation of u® with @° is @°(t,z) = e Ja u®(t, x).
The renormalization procedure is therefore equivalent to a time—dependent
rescaling of the solution to the initial problem. Without renormalization,
the solution will simply drift of to +o00, so in order to see a nontrivial
behavior, we have to put ourselves in a different reference frame by

t

multiplying with e~ fo ”g(s)ds. One familiar situation where such a need
for renormalization arises is in the central limit theorem: If (V) is a
sequence of i.i.d. random variables with unit variance and mean p > 0,
then (n=1/23"7_| V},) diverges to +oo, but once we subtract the diverging
constants n'/2; we get that (n=1/23°)_ | Yi —n'/2u) converges weakly to
a standard Gaussian distribution.

We will study the renormalization and convergence problem for a more
general equation of the form

Zu® = Fu)Vg, (4.5)
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where F': R — R is a sufficiently smooth function, in general non-linear.
One possible motivation is that if z¢ solves the linear PDE Z2° = 2V,
and we set u® = (2°) for some invertible ¢ : R — R such that ¢’ > 0,
then

L0t = ()L~ ()27 = () Ve () ()
and thus u® satisfies the PDE

Luf = F(u®)Ve + Fy(uf) (0yu)?
where

Fi(z) = ¢' (97 (@)p~ (@) and Fy(w) = —¢" (07 (2))(¢' (¢~ (@)

In the situation we are interested in, the second term in the right hand side
is simpler to treat than the first term. So, for the time being, we will drop
it and we will concentrate on the equation (4.5) in d = 2 with a = 1 and
short ranged (8 = d) potential V' which we refer to as generalized parabolic
Anderson model (GPAM).

Under these conditions, V. converges to the white noise in space which
we usually denote with ¢ and our aim will be to set up a theory in which
the operations involved in the definition of the dynamics of the GPAM are
well defined, including the possibility of the renormalization which already
appears in the linear case as hinted above.

While the reader should always have in mind a limiting procedure from a
well defined model like the ones we were considering so far, in the following
we will mostly discuss the limiting equation. The specific phenomena
appearing when trying to track the oscillations of the term F'(u®)V. as
e — 0 will be described by a renormalized product F(u)o& and so we
write the GPAM as

Lu(t,z) = Fu(t,z)) o &(x), u(0) = up. (4.6)

In the linear case F(u) = u, the problem of the renormalization can be
solved along the lines suggested above. Another possible line of attack
comes from the theory of Gaussian spaces and in particular from Wick
products, see for example [21]. However, the definition of the Wick product
relies on the concrete chaos expansion of its factors, and since nonlinear
functions change the chaos expansion in a complicated way, there is little
hope of directly extending the Wick product approach to the nonlinear
case and moreover using these non-local (in the probability space) objects
can deliver solutions which are not physically acceptable [5].
Equation (4.6) is structurally very similar to the stochastic differential
equation
dw(t) = F(v(t), B (¢), v(0) = v, (4.7)
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where B denotes a fractional Brownian motion with Hurst index H €
(0,1). There are many ways to solve (4.7) in the Brownian case. Since we
are interested in a way that might extend to (4.6) where the irregularity
appears along the two-dimensional spatial variable z, we should exclude
all approaches based on information, filtrations, and a direction of time; in
particular, any approach that works for H # 1/2 might seem promising,.
But Lyons’ theory of rough paths [25] equips us exactly with the techniques
we need to solve (4.7) for general H. More precisely, if for H > 1/3 we are
given [; BHdB¥ then we can use the controlled rough path integral [12] to
make sense of fo fsdBH for any f which “looks like” B | and this allows us
to solve (4.7). So the main ingredients required for controlled rough paths
are the integral [; BZdBE for the reference path B¥, and the fact that
we can describe paths which look like B¥. It is worthwhile to note that
while we need probability theory to construct fo BHEABE | the construction
of fo fsdB is achieved using pathwise arguments and it is given as a
continuous map of f and (B, [[ BEdBH). As a consequence, the solution
to the SDE (4.7) depends pathwise continuously on (B¥, [ BEdBH).

By the structural similarity of (4.6) and (4.7), we might hope to extend
the rough path approach to (4.6). The equivalent of B is given by the
solution ¥ to £Y = &, ¥(0) = 0, and the equivalent of [j B¥dBH turns
out to be the renormalized product ¥ ¢&. Then we might hope that given
Yo & we are able to define f ¢ ¢ for all f that “look like 17, however this is
to be interpreted. Of course, rough paths can only be applied to functions
of a one—-dimensional index variable, while for (4.6) the problem lies in the
irregularity of £ in the spatial variable z € T2.

In the following we combine the ideas from controlled rough paths with
Bony’s paraproduct, a tool from functional analysis that allows us to
extend rough paths to functions of a multidimensional parameter. Using
the paraproduct, we are able to make precise in a simple way what we
mean by “distributions looking like a reference distribution”. We can then
define products of suitable distributions and solve (4.6) as well as many
other interesting singular SPDEs.

4.2 More singular problems

Keeping the homogenization problem as leitmotiv for these lectures,
we could consider also space-time varying environments V.(t,z) =
e~V (t/e?,x/e). The scaling of the temporal variable is chosen so that
it is compatible with the diffusive scaling from a microscopic description,
where V(¢,x) has typical variation in space and time in scales of order
1. Assume that d = 1, then when the random field V' is Gaussian, zero
mean, and with short-range space—time correlations, the natural choice
for the magnitude of the macroscopic fluctuations is @ = 3/2. In this
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case V. converges as ¢ — 0 to a space—time white noise £. Understanding
the limit dynamics as € — 0 of the solution u® to the linear equation
Zuf = V.u® represents now a more difficult problem than in the time
independent situation. A Gaussian computation shows that the random
field X¢, solution to ZX¢ = V. (e.g. with zero initial condition), stays
bounded in C7r%*/?~ as ¢ — 0. Since . is a second order operator (if we
use an appropriate parabolic weighting of the time and space regularities),
¢ is expected to live in a space of distributions of regularity —3/2—. This
is to be compared with the —1— of the space white noise which had to
be dealt with in the GPAM. Renormalization effects are then expected to
be stronger in this setting and the limiting object, which we denote with
w, should satisfy a (suitably renormalized) linear stochastic heat equation
with multiplicative noise (SHE)

Zw(t,x) = w(t,z) o &(t,x), w(0) = wy. (4.8)

As indicated by the computations in the more regular case, it is useful
to consider the change of variables w = e” which is called Cole-Hopf
transformation. Here h : [0,00) x T — R is a new unknown which satisfies
now the Kardar—Parisi-Zhang (KPZ) equation:

Lh(t,x) = (D:h(t,2)°% +E(ta), h(0) = ho (4.9)

where the difficulty comes now from the squaring of the derivative but
which has the nice feature to be additively perturbed by the space—time
white noise, a feature which simplifies many considerations. Another
relevant model in applications is obtained by taking the space derivative
of kpz and letting u(t,z) = J,h(t,x) in order to obtain the stochastic
conservation law

Lu(t,x) = 0y (u(t, ) °? + 0,€(t, ), u(0) = uo, (4.10)

which we will refer to as the stochastic Burgers equation (SBE). In all these
cases, ¢ denotes a suitably renormalized product.

The KPz equation was derived by Kardar-Parisi-Zhang in 1986 as a
universal model for the random growth of an interface [24]. For a long
time it could not be solved due to the fact that there was no way to make
sense of the nonlinearity (9,h)°? in (4.9). The only way to make sense
of Kpz was to apply the Cole-Hopf transform [3]: solve SHE (4.8) (which
is accessible to Itd integration) and set h = logw. But there was no
intrinsic interpretation of what it means to solve (4.9). Finally, in 2011
Hairer [18] used rough paths to give a meaning to the equation and to
obtain solutions directly at the Kpz level. In Section 6 we will sketch
how to recover his solution in the paracontrolled setting. Applications
of the techniques used by Hairer to solve the KPz problem to a more
general homogenization problem with ergodic potentials (not necessarily
Gaussian) have been studied in [20].
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4.3 Hairer’s regularity structures

In [19], Hairer introduces a theory of regularity structures which can also
be considered a generalization of the theory of controlled rough paths
to functions of a multidimensional index variable. Hairer fundamentally
rethinks the notion of regularity. Usually a function is called smooth if
it can be approximated around every point by a polynomial of a given
degree (the Taylor polynomial). Naturally, the solution to an SPDE
driven by —say— Gaussian space-time white noise is not smooth in that
sense. So in Hairer’s theory, a function is called smooth if locally it can be
approximated by the noise (and higher order terms constructed from the
noise). This induces a natural topology in which the solutions to semilinear
SPDEs depend continuously on the driving signal.

At this date it seems that the theory of regularity structures has a wider
range of applicability than the paracontrolled approach described in [14],
but also at the expense of a very deep conceptual sophistication. There
are problems (like the one-dimensional heat equation with multiplicative
noise and general nonlinearity) that cannot be solved using paracontrolled
distributions, but these problems seem also quite difficult (even if doable
and there is work in progress) to tackle with regularity structures.
Moreover, equations of a more general kind, say dispersive equations
or wave equations, are still poorly (or not at all) understood in both
approaches.



Chapter 5

The paracontrolled PAM

As we have tried to motivate in the previous sections we are looking for a
theory for PAM which describes the possible limits of the equation

Zu=F(u)y (5.1)

driven by sufficiently regular n but as 7 is converging to the space white
noise €. From this point of view we are looking for a priori estimates on
the solution u to (5.1) which depend only on distributional norms of 7.
So in the following we will assume that we have at hand only a uniform
control of i in C7%7~2 for some v > 0. For the application to the 2d
space white noise we could take v = 1—, but we will not use this specific
information in order to probe the range of applicability of our approach
and we will only assume that the exponent v is such that 3y —2 > 0.

Assume for a moment that we are in the simpler situation v > 1 and
ug € €7 and let us try to solve equation (5.1) via Picard iterations (¢™),>0
starting from u® = ug. Since F preserves the C¢"-regularity (which can
be seen by identifying C'¢’" with the classical space of bounded Holder—
continuous functions of space), the product F(u°(t))n is well defined as an
element of ¥€7~2 for all t > 0 since 2y — 2 > 0 and we are in condition
to apply Corollary 1 below on the product of elements in Hélder—Besov
spaces. Now by Lemma 11, the heat semigroup generated by the Laplacian
gains two degrees of regularity so that the solution u! to Lu! = F(u®)n,
u'(0) = ug, is in C€7. From here we obtain a contraction on Cr%” for
some small T > 0 whose value does not depend on wg, which gives us
global in time existence and uniqueness of solutions. Note that in one
dimension the space white noise has regularity ¢ '/~ (see Exercise 11)
so taking v = 3/2— we have determined that the one-dimensional PAM
can be solved globally in time with standard techniques.

95
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When the condition 2y — 2 > 0 is not satisfied we still have that
if n € Cr%€7"2 then u € .£7 = Cp%7~2 N C}/>L> by the standard
parabolic estimates of Lemma 11. However with the regularities at hand we
cannot use Corollary 1 anymore to guarantee the continuity of the operator
(u,n) — F(u)n. Moreover, as already seen in the simpler homogenization
problems of Theorem 3 above, this is not a technical difficulty but a real
issue of the regime v < 1. We expect that controlling the model in this
regime can be quite tricky since limits exists when 7 — 0 but the limiting
solution still feels residual order one effects from the vanishing driving
signal 7. This situation cannot be improved from the point of view of
standard analytic considerations. What is needed is a finer control of the
solution u which allows to analyse in more detail the possible resonances
between the fluctuations of u and those of 7.

Before going on we will revise the problem of multiplication of
distributions in the scale of Holder—Besov spaces, introducing the basic
tool of our general analysis: Bony’s paraproduct.

5.1 The paraproduct and the resonant term

Paraproducts are bilinear operations introduced by Bony [4] to linearize
a class of nonlinear hyperbolic PDEs in order to analyse the regularity of
their solutions. In terms of Littlewood—Paley blocks, a general product fg
of two distributions can be (at least formally) decomposed as

F9=> > AifAjg=f=<g+frg+fog

jz-liz—1

Here f < g is the part of the double sum with i < j — 1, f > g is the part
with i > j + 1, and fog is the “diagonal” part, where |i — j| < 1. More
precisely, we define

j—2
f=g=g=f=> > AifAjg and  fog= Y  AifAg.

je—1li=—1 li—j|<1

Of course, the decomposition depends on the dyadic partition of unity used
to define the blocks A, and also on the particular choice of the pairs (4, 5)
in the diagonal part. The choice of taking all (4,5) with |¢ — j| < 1 into
the diagonal part corresponds to the fact that the partition of unity can
be chosen such that supp .Z(A; fA,g) C 27e/ if i < j — 1, where & is a
suitable annulus. If ¢ —j| < 1, the only apriori information on the spectral
support of the various term in the double sum is supp .Z (A; fA;g) C 218,
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that is they are supported in balls and in particular they can have non—
zero contributions to very low wave vectors. We call f<g and f>g
paraproducts, and f o g the resonant term.

Bony’s crucial observation is that f < ¢ (and thus f > g) is always a well-
defined distribution. Heuristically, f < g behaves at large frequencies like
¢ (and thus retains the same regularity), and f provides only a frequency
modulation of g. The only difficulty in constructing fg for arbitrary
distributions lies in handling the diagonal term fog. The basic result
about these bilinear operations is given by the following estimates.

Theorem 4. (Paraproduct estimates) For any 5 € R and f,g € /" we
have

1F =<glls s [1F = llglls, (5.2)

and for a < 0 furthermore

1f<9llass Sa,p I fllallglls- (5.3)

For a+ 8 >0 we have

1fogllats Sas fllallglls- (5-4)

Proof. There exists an annulus &/ such that S;_1fA;g has Fourier
transform supported in 27.¢7, and for f € L> we have

1Sj-1£ 859l Lo <N1Sj-1fllz=lA;gllz= S N flL=27"]glls-

By Lemma 10, we thus obtain (5.2). The proof of (5.3) and (5.4) works in
the same way, where for estimating fog we need a + § > 0 because the
terms of the series are supported in a ball and not in an annulus. O

In combination with Exercise 10 above, we deduce the following simple
corollary:

Corollary 1. Let f € € and g € €° with o + 8 > 0, then the product
(f,g) — fg is a bounded bilinear map from € x €% to €*"P. While
=g, f+=g, and fog depend on the specific dyadic partition of unity, the
product fg does not.

The independence of the product from the dyadic partition of unity
easily follows by taking smooth approximations.

The ill-posedness of f o g for a4 < 0 can be interpreted as a resonance
effect since f o g contains exactly those part of the double series where f
and g are in the same frequency range. The paraproduct f<g can be
interpreted as frequency modulation of g, which should become more clear
in the following example.
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Example 3. In Figure 5.1 we see a slowly oscillating positive function u,
while Figure 5.2 depicts a fast sine curve v. The product uv, which here
equals the paraproduct uw < v since u has no rapidly oscillating components,
is shown in Figure 5.3. We see that the local fluctuations of uv are due to
v, and that uv is essentially oscillating with the same speed as v.

\VAYAVAV/

Figure 5.1: The function u Figure 5.2: The function v

Figure 5.3: The function v <v

Example 4. If f € €7(T) and g € €°(T) with v+ 6 > 1, then we
can define [ fdg == [(fOig), which is well defined since Org € €°~* and
y+6—1> 0, and since integration is a linear map. In this way we recover
the Young integral [32].

Example 5. Let BY be a fractional Brownian bridge on T (or simply a
fractional Brownian motion on [0, 7], reflected on [m,27]) and assume that
H > 1/2. We have o(BH) € €~ for all Lipschitz continuous ¢, and
0B € W=V~ and in particular o(B")0, B is well-defined. This can
be used to solve SDEs driven by BY in a pathwise sense.

The condition « 4+ 5 > 0 is essentially sharp, at least at this level of
generality, see [32] for counterexamples. It excludes of course the Brownian
case: if B is a Brownian motion, then almost surely B € 42, for all
a < 1/2 (meaning that pB € €< whenever ¢ is a smooth compactly
supported function), so that 9;B € %lg‘;l and thus B o 9, B fails to be well
defined. See also [26], Proposition 1.29 for an instructive example which
shows that this is not a shortcoming of our description of regularity, but
that it is indeed impossible to define the product BO;B as a continuous

bilinear operation on distribution spaces.

Other counterexamples are given by our discussion of the homogeniza-
tion problem in Theorem 3 above. More simply, one can consider the
following situation.

Example 6.2 Consider the sequence of functions f, : T — C given
byfn(z) = €™ % /n. Then it is easy to show that || f, |y — 0 for ally < 1/2.
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However let

cos(2n’z) + 1

gn(z) = Re fu(2) Im 0, fo(x) = (cos(n’z))? = 5

Then g, — 1/2 in €°~ which shows that the map f — (Re f)(0, Im f)
cannot be continuous in €7 if v < 1/2. Pictorially the situation is
summarized in Figure 5.4, where we sketched the three dimensional curve
given by x — (Re fn(z),Im f,(z fo gn(y)dy) for various values of n and

g4 |

Figure 5.4: Resonances give macroscopic effects

5.2 Commutator estimates and paralin-
earization

The product F(u)n appearing in the right hand side of PAM can be
decomposed via the paraproduct < as a sum of three terms

F(un=F(u)<n+ F(u)on+ F(u) >n

The first and the last of these terms are continuous in any topology we will
choose for F(u) and n. The resonant term F(u) on however is problematic.
It gathers the products of the oscillations of F(u) and n on comparable
dyadic scales and these products can contribute to all larger scales in
such a way that microscopic oscillations might build up to a macroscopic
effect which does not disappear in the limit (as we have already seen in
Theorem 3). If the function F is smooth enough, then we expect the
resonances between F'(u) and 7 to correspond to the resonances between
u and 7, and as we will see this is justified.

The expected regularity of the different terms is

F(u)<n+ F(u)on+ F(u) >n, (5.5)
——— —— N——
y—2 2y—2 2y—2

but unless 2y — 2 > 0 the resonant term F'(u)on cannot be controlled
using only the C%Y-norm of u and the C¢”~2-norm of . If F is at least



60 M. Gubinelli and N. Perkowski

C?, we can use a paralinearization result (stated precisely in Lemma 16
below) to rewrite this term as

F(u)on = F'(u)(uon) + g (u,n), (5.6)

with a remainder Iz (u,n) € €*~2 provided 3y — 2 > 0. The difficulty is
now localized in the linearized resonant product won. In order to control
this term, we would like to exploit the fact that the function u is not a
generic element of C%Y but that it has a specific structure, since Zu has
to match the paraproduct decomposition given in (5.5) where the least
regular term is expected to be F(u) <n € C€7~2.

In order to do so, we postulate that the solution w is given by the
following paracontrolled ansatz:

u:uX<X+uﬁ,

for functions uX,X,u! such that uX,X € C%” and the remainder
uf € C€*. This decomposition allows for a finer analysis of the resonant
term won: indeed, we have

uon = (uX<X)on+uﬁon:uX(Xon)+C(uX,X,77)+uﬁon, (5.7)

where the commutator is defined by C(uX,X,n) = (u¥<X)on —
uX(X on). Observe now that the term u*on does not pose any further
problem, as it can be controlled in C%3?Y~2. The key point is now that the
commutator is a bounded multilinear function of its arguments as long as
the sum of their regularities is strictly positive, see Lemma 14 below. By
assumption, we have 3y — 2 > 0, and therefore C(u™, X,n) € C¢*~2.

The only problematic term which remains to be handled is thus the
bilinear functional of the noise given by X orn. Here we need to make
the assumption that X on € C¢?* =2 in order for the product uX (X on)
to be well defined. This assumption is not guaranteed by the analytical
estimates at hand, and it has to be added as a further requirement to our
construction.

Granting this last step, we have obtained that the right hand
side of equation (5.1) is well defined and a continuous function of
(u,uX,ul, X,n, X on) € C€7 x C€Y x CE€* x CEY x C€72 x C€* 2.

It remains to check that the paracontrolled ansatz is coherent with the
equation satisfied by solutions to PAM. Let us first consider the linear
example F(u) = u. Here we saw that the solution is of the form u = eXv
with

Lv =0]0, X > + 2(0,v,0, X g2,

where |0, X|? € C¢?7~2 by Lemma 13 and 9,X € C%¢7~! and therefore
v € C€% by the Bony and Schauder estimates. Note that here we have a
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clash of notation, because a priori the X that we defined in Section 4 does
not have to be equal to the paracontrolling distribution X. But of course,
as the notation suggests, we will see momentarily that we can choose them
to be the same. In the setting of Section 4, we have in particular

u=ceXv=v<eX +CC =v<(eX <X)+CEY,

where the notation © = v <eX 4+ C¢?Y means that v — v <eX € CE€?,
and where we used a paralinearization result in last step (see Lemma 15
below). Now the double paraproduct f < (g < h) satisfies

1f <(g=<h) = (f9) <hllats S I fllallgllallPls,

see [4], and therefore u = (veX) < X + C€* = u < X +C%?" which shows
that the paracontrolled ansatz is at least justified in the linear case and
indeed we can choose the paracontrolling distribution to be X.

In the nonlinear case, the paracontrolled ansatz and the Leibniz rule for
the paraproduct imply that (5.1) can be rewritten as

Lu=LWw <X +ub)
=uX < ZLX + [ L X <] X + 2Lt
= F(u) <n+ F(u)on+ F(u) =1,

where we recall that [Z, uX <]X = Z(uX < X) — u® < ZX denotes the
commutator. If we choose X such that .ZX = n and we set u™* = F(u),
then we can use (5.6) and (5.7) to obtain the following equation for the
remainder uf:

ZLut = F'(u)F(u)(X on)+ F(u)=n— £, F(u) <]X

+F'(u)C(F(u), X,n) + F'(u)(uf on) + g (u,n). (5.8)

Lemma 18 below ensures that J[.Z, F(u)<]X € C%* whenever
F(u) € 7 (which easily follows from u € .Z7 by using the increment
characterization of €7 regularity), and combining the paraproduct
estimates with the estimates for C' and IIg that we discussed above,
we see that all the other terms on the right hand side are in C¢27~2.
So the Schauder estimate Lemma 11 allows us to control uf in C€?.
Together with v = F(u)<X + uf, equation (5.8) gives an equivalent
description of the solution, because we only rewrote the original problem.
This allows us to obtain a priori estimates on u and u! in terms of
(uo, [|7]ly=2, | X on]l2y—2), see Chapter 5 of [14] for details. It is now
straightforward to show that if F € Cj, then u depends continuously
on the data (ug,n, X on), so that we have a robust strategy to pass to the
limit in (4.5) and to make sense of the solution to (5.1) also for irregular
n € C¢7~2 as long as v > 2/3.
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In the remainder of this section we will prove the results
(paralinearization and various key commutators) which we used in the
discussion above, before going on to gather the consequences of our analysis
in the next section. When the time dependence does not play any role we
state the results for distributions depending only on the space variable as
the extension to time varying functions will not add further difficulty.

Lemma 14. Assume that a, 5,7 € R are such that a + 8+ v > 0 and
B+~ #0. Then for f,g,h € C the trilinear operator

C(fagah): ((f‘<g)oh)_f(goh>

satisfies
1C 9, Wl < N llallgliglinlly (5.9)

and can thus be uniquely extended to a bounded trilinear operator from

COXECBXxC™ to €8

Proof. For 8+~ > 0 this follows from the paraproduct estimates, so let
B+~ < 0. By definition

C(f,g,h) = Z Ai(Aj ARG A< —1lji—g <1 — Tp—gi<1)
1,5,k

Z Ai(Aj fARG) A< —1lji—g<ilip—ej<n — Dr—r<1)s
4,5,k

where we used that .%(S,_1fArg) has support in an annulus 2*.27, so
that A;(Sk—1fAkg) # 0 only if i — k] < N — 1 for some fixed N € N,
which in combination with |i — 4| < 1 yields |k — ¢ < N. Now the
assumptions on our partition of unity guarantee that for fixed k, the
term ), logip—r<nArgAch is spectrally supported in an annulus 2k o7
so that 3, Togje—r<nArgAsh € €17 and we may add and subtract
f Zk,é Io<k—e<NARgALh to C(f, g, h) while maintaining the bound (5.9).
It remains to treat

Z Ai(Aj fARG)AchT g —g <N (Tick—1T1i—g<1 — 1)
it

=— Z Ai(Aj fARG)AchL_g <N Tizk—1 + Lick—1li—g>1).  (5.10)

,3,k,¢

We estimate both terms on the right hand side separately. For m > —1
we have (recall that for indices of Littlewood—Paley blocks, i < j is to be
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read as 2 < 27, that is i < j + ¢ for some fixed c):

oo

HAm( Z Ai(AjfAkg>AéhH|kfé|<N]Ij2kfl)HL
.

<Y TemgenTzr-1[Am (A FARgALR) | Lo

g,k

<30S 2 flla2 gl 527 1)
jZm k<

S 3 2B £ ligllgliblly S 27D £ allglls 1715,
jizm

using B+ < 0toget > ;< 2k(B+7) < 27(e+8) Tt remains to estimate the
second term in (5.10). For |[i — ¢| > 1 and i ~ k ~ £, any term of the form
A;()Ay(+) is spectrally supported in an annulus 2°<7, and therefore

HAm( Z Az‘(Aijkg)AehH\k—e\gNﬂj<k—1]Iu—u>1) HLOO

i,4,k,€
S LickoaTimkotom [ Ai(A; fAkg) Agh| L
i,5,k,¢
SO 270 a2 glls2 ™ Ikl S 27 f allglls IR
iSm

O

Remark 6. For 8+ v = 0 we can apply the commutator estimate with
v <7, as long as a+ B+~ > 0.

Our next result is a simple paralinearization lemma for non-linear
operators.

Lemma 15 (see also [1], Theorem 2.92). Let « € (0,1), 8 € (0,q],

and let F € C;+B/a. There exists a locally bounded map Ry : €% — €°+°
such that

F(f)=F'(f)=<f+Rr(f) (5.11)

for all f € €%. More precisely, we have
IBe(Pllats S IE gaora(l+ IF11&2).
IfF e C§+B/a, then R is locally Lipschitz continuous:

I1BF(f) = Br(9)llats S 1Nl gzrore (L + (I flla + lglla) 77 1f = glla-



64 M. Gubinelli and N. Perkowski

Remark 7. Since every element of € is bounded, the result immediately

extends to unbounded F € C'tP/*: Simply replace F by an element of

C;Jrﬂ/a which agrees with F' on the image of f.

Proof. [Proof of Lemma 15| The difference F(f) — F'(f) < f is given by

Rp(f)=F(f) = F'(f)<f= D [AF(f) = SiaF'(HAf = ) i,

i>—1 i>—1

and every u; is spectrally supported in a ball 2°%. For i < 1, we simply
estimate [ugl[ze < [[Fllcp (L + [[flla). For i > 1 we use the fact that

f is a bounded function to write the Littlewood—Paley projections as
convolutions and obtain

u; ()

- / Ki(e — y)Kair(z — 2)[F(f(y)) — F'(£(2)f())dydz
- / Kile — y)K i (z — 2F(() — PU) — F'(FE) ) — 1(2))dydz,

where K; = F 7 lp;, Keio1 = > j<i1 Kj, and where we used that
[ K;(y)dy = p;i(0) =0 for i > 0 and [K;_1(z)dz =1 for i > 1. Now
we can apply a first order Taylor expansion to F' and use the 8/a—Hdélder
continuity of F’ in combination with the a—Holder continuity of f, to
deduce

()
S egeore 157 [ il = ) cote = 2] x 2 = o Haga

=l gavare || flla P gDt
[ 1R @ R (@ e ) 27 e ) g
SHFHC;Jrﬁ/Q ||f||‘11+ﬂ/a2—i(a+ﬁ).

Therefore, the estimate for Rp(f) follows from Lemma 10. The estimate
for Rp(f) — Rr(g) is shown in the same way. O

Let g be a distribution belonging to €” for some 3 < 0. Then the map
f — fog behaves, modulo smoother correction terms, like a derivative
operator:

Lemma 16. Let a € (0,1), € (0,a], ¥ € R be such that a+ 8+~v >0

and o+ #0. Let F € C’;HB/O‘. Then there exists a locally bounded map
Iy : €% x €7 — €T such that

F(f)og=F'(f)(fog) +1r(f,9) (5.12)
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for all f € €% and all smooth g. More precisely, we have

e (f, )l S I1F Nl greare (L4 I £105 ) lgl-

If F e Cf-&-ﬂ/a} then g is locally Lipschitz continuous:

e (f,9) = W (u, 0) [ty
SIElzvera L+ flla + llla) 2 @+ Mol ) (L = ulla + 1lg = ll-)-

Proof. Use the paralinearization and commutator lemmas above to
deduce that

Ip(f,9)=F(f)og—F'(f)(fog)
=Rp(f)og+ (F'(f)<f)og—F'(f)(fog)
= Rp(f)og+ C(F'(f), .9),
so that the claimed bounds easily follow from Lemma 14 and Lemma 15.

O
Besides this sort of chain rule, we also have a Leibniz rule for f — fog:

Lemma 17. Let o € (0,1) and vy < 0 be such that 2a+~v > 0 and a+v # 0.
Then there ezists a bounded trilinear operator Il : €*X€*x €7 — €17,
such that

(fu)og = fluog) +u(fog)+IL(f,ug)
for all f,u € €*(R) and all smooth g.

Proof. It suffices to note that fu = f <u+ f >u+ f owu, which leads to

ILc(f,u, 9) = (fu) o g—f(uog)—u(fog) = C(f,u, 9)+C(u, f,g)+(fou) o
O

Lemma 18. Let f < 1, a € R, and let f € £P and G € CE* with
LG € CE€2. There exists H = H(f,G) such that H = [, f <]G
and H(0) = 0. Moreover H € C€*+t8 N C@N)/2L> and for all T > 0

[l gtorer2 oo + 1 Hllcrgars S I1Fll 22 (1Gloree + LGl cpga-2)-

Proof. Let T > 0 and let f. be a time mollification of f such that
10 fellcrre < P27 fll g and || fe = fllerze S €P/2(|f ]| 2o foralle > 0.

For example we can take f. = p. * f with p:(t) = p(t/s)/e and p: R — R
compactly supported, smooth, and of unit integral. For ¢ > —1 we have

YLNANH =N, ¥H
=N [ZL((f = f)=G) = (f = fo) < LG+ A [Z(f- < G) — f- < LG,
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so that
LN(H —(f = f)=G) = =A; [(f = fo) LG+ A [Z(f < G) — f- = ZG]
=N [(f: — /)< LG+ A [Lf- <G =20, f- < 0,G],

with initial condition A;(H — (f — f-) <G)(0) = —(A;(f — f) < G)(0).
The Schauder estimates for . (Lemma 11) give

HAl(H + (f - fs) = G)Hﬂg;ﬂﬁ
5 ”Al [(f - fs) '<$G] + Az [(gfe) <G — 2amfs < azG]”CTgaJrBfZ
+1(A(f = o) < G)(0)[|axts-

Choosing € = 2% we have

1A((f = ) < P)lopgars S 27 A((f = f2) = G)llcpen
S 2% f = fellerr=l|Gllerwe

< 17l gz lClloren
and exactly the same argument also gives

1A [(f = fe) *iﬂG]HCngaw—z S Hf”gﬁ H«>§€CTY||CT(goz—2 .
Since 8 < 1, we further get

|A; [Zfe <G+ 0xfe < 0:G]| cpegats—
<2028, fellor < |Gllore + Ifellcres | Glloree
Sl 2z IGllerse + [ fllores 1Glore-
Combining everything, we end up with

1Al [|opgers S 1l (1Glleree + 112G opga-2),

which gives the estimate for the space regularity of H since ||A;H||cpro S

~

27 (@40 |A;H|| ¢, gars. The time regularity of H can be controlled
similarly by noting that (f — f.) <G € C}aAB)/QLm, uniformly ine. O

5.3 Paracontrolled distributions

Here we build a calculus of distributions satisfying a paracontrolled ansatz.
We start by defining a suitable space of such objects.

Definition 5. Let o > 0 and 8 € (0,a] be such that oo + 8 € (0,2),
and let w € L. A pair of distributions (f, f*) € L x £P is called
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paracontrolled by u if f* = f — f*<u € CE€*TP N LP. In that case we
write f € 9% = 2P(u), and for all T > 0 we define the norm

Ifllgz = 11 care +1F N g + 1 F: lcrgara + 1 £l ooz e
Ifa € .2 and (f, f*) € 2°(q), then we also write

d@é{(fvf) = [l f* —fﬁHgg + 11 = Prllepgars + || —fﬁHCg/?Loc-

Note that in general f and f do not live on the same space, so dgp is not
T
a distance.

Of course we should really write (f, f*) € 2° since given f and u, the
derivative f* is usually not uniquely determined. But in the applications
there will always be an obvious candidate for the derivative, and no
confusion will arise.

Remark 8. The space 2° does not depend on the specific dyadic
partition of wunity. Indeed, Bony [4] has shown that if =< is the
paraproduct constructed from another partition of unity, then || f“<u —

fr =ullergers SN lleres lulloree

Nonlinear operations As an immediate consequence of Lemma 14 we
can multiply any distribution that is paracontrolled by u with a given v,
provided that we know how to multiply u with v (of course always under
suitable regularity assumptions):

Theorem 5 (also see Theorem 3.7 of [14]). Let a, f € R, v < 0, with
a+B+vy>0anda+vy#0. Letue CE€Y, ve CE, and let { € CET.
Then

PPuw)s frs fo=f<v+frv+ ffov+ C(f* u,v) + fU¢C € CEY
defines a bounded linear operator and for all T > 0 we have the bound

[(fo)lopgaty = |f - v — f <v|lcpzat
S 1A llge (lvllerer + [uloreallvlorer + [I¢lopegatr) -

If there exist sequences of smooth functions (u,) and (v,) converging to u
and v in C€* and CE" respectively for which (u, ovy,) converges to ¢ in
CE€*T7, then f-v does not depend on the dyadic partition of unity used
to construct it.

Furthermore, there exists a quadratic polynomial P so that if @,0,C
satisfy the same assumptions as u, v,  respectively, if f € PP (1), and
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M = maX{llullcT%a, [vllore, Illargesss [[alloree [0llore,

1l 1 gy 1l gy}
then

1(fo)! = (f0)! || cpegosn
<P(M) (dgs(f, f) + |lu = @llcpzs + v —llcrer + 1€ = Cllopgat) -

Proof. Given Lemma 14 (and the paraproduct estimates Theorem 4),
the proof is straightforward and we leave most of it as an exercise. Let us
only comment on the independence of the partition of unity: let (u™,v™)
be as announced and define f, := f* <u, + f* Then

lim fn’Un = lim (fn%vn+fn>vn +fnovn+c(fuvun’vn)+fu(u"Ovn))
n— oo n—0o0
=f=<vtfrv+ flov+O(f* uv)+ f'C=f-v.

Since the pointwise product f,,v,, does not depend on the partition of unity,
also the limit must be independent.

The bound on the difference is obtained by using the boundedness and
multilinearity of all operators involved. |

From now on we will assume that there exist smooth functions (u,,) and
(vp) converging to u and v respectively for which (u,, o v,,) converges to ¢,
so that the product does not depend on the partition of unity, and we will
usually write fv rather than f-v. Later we will see that the resonant term
(un, © vy,) must often be renormalized by subtracting a large constant, but
this will not affect the independence of the product from the partition of
unity.

To solve equations involving general nonlinear functions, we need
to examine the stability of paracontrolled distributions under smooth
functions.

Theorem 6. Let o € (0,1) and B € (0,a]. Let u € L%, f € 2*(u), and

F e C;Jrﬁ/a. Then F(f) € 27 with derivative (F(f))* = F'(f)f*, and
for allT >0

(P gp S WF Nl greara (14 (1F1152) (1 + Tull%g)-

Moreover, there exists a polynomial P which satisfies, for all F' € C§+5/a,

e L, fe2%a), and

M = max { ull 2z, |3ll2z | Fllage, | Fllog e |
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the bound
dgg(F(f),F(f)) S P(M)||Fll gzr0/+(dag (f, F) 4 llu — @l 20).

The proof is not very complicated but rather lengthy, and we do not
present it here. The reader can find it in [14].

Schauder estimate for paracontrolled distributions The Schauder
estimate Lemma 11 is not quite sufficient: we also need to understand how
the heat kernel acts on the paracontrolled structure.

Theorem 7. Let a € (0,1) and B € (0,a]. Let u € C€*2 and LU =u
with U(0) = 0. Let f* € £8, ft € C€*P~2, and gy € €*1P. Then
(g, f*) € 28(U), where g solves

Lg=f"<u+f g(0) = go,
and we have the bound
191122 @y S Ngollats + (L +T)(F Nl g (L + [lullopga—2) + ¥ oppata2)

for ol T > 0. If furthermore @,U,f% f* Go,§ satisfy the
same assumptions as u,U, f* f% go,g respectively, and if M =
max{|[f*|| zg, [lullcree—z, 1}, then

dg(9,9) Sllgo — Jollats
T

+(A+T)M(If* - fa\lgjzz +lu = dllopga—z + 1 = Pllogeats-2).

Proof. Let us derive an equation for the remainder gf. We have
L =Lg-2L(f'<U)
=[f"<u+ fI - f < LU - [L(f*<U) - f* < L]
= ff=[Z, <.
Since o A § = [ we can now apply Lemma 18 to see that there exists

H € C€°tP N CP2L>® such that ZH = [£, f*<]U, so we can apply
the standard Schauder estimates of Lemma 11 to .Z (g% + H) = f* to get

gl crgats + 1% lgormrz oo SIUF Il gp (10 lloree + 1L Ullorga—2)
+ [ lopgars-s.

The estimate for g% — g* can be derived in the same way. O
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Bibliographic notes. Paraproducts were introduced in [4]. For a nice
introduction see [1]. The commutator estimate Lemma 14 is from [14],
but the proof here is new and the statement is slightly different. In [14],
we require the additional assumption o € (0,1) under which C' maps
C* x €8 x €7 to €+ and not only to €77, Theorem 6 is from [14].

Theorem 7 is new, but it is implicitly used in [14]. The estimates
presented here will only allow us to consider regular initial conditions.
More general situations can be covered by working on spaces allowing for
a singularity at 0, such as

{£eC((0.00).%%): sup |77 f(t)]lw < ocforall T >0}
te(0,T]

and similar for the temporal regularity. This is also done in [14].

Of course it is easily possible to replace the Laplacian by more general
pseudo-differential operators. We only used two properties of A: the fact
that A(f' <U) — f/ < (AU) is relatively regular, and that the semigroup
generated by A has a sufficiently strong regularization effect. This is also
true for the fractional Laplace operator and more generally for a wide
range of pseudo-differential operators.

5.4 Fixpoint

Let us now give the details for the solution to PAM in the space of
paracontrolled distributions. Assume that F' : R — R is in C’;+E for
some € > 0 such that (2 4+ ¢)y > 2.

Let Y € C%¢" and let u € 27(Y). We will see below how to choose
Y, for the moment it is an arbitrary C'¢" function. From Theorem 6 we
know that F(u) € 27(Y):

u—F

2(v) 22E, gev iy, (5.13)

Assume now that Y on € C4?7~2 is given — note that for the regularity
assumptions we made, Y on is not a continuous functional of Y and n
but must be controlled using other means, say stochastic computations!
Under this assumption, Theorem 5 applied with v = Y, v = 7, and
¢ =Y o1 shows that for all f € 2°7(Y) we have fn = (fn)* + f <n with
(fn)f € C€*~2 — it is here that we use (2 + £)y > 2. Integrating against
the heat kernel and assuming that ug € €27, we obtain from Theorem 7
(with uw = n, f* = f, f = (fn)¥) that the solution (J(fn)(t) + Piuo)t=0
to L(J(fn) + Puo) = fn, J(fn)(0) + Poug = up, is in 27(X), where X
solves .ZX =n and X (0) = 0. In other words, we have a map

frPouo+J(fn)
I

Z57(Y) P7(X), (5.14)
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and combining (5.13) and (5.14) we get

_@’Y(Y) u— F(u) _@57(}/) F(u)—P.uo+J(F(u)n)

77(X),
so that for all T" > 0 we can define
Lr: 20(Y) = 27(X),  Tr(u) = (Puo+ J(F(uw)n))lo,-

To set up a Picard iteration domain and image space should coincide which
means we should take Y = X. Refining the analysis, we obtain a scaling
factor T° when estimating the 27.(X)-norm of I'r(u). This allows us to
show that for small 7" > 0, the map 'z leaves suitable balls in Z7.(X)
invariant, and therefore we obtain the (local in time) ezistence of solutions
to the equation under the assumption X on € C€27~2.

To obtain uniqueness we need to suppose that F' € Cf“. In that
case Theorem 6 gives the local Lipschitz continuity of the map u +— F(u)
from 27.(X) to 27'(X), while Theorem 5 and Theorem 7 show that
f = wuo + J(fn) defines a Lipschitz continuous map from Z7'(X) to
23(X). Again we can obtain a scaling factor 7%, so that 'z defines a
contraction on a suitable ball of Z7.(X) for some small T > 0.

Even better, I'r not only depends locally Lipschitz continuously on wu,
but also on the extended data (ug,n,X on), and therefore the solution
to (5.1) depends locally Lipschitz continuously on (ug,n, X on).

5.5 Renormalization

So far we argued under the assumption that X o7 exists and has a sufficient
regularity. This should be understood via approximations as the existence
of a sequence of smooth functions (n,) that converges to 7, such that
(X, ony) converges to X on. However, as we will see below, this hypothesis
is questionable and actually not satisfied at all in the problem we are
interested in. More concretely, recall that we would like to take n = £ to
be the two—dimensional space white noise. If then ¢ is a Schwartz function
on R? and if ¢,, = np(n-) and

(o) =00+ 6(0) = [ onlo =)@y = 3 (6oulo + 2k =),

kez?

then we will see below that there exist constants (c,) with lim,, ¢, = oo,
such that (X, on, — ¢,) converges in C7%?7~2 for all T > 0.

This is not a problem with our specific approximation. The
homogenization setting shows that even for n — 0 there are cases where
the limiting equation is nontrivial. In the paracontrolled setting we have
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a continuous dependence of the solution on the data (1, X on), so this
non-triviality of the limit can only mean that it is X on which does not
converge to zero.

Another way to see that there is a problem is to consider the following
representation of the resonant term: use £ X = 7 to write

Xon=XoZX
= %X(XOX)—%@IXO@IX

= 0. X|? + %X(X 0X)—20,X <9, X.

Integrating this equation over the torus and over t € [0, T, we get

T T
/ X ondxdt = / |6 X|?dzdt + / Z(X o X)dx
0 T2 T2
72/ (0:X < 0, X)dadt.
'H‘Z

Writing ¢ = 9; — A and using that X (0) =0 and sz Aypda = 0 for all ¥
(which can be seen using integration by parts and pulling the operator A
on the constant function 1), we thus get

T T
/ Xondxdt:/ \8IX|2d:cdt+l/ (X(T)o X(T))dz
0 T2 0 T2 2 T2
T
9 / (0, X < 0, X)dadt.
0 T2

So if Xon € Cr€?~2 and X € Cr%"”, then all the terms should be
well defined and finite (the integral over T? corresponds to testing a
distribution against to constant test function 1). This would mean that
fOT Jp2 10:X[2dadt < 400, but on the other side a direct computation
shows that

/ 9. X (t,)Pda = +o0o
T2

for any ¢t > 0 almost surely if n is the space white noise. Note also that
the problematic term |9, X|? is exactly the correction term appearing in
the analysis of the linear homogenization problem in Section 4.

In order to prove the convergence of the smooth solutions in general,
we should introduce corrections to the equation to remove the divergent
constant c,. Let us see where the resonant product X on appears. We
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have

(F(upn)t = F(u) =5+ (F(w))F o + C((F()X, X,n) + (F(u))X (X o).

(5.15)
Now (F(u))* = F'(u)uX by Theorem 6, and if u solves the equation
Lu = F(u)n = F(u) <n+ (F(u)n)*, then Theorem 7 with u =7, X = U
shows that u® = F(u). So we should really consider the renormalized

equation
Ly = Flup)on, = Fup)&n — F'(un) F(up)cn,

where we recall that (c,,) are the diverging constants for which (X, on, —
¢n) converges. In that case we have

Lun =F (un) <1 + F(up) = nn + (F(un))ﬂ O
+ C(F/(Un)F(Un)7Xn,77n) + F/(un)F(un)(Xn OMn — Cn)7

and now all the terms on the right hand side are under control and we can
safely pass to the limit, for which we obtain the equation

Lu=F(u)on = (F(u)on)t + F(u)<n, (5.16)

where (F(u)on)! is calculated using X on = lim, (X, 0n, — ¢,) in the
place of X o7 in (5.15). Formally, we also denote this product by

F(u)on = F(u)n — F'(u)F(u) - o,
so that the solution u will satisfy
Lu=F(u) — F'(u)F(u) - 00.

Note that the correction term has exactly the same form as the
Itd/Stratonovich corrector for SDEs. For the reader familiar with rough
paths this will not come as a surprise: Changing the iterated integrals of
a rough path B from some given [, B,dB;, to [j BdB, + ¢ introduces
a correction term +F'(y)F(y)dyp in the ODE 0,y = F(y)0,B. In our
setting the resonant term takes the role of the iterated integrals, and since
the structure of the ODE and GPAM is very similar changing the resonant
term has a similar effect as changing the iterated integrals in the ODE
example.

Remark 9. The convergence properties of (X, ony,) are in stark contrast
to the ODE setting: if we consider the equation Oyu = F(u)( rather than
PAM, then we should replace X by Z with 0;Z = (. But then we have in
one dimension Zo( = 1/20{(Z o Z), so that the convergence of (Zn o ()
to Z o comes for free with the convergence of (Zy) to Z. Indeed, 0; is a
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bounded linear operator from €" to €7~* whenever vy €R, and Z + ZoZ
is continuous from €7 to €*' whenever v > 0. So if (Z,) converges to
Z in a Holder space of positive regularity, then (0;(Z, o Z,)) converges
to 0;(Z o Z). This specific representation of Z o( comes from the Leibniz
rule for Oy and it is the reason why rough path theory is trivial in one
dimension, at least as long as one considers those rough paths which are
limit of smooth paths. Of course, the argument breaks down as soon as Z
has at least two components. As we have discussed, for the second order
differential operator £ we have different rules and obtain

(Xom) = (Xo.2X) = . #(X 0 X) +(8:X 00, X),

so that in our setting the nontrivial term is 0, X 0 0, X.
These considerations lead naturally to the following definition.

Definition 6. (PAM-enhancement) Let v € (2/3,1) and let

XY CETTx O

pam
be the closure of the image of the map

Opam : O x C([0,00),R) — X7

pam>

given by
Opam (0, f) = (0,200) := (6,200 — f), (5.17)

where ® = J0, that is P = 6 and ®(0) = 0. We will call Opam (0, f) the
renormalized PAM—enhancement of the driving distribution 6. For T > 0
we define X, (T) = Xamlj0,m) and we write ||X|[ x5, () for the norm of
X € X, (T) in the Banach space €72 x Cp€* =2, Moreover, we define

the distance dX;am(T)(X, X) =X - X”XQ (1)

a

Remark 10. In the homogenization example of Section 4 we would take
0=V, and ® = X..

Remark 11. It would be more elegant to renormalize ® o 0 with a constant
and not with a time-dependent function, as we discussed above. Indeed this
is possible, see Chapter 5 of [14]. But since here we chose ®(0) = 0, we
have ®(0) 00 = 0 and therefore (9,,(0) 0 b, —¢c,) diverges for any diverging
sequence of constants (cp,). A simple way of avoiding this problem is to
consider the stationary version ® given by

(z) = /0 h P, 400(x)dt,

where Ilzo denotes the projection on the non-zero Fourier modes, Ilxou =
u — (2m)~¥24(0). But then ® does not depend on time and in particular
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®(0) # 0, so that we have to consider irreqular initial conditions in the
paracontrolled approach which complicates the presentation. Alternatively,
we could observe that in the white noise case there exist constants (c,) so
that (X, (t) 0 &, — ¢n) converges for allt > 0, and while the limit (X (t)©&)
diverges as t — 0, it can be integrated against the heat kernel. Again,
this would complicate the presentation and here we choose the simple (and
cheap) solution of taking a time-dependent renormalization.

Theorem 8. Let v € (2/3,1) and € > 0 be such that (2 +¢)y > 2. Let
X=mXon) € X, F € C2*e, and ug € €%7. Then there erists a
unique solution u € PV(X) to the equation

Lu=F(u)on,  u(0)=uo,

up to the (possibly finite) explosion time 7 = 7(u) = inf{t > 0: [lullgy =
oo} > 0.

Moreover, u depends on (ug,X) € €7 x Xam @ a locally Lipschitz
continuous way: if M,T > 0 are such that for all (uo,X) with ||ugll2y V
X x2,..cr) < M, the solution u to the equation driven by (ug,X) satisfies

7(u) > T, and if (i, X) is another set of data bounded in the above sense
by M, then there exists C(F,M) > 0 for which

dgy (u, @) < C(F, M)(|lug — oll2 + dag,,,(r) (X, X)).

Proof. We only have to turn the formal discussion of Section 5.4 into
rigorous mathematics. The small factor 7° on page 71 is obtained from
a scaling argument and while this does not require any new insights it is
somewhat lengthy and we refer to [14, 16] for details.

Let us just indicate how to iterate the construction to obtain the
existence of solutions up to the explosion time 7. Let us assume that
we constructed the paracontrolled solution (u,u”) (with uX = F(u)) on
[0, Tp] for some Ty > 0. Now we no longer have X (Tj) = 0, and also the
initial condition u(Tp) is no longer in 4. But we only used X (0) = 0
to see that the initial condition for u? is u*(0) = ug, and we only used
up € €?" to obtain a € initial condition for uf. On the next interval,
the initial condition for u* is u*(Tp) = u(Ty) — F(u(Ty)) < X (Tp) which is
in 27 by construction, since we already know that uf € C([0, Ty], €%).

As for the continuity in (ug, X), let (7o, X) be another set of data also
bounded by M. Then the solutions u and @ both are bounded in Z;.
by some constant ¢ = ¢(F, M) > 0. So by the continuity properties of
the paracontrolled product (and the other operations involved), we can
estimate

gy (1, 8) < P(e) (luo = iy + dag,, or) (X, K) + TPy (u,))

pam

for a polynomial P. The local Lipschitz continuity on [0,7] immediately
follows if we choose T' > 0 small enough. This can be iterated to obtain
the local Lipschitz continuity on “macroscopic” intervals. O
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Remark 12. For the local in time existence it is not necessary to assume
Fe Cb2+€. It suffices to have F € C**%. This can be seen by considering a
ball containing uo(z) for all x € T, a function F € CF™ which coincides
with F on this ball, and by stopping u upon exiting the ball.

In the linear case F(u) = wu we have global in time solutions:
in general we only get local in time solutions because we pick up a
superlinear (polynomial) estimate when applying the paralinearization
result Theorem 6. This step is not necessary if F' is linear, and all the
other estimates are linear in u.

5.6 Construction of the extended data

In order to apply Theorem 8 to equation (5.1) with white noise
perturbation, it remains to show that if & is a spatial white noise on T2,
then (£, X ¢ &) defines an element of X)), whenever v € (2/3,1). In other
words, we need to construct X ¢ ¢ and control its regularity.

Since P is a smooth function for every ¢t > 0, the resonant term
P,£ o ¢ is a smooth function, and therefore we could formally set X (¢) o0& =
fOt(Psf o¢)ds. But we will see that this expression does not make sense.

A

Recall that (£(k))gez2 is a complex valued, centered Gaussian process
with covariance

E[E(R)E(K)] = S —o, (5.18)
and such that £(k)* = £(—k).

Lemma 19. For any x € T? and t > 0 we have

g0 = E[(P&)(2)€(x)] = B[(P& 0 €)(2)] = E[A 1 (PEo)(a)] = (2m) 2 Y e

kez?

In particular, g; does not depend on the partition of unity used to define
the o operator, and f(f gsds = oo for allt > 0.

Proof. Let x € T2, ¢t >0, and £ > —1. Then

E[A((Pof)(z)] = Y E[Af(Ai(Pé)A;6)()],

li—jl<1

where exchanging summation and expectation is justified because it can
be easily verified that the partial sums of Ay(P;{o¢)(x) are uniformly
LP-bounded for any p > 1. Now P, = e‘t‘"z(D)7 and therefore we get
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from (5.18)
E[A(Ai(P£)A;E)(x)]
=2m) " Y e @pelk + K )pi(k)e M o (REIE(R)E(K)]
kk' €72
=2m)72 3" pe(0)pi(k)e 1 py (k) = de——1(2m) 72 3 pilk)pj(R)e M.
kez? kez?
For |i — j| > 1 we have p;(k)p;(k) = 0 and therefore
=E[(P£o&)(2)]
= E[(P&)(x)&(x)]
23 D pilk)ps(k)e
keZ? i.j
=(2m)72 Z eft‘k‘Q,
kez?
while E[(P;{o&)(x) — A_1(P&o&))(x)] =0. O

Exercise 12. Let ¢ be a Schwartz function on R? and set
En(z) = (n*p(n-)) = €)(x)
= [ wetnte = ey
=) (& nPe(n(z + 27k — 1))

kez?
Jor x € T2, Write Fr2(2) = [p. € — (z)dz. Show that
E[(Pién 0 &) (@)] = B[A 1(Pién o &) @)] = (2m) 72 Y e | Frago(le/m)|>

keZ?
Hint: Use Poisson summation.

The diverging time integral motivates us to study the renormalized
product X o€ — [, gsds, where [ g.ds is an “infinite function”:

Lemma 20. Set
t
(xo)t) = [ (Pigoe—g.)ds
0

Then IE[||X<>§||’(’]T<€27,2(T2)] < oo forally<1l, p>1,T > 0. Moreover,
if p is a Schwartz function on R2 with f<p Yo =1, if & = on * § with
on =n2p(n:) forn €N, and X, ( fo P.¢,ds, then

nlggoE[||X<>£ — (Xno&n — fn)”cTcg%—?(W)] =0
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for all p > 1, where for all x € T?
fo(t) = E[Xn(t, 2)8n ()] = E[(Xn(t) 0 &n)(2)]
DY |ﬁR2g|ak(l;/n>l(1 — ety 4 (2m) =2,
kez2\{0}

Proof. To lighten the notation, we will only show that
IE[||X<>§||’(’/~T%27,2] < 00. The convergence of (X, o0&, — fn) to Xo¢&
is shown by applying dominated convergence, and we leave it as an
exercise. Let ¢t > 0 and define =; = Pi£of — ¢g;. Let us start by
estimating E[|AZ¢(z)|?] for £ > —1 and = € T?. Lemma 19 yields
Avgy = 0 = E[Ay(Poé)(x)] for £ > 0 and z € T?, and A_19; = g4 =
E[A_1 (P& o&)()], so that E[|A,Z(z)]?] = Var(Ay(P£o&)(x)). But
Ag(Pgo 5)( )

= () F(Pi&o&)) (k)

kez?

ST Y ek @pelhy 4 Ea)pi(ky)e P E k) py (ko) (o),

k1, ko €72 ‘7, ]‘<l

and therefore

Var(Ae(Ptﬁ §)(x))

YN Y G @pelh + ka)pilki)e T pj (k)

k1 ,ko k' k’ li—7|<1 |/ —5"|<1
* _ 72 o o~ o~ o
X e uy (2)pe(ky + ky) pir (K e 1R 0 () Cov (€ (k1 )€ (R2), E(RY)E(KS)),
where exchanging summation and expectation can be justified a posteriori

by the uniform LP—boundedness of the partial sums. Now Wick’s theorem
([22], Theorem 1.28) gives

Cov (& (k)€ (k2), E(k))E (kD))
=E[£ (k1)&(ka)E(K))E (k)] — B[E(K1)
[ (k1 )& (K 2)]]E[5(k'1)§(ké)] +E[€(k1)¢
E[¢(k1)é(k5)]E[S 1) )

—(5k1+kg:o5k2+k§:0 + 5k1+k;:o5k2+k;:o),
which leads to
Var(Ag(P£o€)(a TN DT Nl pi (b + ko) pilka) ps (k)

ki,ko [1—37|<1 i —5/|<1

% [pur (k1) (k2)e™ 2511 4 s (ko) pyr (ka ) r P11k ),
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Observe that there exists ¢ > 0 such that e 2tF° < e=t2* for all
k € supp(p;) Usupp(p;) with 4,5 > —1 and |i — j| < 1. Thus

Var(A¢(P&o&)(x))
_otea?i
S Z Ly<ilinjmirnjr Z Liupp(pe) (k1 + kQ)Hsupp(m)(kl)lsupp(pj)(k2)€ 2tez

1,5,¢,3" k1,k2
20 20
. 402 2 1620 2 520
g § 2212%6 te2 5 - § e tc'2 5 - e tc'2 ,
9> il

where in the third step we used that $22 < e!(c=¢)2" for all 0 < ¢ < c.
Consider now X o&(t) = fg Esds. We have for all 0 < s <t

E[| X 0&(t) = X 0&(s)[ 75, ]

2p,2p

=3 g / E[|Ag(X 0 &(t) — X 0 &(s))(x)[*"]dz.
¢ T

Since the random variable Ay(X o &(t) — X ©£(s))(x) lives in the second
non-homogeneous chaos generated by the Gaussian white noise £, we may
use Gaussian hypercontractivity ([22], Theorem 3.50) to bound

E[|A(X 0&(t) = X 0&(5))(2)[*"] S E[An(X 0£(t) — X 0&(s)) ()]
t 2p
< (/ E[|AE, (o))

But we just showed that
E[JAE,(2)]] < E[JAE (2)*]'/? = (Var(Ag(P€ 0 €)(x)))/?

_ _1...920 _ o l1o2¢
Sr 1/22€€ src’2 =7 1/22€e rc’’2

for ¢/ = ¢’/2 > 0, and therefore

(E{HXOf(t) — Xog(s)Hsz;ile/zp

2p,2p

t
S(E (25(2"/—2)/ T_1/22€6_Tc”2ﬂdr)2p)1/2p
s

‘
¢
< Z 9(2y—1) / r_l/ze_TCNQHdr
Y S
t o0 1162x
5/ ril/z/ (27)27 " Lemme 2 dadr.
s -1
The change of variable y = 1/72% leads to

1/2p t i "
(B[Ixoco-xoewiy, o) s [ rmamee [ ety
2p,2p s

0
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For v > 1/2, the integral in y is finite and we end up with

2p,2p

E[|Xoe(t) = Xoc@) ) < [ rar <t - s
(2] wos]) 5

provided that v € (1/2,1). So for large enough p we can use Kolmogorov’s
continuity criterion to deduce that (modulo taking a modification of X ¢¢)

we have IE[||X<>§||QCP p2v—2] < 0o forall T > 0. Since this holds for all
T52p,2p

v < 1, the claim now follows from the Besov embedding theorem, Lemma 8.

O

Combining Theorem 8 and Lemma 20, we are finally able to solve (5.1)
driven by a space white noise.

Corollary 2. Lete > 0 and let F € C§+E and assume that ug is a random
variable that almost surely takes its values in €% for some v € (2/3,1)
with (2 + €)y > 2. Let € be a spatial white noise on T?. Then there exists
a unique solution u to

Lu=Fu)og  u(0)=uo,

up to the (possibly finite) explosion time 7 = 7(u) =inf{t > 0: [Jul g =
oo} which is almost surely strictly positive.

If (pn) and (&,) are as described in Lemma 20, and if (ug,n) converges
in probability in €% to ug, then u is the limit in probability of the solutions
Uy, o

Lup = Fuy) o, Un(0) = ug p.-

Remark 13. We even have a stronger result: We can fixz a null set outside
of which X ¢ & is reqular enough, and once we dispose of that null set we
can solve all equations for any regular enough ug and F simultaneously,
without ever having to worry about null sets again. This is for example
interesting when studying stochastic flows or when studying equations with
random ug and F.

The pathwise continuous dependence on the signal is also powerful
in several other applications, for example support theorems and large
deviations. For examples in the theory of rough paths see [9].



Chapter 6

The stochastic Burgers
equation

Let us now return to the stochastic Burgers equation SBE
Lu = 9u® + ,€, u(0) = ug, (6.1)

where u : [0,00) x T — R, £ is a space-time white noise, and 9, denotes the
spatial derivative. As we argued before, the solution u cannot be expected
to behave better than the Ornstein—Uhlenbeck process X, the solution of
the linear equation .ZX = 0,¢, and as we saw in Section 2 X (¢) is for all
t > 0 a smooth function of the space variable plus a space white noise. By
Exercise 11, the white noise in dimension 1 has regularity 4 ~'/2~. Thus
X € C¢'/?~, and in particular u? is the square of a distribution and a
priori not well defined.

What raises some hope is that in Lemma 2 we were able to show that
0,X? exists as a space-time distribution. So as in the previous examples
there are stochastic cancellations going into 9, X2. The energy solution
approach was designed to take those cancellations into account in the full
solution u, but while it allowed us to work under rather weak assumptions
which easily gave us existence of solutions, it did not give us sufficient
control to have uniqueness of solutions. On the other side, a suitable
paracontrolled ansatz for the solution w will allow us to transfer the
cancellation properties of X to v and it will allow us to construct d,u? as a
continuous bilinear map, from where existence and uniqueness of solutions
easily follows.

81
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6.1 Structure of the solution

In this discussion we consider the case of zero initial condition and smooth
noise &, and we analyze the structure of the solution. Let us expand u
around the Ornstein—Uhlenbeck process X with £X = 9,¢, X(0) = 0.
Setting u = X + u”!, we have

L0t = 0,(u2) = 9,(X2) + 20,(XuZ) + 9, (u>1)?).

Let us define the bilinear map

B(f.g) = Jou(fg) = / P (f(5)g(s))ds.

Then we can proceed by performing a further change of variables in order
to remove the term 9, (X?) from the equation by setting

u= X+ B(X,X) +u”? (6.2)

Now u>2 satisfies
Lu?? = 20,(XB(X, X))+ 0,(B(X,X)B(X, X))

120, (Xu>2) + 20, (B(X, X)u>2) + 0, (w>2)2). (&3

We can imagine to make a similar change of variables to get rid of the
term

20,(XB(X, X)) = £2B(X, B(X, X)).

As we proceed in this inductive expansion, we generate a number of explicit
terms, obtained by various combinations of X and B. Since we will have
to deal explicitly with at least some of these terms, it is convenient to
represent them with a compact notation involving binary trees. A binary
tree 7 € T is either the root e or the combination of two smaller binary
trees 7 = (7172), where the two edges of the root of 7 are attached to 7
and 7o respectively. For example

(00) =V, (Vo)=Y¥, (Vo) = %, (vv) =V,
Then we define recursively
X=X, X" =PBX" X™),
giving
XV =B(X,x), Xx¥=BXY,X), x¥=BxYXx), x¥=BXY,xV),
and so on. In this notation the expansion (6.2)—(6.3) reads
u=X+ X"+ u>? (6.4)

w?? = 2XY + XV 4 2B(X,u>?) + 2B(XY,u>?) + B(uZ2,u>?).  (6.5)
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Remark 14. We observe that formally the solution u of SBE can be
expanded as an infinite sum of terms labelled by binary trees:

u= Z e(r) X7,

TET

where ¢(T) is a combinatorial factor counting the number of planar
trees which are isomorphic (as graphs) to T. For example c(e) =

1, V) =1, «(¥) = 2 c(‘Q/) = 4, (V) = 1 and in general
1) = Xt met Limm)=rc(T1)c(r2).  Alternatively, we may truncate the
summation at trees of degree at most n and set

u= Z e(T)XT 4+ u”",
TET,d(T)<n

where we denote by d(t) € Ny the degree of the tree T, given by d(e) =0
and then inductively d((T172)) = 14 d(11) + d(72). For ezample d(V) =1,

d(Yl) =2, d(V{I) =3, d(\V) = 3. We then obtain for the remainder

S
71,72 1 d(11) < n,d(m2) < n
d((T172)) 2 n
+ > e(n)B(X",u”") + BuP", utm). (6.6)

T:d(T)<n

Our aim is to control the truncated expansion under the natural
regularity assumptions in the white noise case, X € C¢ /2. Since (6.6)
contains the term B(X,u”") which in turn contains the paraproduct
J8,(u®™ < X), the remainder «>" will be at best in C%'/2~. But then the
sum of the regularities of X and u”" is negative, and the term B(X,u”")
is not well defined. We therefore continue the expansion up to the point
(turning out to be u>3) where we can set up a paracontrolled ansatz for
the remainder, which will allow us to make sense of 9, (X ou”") and thus

of B(X,u”").

6.2 Paracontrolled solution

Inspired by the partial tree series expansion of u we set up a paracontrolled
ansatz of the form

u=X+ XV +2x¥ 440, u? =u' < Q + uf, (6.7)

where the functions u/,Q and u! are for the moment arbitrary, but
we assume v, Q € £ and u! € £?7, where from now on we fix
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~v € (1/3,1/2). For such u, the nonlinear term takes the form

Opu® = 0,(X2 + 2XVX + (XV)2 + 4XVX) + 20, (u9X)
+20, (XY (@ +2X) + 8, ((uQ + 2X Y)?), (6.8)

which gives us an equation for u®:

Lu®

Y

=0, ((XY)? + 4X Y X) + 20, (u2X) + 20, (XY (u® +2X ) + 8u (@ + 2X¥)?)

¥ 20, (X)) + 20, (XY (u? + 2X ) + 0. (uQ + 2X9?).

(6.9)

—2xV 149X

In Lemma 1 we showed that X € CH~'/2~. But now we understand Besov
spaces and Gaussian hypercontractivity well enough so that we can return
to the proof and modify the argumentation in order to show that X €
C%€~'/?~. If we then formally apply the paraproduct estimate Theorem 4
(which is of course not possible since the regularity requirements for
the resonant term are not satisfied), we obtain X2 € C%¢ !~ and then
0.X? € C¢~2~. Therefore, XV = J(8,X?) should be in C%€°~. Note
that Lemma 11 does not apply here, because —2— is not in (—2,0). But
we only needed this requirement to control the temporal regularity in L
of the image of J. For arbitrary o € R we have Ju € C¥“ whenever
u € CE€“72, see for example Lemma A.9 in [14]. Similarly we derive
the formal regularities of the remaining driving terms: x¥ e gV 2=,

xYe L12= and XV € #1~. In terms of v, we can encode this as
Xeop, xVecer !, xVey, xYeyr, x¥egn

Under these regularity assumptions the term 29, (XY (uQ—i—X‘{'))—i—&v((uQ—i—
X\(')Q) is well defined and the only problematic term in (6.9) is 9, (u?X).
Using the paracontrolled structure of u®, we can make sense of 9, (u%X)
as a bounded operator provided that Qo X € C%?~! is given. In
other words, the right hand side of (6.9) is well defined for paracontrolled
distributions.

Next, we should specify how to choose @ and which form u' will take
for the solution u%. We have formally

Lu’

Y 20, (X)) + 20, (XY (u? + 2X ) + 0. (@ + 2X9)?)

=40, (XY X) + 20, (w9 X) + CE¥ 2

—oxV 1a9x

—4XY 20.X +2u° <9, X + CEY 2,
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where we assumed that not only 7xYe C%7~2, but that aw(XY’ oX) e
C€¢*~1 (which implies XXY" € C%" 2, but also the stronger statement
D?XY(’ XV 0,X € C€*~2). By Theorem 7, u® is paracontrolled by
J(0;X), and in other words we should set @ = J(9,X). The derivative v’
of the solution u? will then be given by v/ = 4XY 4+ 20,

Unlike for PAM, here we do not need to introduce a renormalization.

This is due to the fact that we differentiate after taking the square: to

construct u?, we would have to subtract an infinite constant and formally
consider u°? = u? — 0o, or at the level of the approximation u2 — ¢,,. But
then

0,u’? = lim 0,(u? —¢,) = lim d,u? = d,u.
n— oo

n— oo

So we obtain the following description of the driving data for the stochastic
Burgers equation.

Definition 7. (sBE-enhancement) Let v € (1/3,1/2) and let
Xepe COCT I X O x L7 x L2 x CEP 1 x Ce*!

be the closure of the image of the map Ogpe : C (R4, C®°(T)) — Xspe given
by

Oune(0) = (X (0), XV (6), X ¥(8), XV (8), (XY 0 X)(0), (Qo X)(6)),

(6.10)
where
X(0) = J(8.9),
xV(0) = B(X(0),X(9)),
x¥) = B(xV(), X)), (6.11)
X% = BxV(e),xV0)),
Q) = J(0:X(0)).
We will call Ogpe() the SBE-enhancement of the driving distribution 6.
For T > 0 we define Xs,o(T) = Xepeljo,r) and we write || X[, T) for

the norm of X in the Banach space Cr€ 71 x Cr€?7~1 x L7 x Zr 27 %
Cr€27—1 x CT‘KQ"’ L. Moreover, we define the distance dX.b,( )(X X)
X — Xl

bbL

For every X € Ajpe, there is an associated space of paracontrolled
distributions:

Definition 8. Let X € Xy,.. Then the space of paracontrolled distributions
P7(X) is defined as the set of all (u,u') € C€Y~1 x L7 with

u=X+ XV +2xY 4o <Q+ub,
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where ut € L%, For T > 0 we define
lullgy = [[u']l 2 + [uH]| g2
If X € Xgpe and (@,4') € 27(X), then we also write
oy (0, 0) = | =L + = @]y

We now have everything in place to solve SBE driven by X € Xjpe.

Theorem 9. Let vy € (1/3,1/2). Let X € Xy, write 0,0 = L X, and let
ug € €%7. Then there exists a unique solution u € 27(X) to the equation

Lu=0u*+ 0,0,  u(0)=uo, (6.12)

up to the (possibly finite) explosion time T = 7(u) = inf{t > 0: ||ul|g; =
oo} > 0.

Moreover, u depends on (ug,X) € €7 x Xape in a locally Lipschitz
continuous way: if M,T > 0 are such that for all (ug,X) with |Jug|l2y V
1X| 2. (1) < M, the solution u to the equation driven by (uo,X) satisfies

7(u) > T, and if (i, X) is another set of data bounded in the above sense
by M, then there exists C(M) > 0 for which

dgy (u, @) < C(M)(|lug — fioll2y + dav,y,. (1) (X, X))

Proof. By definition of the term d,u?, the distribution u € 27(X)
solves (6.12) if and only if u® =u — X — XV — 2X ¥ solves

Zu® = X 140, (X Y X)+20, (2 X)+20, (XY (1@ +2X )+ 8. (1@ +2X ¥)?)

with initial condition u®?(0) = wg. This equation is structurally very
similar to PAM (5.1) and can be solved using the same arguments, which
we do not reproduce here. O

For this result to be of any use we still have to show that if £ is the space-
time white noise, then there is almost surely an element of Xy, associated
to 0:£. While for PAM we needed to construct only one term, here we have
to construct five terms: XV, X‘{'7 X‘(y7 xY%o X, Qo X. For details we refer

o [16]. Alternatively we can simply differentiate the extended data which
Hairer constructed for the KPZ equation in Chapter 5 of [18].

The same approach allows us to solve the KPZ equation £h =
(0,h)°? + €&, and if we are careful how to interpret the product wo¢,
then also the linear heat equation Zw = wo&. In both cases the solution
depends continuously on some suitably extended data that is constructed
from £ in a similar way as described in Definition 7. Moreover, the formal
links between the three equations that we discussed in Section 4.2 can be
made rigorous. These results are included in [16].
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