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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 [GJ10, GJ13] and
that of paracontrolled distributions, recently introduced in [GIP13]. 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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1 Introduction

The aim of these lectures is to explain how to apply controlled path ideas [Gub04] to solve simple
problems in singular PDEs. 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.

We discuss some problems involving singular stochastic non-linear parabolic equations from
the point of view of controlled paths. 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 behavior of the solution.

Mathematically, this problem translates into the attempt of making Schwartz’s theory of dis-
tribution 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 [Lyo98], 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 [LQ02, FV10, LCL07, FH14] and we refer the reader to the literature for more details.

In [Gub04, Gub10], 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 manifest 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 [Hail3], and his insights prompted the researchers to try more ambitious approaches to
extend rough paths to a multidimensional setting.

In [GIP13], in collaboration with P. Imkeller, we introduced a notion of paracontrolled distri-
butions which is suitable 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 [Hail4] and which subsumes standard analysis based on Holder
spaces and controlled rough path theory but goes well beyond that. Just 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 [Hail4] 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.
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The plan of the lectures is the following. We start by explaining “energy solutions” [GJ10, GJ13],
a notion of solution to (a particular class of) singular PDEs which has the advantage of being
comparably easy to handle but which also has the inconvenience of not having a comprehensive
uniqueness theory so far. This will allow us to introduce the reader to SPDEs in a progressive
manner, and also to introduce Gaussian tools (Wick products, hypercontractivity) and to present
some of the basic phenomena appearing 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 the Littlewood—Paley decomposition. Next, in order to motivate the reader and to provide
a physical ground for the intuition to stand on, we discuss a homogenization problem for the
linear heat equation with random potential. This will allow us to derive the need for the weak
topologies we shall use and for irregular objects like white-noise from first principles and “concrete”
applications. The homogenization problem also allows us to see the renormalization effects appear
naturally and to track 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 go on to discuss the more involved situation of the Stochastic Burgers equation in one
dimension, which is one of the avatars of the Kardar—Parisi-Zhang equation.

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 <b and
b<a. If we want to emphasize the dependence of C on the variable z, then we write a(x) <, b(z).

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 <. In other words, i < j means i < j + N for
some fixed N € N that does not depend on i or j.

We use standard multi-index notation: for pu € N¢ we write |p| = p1 + ... + pg and % =
ol /omr.. .oha, as well as z# = z{"-....x}? for x € R

For a.>0 we write Cf' for the functions F: R — R which are |« | times continuously differentiable
with (o — [« ])-Holder continuous derivatives of order |« |, equipped with its natural norm ||-||cp-

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

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 non—linearity 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 are featured in the equation.

Energy solutions [GJ10, GJ13] are a relatively simple tool in order to come up with well-defined
non-linearities. The drawback is that currently the issue of uniqueness is open, at least in the
most interesting cases. It is not clear if uniqueness of energy solutions holds or even how to find
conditions that ensure uniqueness. On the other hand, 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 existence requires
already quite a large amount of computations but where uniqueness can be established quite easily
afterwards.

Our aim here is to motivate the ideas leading to 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 [GJ13] for missing details. Applications to the large scale behavior of particle systems are
studied in [GJ10].
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We will study energy solutions for the stochastic Burgers equation on the torus T=R/(27Z).
The unknown u: Ry x T — IR should satisfy

Opu= Au+ 0,u? 4 0,€,

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.y x T) with covariance

BIE(NE()] = [ f(t.o)glt,a)dda,
R4 xT

The equation has to be understood as a relation for processes which are distributions in space with

sufficiently regular time dependence (for a short introduction to distributions on T see Section 3

below). In particular, if we test the above relation with ¢ € . := . (T): =C>°(T), denote with

ui(¢p) the pairing of the distribution u(t,-) with ¢, and integrate in time over the interval [0, ], we

get
t

Ut(¢)=uo(w)+/otus(ﬁ<p)ds—/ (u3, Opp)ds — Otfs((?xw)ds

0
Let us discuss the various terms in this equation. In order to make sense of us(¢) and fOtuS(Ago)ds,
it is enough to assume that for all ¢ € .7 the mapping (t, w) — u(p)(w) is a stochastic process

with continuous trajectories. Next, if we denote M;(p f N &s(Ozp)ds then, at least by a formal
computation, we have that (M(¢))t>0,pc.s is a Gaus51an random field with covariance

E[M(p) Ms(¢)] = (t A 5)(0xp, Oxtp ) L2(T)-

In particular, for every ¢ € . the stochastic process (M(¢))t>0 is a Brownian motion with
covariance

eIz () := (Oap, 020) L2(Ty)-

Here we used the notation M in order to stress the fact that M;(y) is a martingale in its natural
filtration and more generally in the filtration F; = o(M,(p): s <t, o € H(T)), t > 0.

The most difficult term is of course the nonlinear one: [ g (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 — Ry is
a compactly supported C°° function such that [ p(z)dz =1, and we set pc(-) = p(-/¢) /¢, then

we can set Ny o(u) fo pe * ug)(z)?ds and define Ny(u) = lim. o N; -(u) whenever the limit
exists in & :=.7' ( ) the space of distributions on T. Then the question arises which properties
u should have for this convergence to occur.

2.1 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

Xi(p) = Xo(ip /X (Ap)ds + Mi(p) (1)

for all t > 0 and ¢ € .. This equation has at most one solution (for fixed Xy). Indeed, the
dlfference D between two solutions should satisfy Dy(¢ f o s(Ap)ds, which means that D is a

distributional solution to the heat equation. Taking <p( ) =ex(z), where

er(z) :=exp(—ikz)/\/2m, keZ,

we get Dy(e) = —k2f0 s(er)ds and then by Gronwall’s inequality D:(er) =0 for all ¢ > 0. This
easily implies that D; = 0 in ./ for all t > 0.
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To obtain the existence of a solution, observe that

Xt(ek) = Xo(ek) — k;Q/OtXS(ek)ds + Mt(ek)

and that M;(eg) = 0, while for all k& # 0 the process S(k) = My(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 [ is given by

E[Bi(k)Bs(m)] = (¢ A 8)0k+m=0

and moreover [y(k)* = By(—k) for all k # 0 (where -* denotes complex conjugation), as well as
5¢(0)=0. In other words, (X¢(ex)) is a complex—valued Ornstein—Uhlenbeck process which solves a
linear one-dimensional SDE and has an explicit representation given by the variation of constants
formula

t
Xifer) =e 0 Xofe) +ik [ €06, (0).

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

Exercise 1. Show that (Xi(ex):t € Ry, k € Z) is a complex Gaussian random field, that is for all
neN, for all ty,....t, € Ry, ky, ..., ky, € Z, the vector

(Re(Xi, (K1), -, Re(Xt,, (kn)), Im(Xy, (1)), ..., I (X, (Fn)))

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

EI(Xi(er) ~ ELe0) (Xulen) ~ ELXlen))] =i [ k==K,

as well as

E[(Xi(ex) — ELX: (1)) (Xu(em) — ElXu(em)])*] = Kt / ek -n K=y,

In particular,
1— 672k2t

E[|Xe(ex) — E[Xo(en)) ) = —

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

Definition 1. Let a« € R. Then the Sobolev space H* is defined as
He:=HY(T):= {pGY’: lollge:= Z (1+ |k[2)>|p(ex)|? < oo}
ke

We also write CH® for the space of continuous functions from Ry to H®.
Lemma 2. Let y< —1/2 and assume that Xo€ H". Then almost surely X e CH" .

Proof. Let =+ —¢ and consider
1Xe = Xll7ra =Y (14 [k[2)*| Xo(er) — Xo(en) |
kEZ

Let us estimate the L2P(£2) norm of this quantity for p € N by writing

E[X:— Xlifo= D H (14 [kif? QEH | Xi(ex,) — Xs(ew,)|*

k1. kp€Z i=1

By Cauchy—Schwartz, we get

P P
BIXo- XS >0 [T+ kPT] BlXu(er) - Xoler) )77
K1y kp€Z i=1 i=1
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Note now that Xy(ex;,) — Xs(ex,) is a Gaussian random variable, so that there exists a universal
constant C), for which

E|Xt(eki) - Xs(eki)Pp < CP(IE|Xt(ek1) - Xs(eki)

Q)p.

Moreover,

Xiler) = Xaen) = (= ) Xofew) +ik [ HDa5,0)

S

leading to
t
I (o) - Xu(en) = (7 - I et 42 [ ey

:<e—k2(t—s) _ 1)26_2k2s‘Xo(6k)|2+ (e—kZ(t—s) )2k2/ —2k2%(s—r d7"+]€2/ —ka(t—T)dT
0 s

1

:<e—k2t _ e—k2s)2|Xo<ek)|2 +%(6_k2(t_s) _ 1)2<1 _ e—2k23) +§(1 _ 6_2k2(t_5)).

For any k €[0,1] and k#0, we thus have
E[Xi(er) — Xa(en)* S (K2(t — 5))"(| Xo(ex)[* + 1),

while for k=0 we have E|X¢(eo) — Xs(eo)|>=0. Therefore,

P

BIX-XEhs Y [0+ k] EXlen) - Xuer)?

ki,....kp€Zo i=1 i=1

SEDLEDY H (L4 [kf2) (k2| Xolew) [+ 1)

St =) > (L4 k2 (k)" (| Xo(ew) > +1)
k€Zo
St =) (I Xollfornepy + [ (LHIE)*(R2)?).

k€Zo

If @« < —1/2— Kk, 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):

Ell X — Xlle S (t =)™ L+ | Xoll o).

Now Kolmogorov’s continuity criterion allows us to conclude that almost surely X € C H* whenever
Xo€ HY T, O

Now note that the regularity of the Ornstein—Uhlenbeck process does not allow us to form
the quantity X7 point-wise in time since by Fourier inversion X; = > Xt(er)ek, and therefore we
should have

XP(ep) = (2m)"1/2 Z Xi(eo) Xi(em).

l+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:

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

|kI<N
Then IIyX;(x) is a smooth function of 2 and we can consider (ITyX;)? which satisfies

(TInX1)?(ex) = (2m) ~1/2 Z Lo < v, m| < v Xt (ee) Xi(em).
+m=k
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We would then like to take the limit N — +oo. For convenience, we will perform the computations
below in the limit N = 400, but one has to come back to the case of finite N in order to make it
rigorous.

Let us introduce the notation Zo=72\ {0}. Then

E[X?(ex)] = (27) /2050 Y E[Xi(e—m)Xi(em)]

meZo
(27T) 1/25k 0 Z €—2m t‘XO( )|2 (27‘(‘) 1/25k 0 Z / —2m?3(t— S)ds
meEZog meZo
and
S m / e 205 = 2 ™ (1 - ) = oo,
meEZo mEZo

This is not really a problem since in the equation only components of u?(ey) with k # 0 appear.
However, X7 (ey) is not even a well-defined random variable. For the moment, let us assume that
Xo =0, which will slightly simplify the computation. If k=0, we have

E[| X7 (ex) ] = E[XP(er) X7 (e-p)] = (2m) "1 > Y E[Xu(e)) Xi(em) Xi(eo) Xi(em)].
l+m=k £'+m’'=—k

By Wick’s theorem (see [Jan97], 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:(er) Xe(em) Xe(ew) Xe(em)] = E[Xi(er) Xe(em) [ E[X(eo) Xe(em)]
E[X:(eo) Xt(eo)E[Xi(em) Xi(em)] + E[Xi(er) Xi(em)E[Xi(em) Xi(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 give the same contribution and we remain with

ElXfenPl=2 > > ElXi(e) Xe(eo)E[Xe(em)Xe(em)] (2)

L+m=k £'+m'=k

=2 Y E[Xi(er) Xe(e—n)]E[Xi(em) Xi(e—m)]
L+m=k

_t Z _ —2€2t )(1— 6_2m2t)=+00.
€+m k

This shows that even when tested against smooth test functions, X7 is not in L?(€2). This indicates
that there are problems with X7 and indeed one can show that X7(e;) does not make sense as a
random variable.

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

t 0
Xi(ex) :ik/ e K =23, (k) —ike‘th/ e®*sd (k).
where we extended the Brownian motions (5s(k))s>o0 to two sided complex Brownian motions
by considering independent copies. 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
Yi(er). Note that Yi(er) ~Ng(0,1/2) for all k € Zg and t € R, where we write

UNN@(O, 0'2)

if U=V +iW, where V and W are independent random variables with distribution N(0,?%/2).
The random distribution Y; then satisfies Y;(¢) ~ N (0, H<p||%2(T) /2), or in other words 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.
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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 dlfferent matter is to make sense of the time-integral of 9, X7. Let us give it a name and call
it Ji(o f 00z X2(p)ds. For Jy(ey), the computation of its variance gives a quite different result.

Lemma 3. Almost surely, J e CY/?~ H~1/2~.

Proof. Proceeding as in (2), we have now

B[ Jy(ex)[2] = 242 / /O Xa(e0) Xy () E[Xo(em) Xo(e_m)]dsds”

l+m=k
If s> s’, we have
1 gy .y
E[XS<65)XS/(6—€)]:§Q Zz(k < )(1—6 202 )’

and therefore

2 t t
Ewek)ﬂ:%/ [30 el ) )
0 pfm=k

k2 —(£24+m?)|s—s’| 2 —(/2+m2)r 2 1
//0 dsds’ <k Y / dr=k*t YR
L+m=k L+m=k L+m=k
Now for k#+0

Z 1 < dz <L
CZ4+m2™ Jpa?+ (k—x)2 "™ |k

L+m=k

so finally E[|J;(ex)|?] < |k|t. Redoing a similar computation in the case Ji(ex) — Js(ex), we obtain
E[|Ji(ex) — Js(er)|?] S |k| x |t — s|. To go from this estimate to a path-wise regularity result of the
distribution (J3), following the line of reasoning of Lemma 2, we need to estimate the p-th moment
of Ji(er) — Js(ex). Gaussian hypercontractivity (see Theorem 3.50 of [Jan97]) tells us that all L?
moments of polynomials of Gaussian random variables are equivalent and in particular that

E[| Ji(ex) — Ju(er)|*"] Sp (B Je(ex) — Js(ew)[?])?.
From here we easily derive that almost surely J e C''/2~ H~1/2—, O

This shows that 0, X7 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 3 is the fact that
the Ornstein—Uhlenbeck process decorrelates quite rapidly in time.

The construction of the process J does not solve our problem since we need similar properties
for the full solution « 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 d,u(t,z)?, even if only as a space-time distribution, and that in doing
so we should exploit some decorrelation properties of the dynamics.

So when dealing with the full solution u, we need a replacement for the Gaussian computations
used above. This will be provided, in the current setting, by stochastic calculus along the time
direction. Indeed, note that for each ¢ € . the process (Xi(¢))i>0 is a semimartingale in the
filtration (F)¢>o-

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 be also serve us as an
opportunity to set up some analysis on Gaussian spaces.
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2.2 Gaussian computations

For cylindrical functions F: .’ — R of the form F(p)= f(p(¥1),-.., p(pn)) with ¢1, ..., on €S and
f:R™ =R at least CZ, we have by It6’s formula

n 1 n
deF(Xe) = 2; FX0dXi(p) +5 Z X (i), X ()1
1= j=1

where (); denotes the quadratic covariation of two continuous semimartingales and where F;(p) =
if (p(©1), -vs plepn)) and F; j(p) = 02 jf (p(¢1), -y p(pn)), with 9; denoting the derivative with
respect to the i-th argument. Now

d(X (i), X (@) e =d(M (i), M (@)t = (Outpi, Oxtpj)2(Tdl,
and then

dF(Xy) Z Fi(X)AM,( ;) 4+ LoF(X})dt,

where L is the second—order differential operator defined on cylindrical functions F as

n

1
LoF(p) =) Fi(p)p(Ap)+ ) 5Fij(p)(0apis 0a0s)racr)- (3)

1=1 1,7=1

Another way to describe the generator Ly is to give its value on the functions p+— exp(p(v)) for
1 €., which is

LoeP®) = P (p(Agp) — %w, AY)raT))-

If F, G are two cylindrical functions (which we can take of the form F(p) = f(p(¢1), ..., p(n))
and G(p)=g(p(p1), ..., p(pn)) for the same @1, ..., o, €.7), we can check that

Lo(FG)=(LoF)G+ F(LoG) + E(F, G), (4)
where the quadratic form & is given by
p) = Z Fi(p)G(p){0upi, 0205) L2(T).- (5)

Lemma 4. (Gaussian integration by parts) Let (Z;)i=1,...m be a M-dimensional Gaussian vector
with zero mean and covariance (C; ;)i j=1,.,m. Then for all g€ CE(RM) we have

E[Z,9(Z Zc IE[ )].

Proof. Use that E[e?(% ] =~ /2 and moreover that

0 0
<*>aAkE[< W:(*Z)g»;’ N2 (CA)em N2

—ZZ Ck 4)\[1]3 Z Ck zE >]

The relation is true for trigonometric functions and taking Fourier transforms we see that it holds
for all g €.7. Is then a matter of taking limits to show that we can extend it to any g € C{(RM). O

E[Zke'(ZM] =

As a first application of this formula let us show that IE[LyF(n)] =0 for every cylindrical func-
tlon where () ~N(0, [|¢||72(r)/2) is a space white noise. Indeed, note that E[n(p;)n(Ag;)] =
<<Pza Apj)r2(T), leading to

n n

| |
E ) 5F ({001 0upj)ramy =—B Y 5Fi j(n){ei Agj)racr)
i,j=1 i,j=1

:_% 3 (e A%)LZ(T)E%P}M) = —; E[n(Ag;) Fj(n)],

ij=1
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so that E[LoF(n)] = 0. In combination with It6’s formula, this shows that the white noise law
is indeed a stationary distribution for X (check it!). From now on we fix the initial distribution
Xo~n, which means that X;~n for all ¢t >0.

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

; [E(F, = ——Z E[F, (MI{wi, Awj)r2(T)-
—— 33 BUF (G )i (pis Az QZ E[F(n)Gis(m)(wi Aj )z
=" EIF(n)G(nn(Ag;)) 22 E[F (mM)(pis Apj)racm)

=—E[(FLoG)(n)).

Combining this with (4) and with E[Lo(FG)(n)] =0, we obtain E[(F LoG)(n)] = E[(G LoF)(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
=" Fip)es (6)

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

Exercise 2. Show that D is independent of the specific representation of F', that is if

F(P):f(P(%)v7P(80n)):9(ﬂ(1/11)77P(1/Jm))
for all pe.’, then

Z 0if (p(1), .-, p(wn))¢i=z 0i9(p(¥1), -y p(Ym)) U

Hint: One possible strategy is to show that for all 8 € .,

(DF(p), 6) =-LF(p+ b))

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

and therefore

E[F(n)(¢, DG(n)] = E[G(n){¢, D*F(n))]

with D*F(p) = —DF(p) +2pF(p) being the adjoint of D for the scalar product in L?(law(7)). Let
DyF = (1,DF') and similarly for Dj,F' = —DyF + 2p(v).

Exercise 3. Let (e,),>1 be an orthonormal basis of L?(T). Show that
Z D Dae,.-

The commutator between Dy and D, is given by
[Do, DYJF (p) := (DeDy, — DyiDg) F(p) = 23, 0)2(1) F (p),
whereas [Dg, D] =0. Therefore,

Lo, D} f—z D7, Da,.. D] f—z D, [Dac, Dil + 55 D2, DilDac,

fz D} (¢, Aen)r2(r)=DAy.
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So if ¢ is an eigenvector of A with eigenvalue A, then [Lo, Dj] = AD;j. Let now (¢,)nen be an
orthonormal eigenbasis for A with eigenvalues A, =\, and consider the functions

Then
LOH("/)Z&’ ) wzn) = LOD;‘ZJH"'Dl*Pinl = DT’Zz‘lLOD;ZiZ'”D;Zinl + )‘ilD;ZilmD:Z’z‘nl (7)

= ()‘11 +oeeet Ain)H(wiv 3] q;Z)in)a

where we used that Lol =0. So these functions are eigenfunctions for Lo and the eigenvalues are
all the possible combinations of A;; + -+ + A, for i1, ..., i, € N. We have immediately that for
different n these functions are orthogonal in L?(law(n)). They are actually orthogonal as soon as
the indices ¢ 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 1; we get the
orthogonality. The functions H(1);,, ..., 1;, ) are polynomials and they are called Wick polynomials.

Lemma 5. For all ) €., almost surely

(eP1)(n) = 2=l
Proof. If F is a cylindrical function of the form F'(p)= f(p(p1),..., p(m)) with f €. (R™), then

E[F(n)(P%1)(n)] = E[eP*F(n)] = B[F (n+ ¢)] = B[F (n)e*) - 1VI7],

where the second step follows from the fact that if we note Wy(n)=F(n+t1)) we have 0;¥:(n) =
Dy W4(n) and Wo(n) = F(n) so that W;(n) = (e'P*F)(n) for all ¢ >0 and in particular for ¢ =1. The
last step is simply a Gaussian change of variables. Indeed if we take @1 = and @1 for k> 2
we have

E[F(n+ )] =E[f(n(¥) + (¥, ), n(p2), s n(om))]

since (n 4+ ¥)(pr) = n(pk) for k> 2. Now observe that 7(v) is independent of (n(p2), ..., 7(©m))
so that

eI
r/7 [0 \2

“IIPE[f(2, n(p2), ... n(om))] = E[F(n) e21 =117,

eI

NEWAaTIE

+ (¥, ¥), n(p2), -, n(om))]

O

Theorem 6. The Wick polynomials {H (¢, ..., %, )(n):n > 0,41, ...,i, € N} form an orthogonal
basis of L*(law(n)).

Proof. Taking ¢ =7} 0:1; in Lemma 5, we get

R )Ll — (D)) 5 (D) 57 57 T (),

n>0 n>=0 iy,..., in ntlmes

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 Z_LH (1;,,...,%;,)(n) for all n. >0,
1, ..., 1, € N, then

0= 621'0%”wiHQIE[Z(eD;Zl)(n)] _ eZiUiQHwiHZ]E[ZeQZiUm(W)—Zi"?\lwil\Z] _ IE[ZGQZI-‘T“?(W)].

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

0= (2r)"™/? / doy-don T (01, ooy 0) BIZZ OO =B Z f(5(101), ..., m(tha))],
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which means that Z is orthogonal to all the random variables in L? which are measurable with
respect to the o—field generated by (7(¢n))n>0. This implies Z = 0. That is, Wick polynomials
form a basis for L?(law(n)). O

Example 7. The first few (un normalized) Wick polynomials are
H (i) (p) =Dy, 1 =2p(1i),
H (43, 5)(p) = D3, D3, 1 =2Dg, p(t5) = —20i—; + 4p(vpi) p(¢5),  and
H (i, Y3, i) (p) = Dy (=20=k + 4p(1) p(¥x))
=—40;=kp(¥i) —46i=jp(Pr) — 46i=kp(5) + 8p(hi) p(15) p(r)-

Some other properties of Wick polynomials can be derived using the commutation relation
between D and D*. By linearity D, = Dg 4 Dy, so that using the symmetry of H we get

0<k<n

n
Then note that by Lemma 5 we have

(€P21) () (€P71) (1) = &) TP I =3IV IE _ n(ot ) =St v P45 (0:9) _ (Do) ()ezt® ),

Expanding the exponentials,

1 ;—L ’-';Q 1
5 Hu() Ha(¥) -y Ho(p+ ) (5(e,9))° _ 3 HG o 2,0, ..,0) (50, 1))

m! n! 7! ! lq! !
m,n r,l »,q,¢ p=q

)

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

min! P G ¢
Ha@t)= Y Y MG (G ). )

171
pHl=m q+L=n gl

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 ¢ = Zznzl KiQ;
and ) = Z;.LZI Ajy; for arbitrary real coefficients k1, ..., K and Aq, ..., Ay, we have

H(3 wip)) H ij 3 s N1 o) (e i)
=1

Ty bm J1yeeesJn
Deriving this with respect to all the x, A parameters and setting them to zero, we single out the term
Z H((Po'(l)w - Po m)) ("/}w 1)y -+ v¢w(n)):m'n'H(§017730m)H(¢177wn)7
0€ESm,wESh

where S), 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 (8) we get

___L f——ﬂh ‘
H<<P17-~-7<Pm)H(1/117~ 7’(/}n Z Z pq'é'z (10117' 7(plp7wjl" aqu H (IDZP‘FT"wJQ‘Fr

p+Hl=m q+l=n

where the sum over ¢, j runs over iy, ..., i, permutation of 1, ...,n and similarly for ji, ..., jm. In
particular, we obtain

BLH (1, ) H (1, s )] =05 T] Wi ts) = 32 TT s o).

i,j r=1 oeS, r=1
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Remark 8. In our problem it will be convenient to take the Fourier basis as basis in the above
computations. Let ey(x) =exp(ikz) / /21 = aj(x) + 1 by(z) where (v2ay)ren and (v/2by)ken form
together a real valued orthonormal basis for L?('T). Then p(ex)* = p(e_x) whenever p is real valued,
and we will denote Dy, = De, = Dy, +iDs, and similarly for Dj=Dj, —iDj, =—D_i +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

1 * * 1 *
Lo=%_ (D3,0,D0.a. + D55 Do.0) =5 ) k*DiDs (9)
keN keZ
and
E(F,G)=Y " KADpF)*(Dy@). (10)

keZ

2.3 The Ito6 trick

We are ready now to start our computations. Recall that we want to analyse J(¢) = f;@meQ(cp)ds
using It6 calculus with respect to the Ornstein—Uhlenbeck process. We want to understand J; as
a correction term in It6’s formula, so we have to find a function F' such that LoF'(X;) = 9, X2. Of
course, F' will not be a cylindrical function but we only defined Lg on cylindrical functions. So
to make the following calculations rigorous we would again have to replace 9,X? by 9,11, X7 and
then pass to the limit, see the paper [GJ13] 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.
Note that

0 XP(er) =ik Y Xie)Xilem)=ik Y Hem(X),
L+m=k +m=k

where Hy m(p) = %(DigDiml)(p) = ples)plem) — é62+m:() is a second order Hermite polynomial
so that LoHy ., = — (0> +m?)Hy m by (7). Therefore, it is enough to take

F(X))(er)=—ik > Hem(Xe) (11)

This corresponds to the distribution F(X;)(y)= —f;oﬁﬁ(eSAXt)Q(go)ds (check it!). Then

F(X4)(¢) = F(Xo)(p) + Mp.i(p) + Je(),
where Mp () is a martingale with quadratic variation
(M (@), Mp () =E(F () (), F () () (X¢)dt.
We can estimate
E[|J(0) = Js()[?] Sp B[ Mr 1(9) — M s(0)[?7] + E[| F(X3) (9) — F(Xs)(9)]?7)-
To bound the martingale expectation, we will use the following Burkholder inequality:

Lemma 9. Let m be a continuous local martingale with mo=0. Then for all T >0 and p>1,

E[sup |mt|2p] < GLE[(m)3).
t<T

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

1
d|m[*? = (2p)lmq|*P~ dm; + 5(2p)(2p — 1)[ma] 2P =2d(m)s,
and therefore

T
E[|mr ] :CPE{ / msl2”d<m>s} S CPE[SHP |22~ 2(m) 7 |
0 t<T

By Cauchy—Schwartz we get
Eljmr|?] < cpE[sup 2P E[(m)p]1/?.

X

](21)2)/217
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But now Doob’s L? inequality yields E[sup;<r |[m|*?] < CE[|mr|??], and this implies the claim
in the bounded case. The unbounded case can be treated with a localization argument. O

Applying Burkholder’s inequality, we obtain
F(x) () (Xy)dr
S(t—s)P~ 1/ E[lE(F F(#)(9))(X)|Pdr + E[|F (X:) () — F(Xs)(0) *7]

=(t = s)PE[IE(F(%)(0), F (x) () (n)|”] + E[| F (X:) () — F(X5) () 7],
using that X, ~n. Now

E[Ji(¢) — Ju(¢)2P] <p E{

p] +E[|F(X:)(p) — F(Xs)(0)]7]

— 94 pek+m)
D F(p)(ex) = 2Zk(k+m)2+(7m)2’
and therefore

E(F(x)(ex), F(x)(ex))(p) = Z m?D_mF(p)(e—k)DmF(p)(ex)

:4](,‘2 Z m2 <€|2 2 Z |p eZmQa

which implies that tm=k trm=k

BJE(F () (), FE )] SKE Y ';7 Intedl” < 1 Py
l+m=k

62 + m2 S
A similar computation gives also that

E[[E(F(+)(ex), F()(ex)) ()] S [k[P.

Further, we have

E[|F(Xe)(er) = F(X)(en)P] Sk ) B

L+m=k

Skt - s| Z lekllt—S\
L+m=k

{(He,m(ég)Jr Iie),gl(Xs))T

And finally, this computation lets us recover the result that
E[| Je(ex) — Js(er)|*"] Sp (t — )P |k [P

The advantage of the Itd 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 F(X;)(¢) — F(X5)(¢)
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 fStE(F(*)(w), F(x) () (X,)dr.

In order to carry over these computation to the full process u solution of the non-linear
dynamics 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 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 Itd formula

deF (up) =Y Fi(ug)dMy(pi) + LF (ug)dt,
=1

where L is now the full generator of the non—linear dynamics, given by

LF(p)=LoF(p +ZF )(02p”, ¢i) = Lo F(p) + BF(p),
where

BF(p)= Z (0:0°)(er)DF(p).

k
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Very formally, the non—linear term is antisymmetric with respect to the invariant measure of Ly:

Z IE z r"? 7<Pz +Z E ﬂ? a‘Pz Z E GF 17725 ‘Pz” (12)

—QZE [(G F)i(n)Cov(n (@mz)an(%))]=2E[(GF)(77)<51-7727n)]z—gE[(GF)(n)@xn?’JH=0-

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

Exercise 4. Let (y;):>0 be a stationary Markov process on a Polish space, with semigroup (P;)¢>0
and stationary distribution . Show that if P is the adjoint of P, in L?(11), then (Pf) is a semigroup
of operators on L?(1) (that is P§=id and PJ, ;= P; P} as operators on L?(u)). Show that if yo~ p,
then for all T'> 0 the process §; = yr ¢, t € (0,717, is also Markov, with semigroup (P;);¢o,7], and
that p is also an invariant distribution for (Pf). Show also that if (P;) has generator L then (Fy)
has generator L* which is the adjoint of L with respect to L?(j).

Now if we reverse the process in time letting 4; = ur_¢, we have by stationarity
E[F (i) G (io)] = E[F (ur )G (ur)] = E[F (u0) G (u)].

So if we denote by L the generator of u:

PR . d . . d
E[LF(a0)G(io)] = |  E[F(a)G(a0)] =g  E[F(uo)G(ur)] =E[LG(uo) F(uo)],
t=0 t=0
which means that L is the adjoint of L, that is
LF(p)=LoF(p) — BF(p)=LoF(p) = Y _ (9xp®)(ex)DrF (p).
k

Then It6’s formula for the reversed process gives
deF (@) = Fiiar)dMy(i) + L F(ig)dt,
i=1

where for all test functions ¢, the process M(¢) is a martingale in the filtration of @ with covariance
A(M (), M(9))1 = (Dotp, 0utp) L2t
Combining the It6 formulas for u and 4, we get

Fur)()= F(u)(#) + Mr.2(0) + "L () (p)ds

A TA
Fluo)(9) = F(ar) () = F(@0)(9) + Mp 2() + / LF(a.)(p)ds

~ T/\
—F(ur)(9) + Mp r(p) + / EF(us)(p)ds,

and summing up these two equalities gives
T

0= Mp 2(9) + Mp 2(9) + / (L -+ L)F(us) (9)ds,
that is 0

T
2/ LoF (us)(p)ds = —Mp 1(¢) — Mp ().
0
An added benefit of this forward—-backward representation is that only term which required quite

a lot of informations about X, that is the boundary term F'(X;)(¢) — F(Xs)(¢) does not appear
at all now. As above if 2LoF(p) = d.p% we end up with

/0 Dau(p)ds = — My 1(0) — M, (). (13)
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Exercise 5. Perform a similar formal calculation as in (12) to see that E[LF(n)] = 0 for all
cylindrical functions F', so that 7 is also invariant for the stochastic Burgers equation. Combine
this with (13) to show that setting N7V () = fot(“)w(HNuSF(gp)ds we have

B[NV (ex) = N (er) 7] Sp (t = ) [k [P
and letting NV M = NN — VM we get
B[N M (o) =N (en) 7] Sp (K] N)P(E = )P [k [P
for all 1 < N < M. Use this to derive that
(BN = N MDY Spa N7/2(t - 5)1/2

for all & < —1 — ¢, and realize that this estimate allows you to prove compactness of the approxi-
mations AN and then convergence to a limit A in L2P(Q; CY/2~H~17).

2.4 Controlled distributions
Let us cook up a definition which will allow us to rigorously perform the formal computations
above in a general setting.
Definition 10. Let u, A: Ry x T — 1R be a couple of generalized process such that
i. For all p € L (T) the process t+— u(p) is a continuous semimartingale satisfying

t

wi(0) = uo() + /0 us(Dp)ds + Au( ) + Mi(),

where t— My(p) is a martingale with quadratic variation (M(p), M(1)) = (0z¢,02¢)L2(T)
and t+— A(p) is a finite variation process with Ag=0.

it. For all t > 0 the random distribution ¢ — u(p) is a zero mean space white noise with
variance ||g0\|%3/2

11i. For any T >0 the reversed process ty = ur—_; has again properties i, 11 with martingale M
and finite variation part A such that A,(¢) = —(Ar(@) — Ar_i(©)).

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

Theorem 11. Assume that (u, A) € Qo and for any N2>21,t>0, p€.7 let

t
N(0) = [ oufan s
0
Then for any p=>1 (NN)n>1 converges in probability to a space—time distribution N € cY2-H-1-.
We are now at a point were we can give a meaning to our original equation.

Definition 12. A pair of random distribution (u,A) € Qo is an energy solution to the stochastic
Burgers equation if it satisfies
t

ur(0) = uolep) + / us(Dp)ds + Ni(i) + Mi()

for allt>0 and p €.%. That is if A=N.

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 13. The notion of energy solution has been introduced (in a slightly different way) in
the work of Gongalves and Jara [GJ10] on macroscopic universal fluctuations of weakly asymmetric
interacting particle systems.
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2.5 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

0N = AuN + 0, TN (TTyu™)? + 0,€
These are generalized functions such that
dud (ex) = —k?>ul (ey)dt + [0, T (TTxuN)?] (ex)dt +i k d By (k)

for k € Z and t > 0. We take ug to be the white noise with covariance u;() ~ N(0, ||¢||?/2).
The point of our choice of the non-linearity is that this (infinite-dimensional) system of equa-
tions decomposes into a finite dimensional system for (v" (k) = IIyu® (ex))s: k)< and an infinite
number of one-dimensional equations for each u”™(e;) with |k| > N. Indeed if |k| > N we have
[0 N (TTxu™)?](ex) = 0 so us(er) = Xy(ex) the Ornstein-Uhlenbeck process with initial condition
Xo=up which renders it stationary in time (check it). The equation for (v"(k)), <n reads

dv{v(k) = —k%{v(k)dt + bk(viN)dt +ikdB(k), k| <N,t>0
where

br(vl¥) =ik Z i), k] [m|<n i (O)v7 (m).
L+m=k

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

A= 3 Wl

. |[k|<N
and showing that

dA;=2 " o (=k)dv) (=k) = —2k2Adt +2 Y o (=k)bp(o)dt+20k Y o (=k)dBi(k)
k[<N k[<N kI<N
but now

Z v{v(—k:)bk(v{v):m Z ]IW‘k‘,|m|gNkviN(Z)viV(m)vtN(—k)
|| N k.0, m:l+m=k

=—21 > Lje), k], jm < (B) 01 (E)vf (m)of (k)
k,4,m:l+m+k=0

but by symmetry of this expression it equals to

2
=3t > Ljep ki < v (B € +m) ol (0o (m)o (k) =0
k4 m:l+m+k=0

so Ay= Ao+ M; where th:2ZUCKNH|k\<N(6k‘)U£V(—]€)dﬁt(k)- Now

T T
IE[M%]S/ > k2|utN(k)|2dt§N2/ At
0

O k<N

and then by martingales inequalities

E[ sup (A% <2E[A}]+2E[ sup (M,)? < 2E[A}] + 2E[M7]
tef0,T] t€[0,7]

T
<L2E[A}] +CN2/ E(A¢)dt
and by Gronwall inequality 0
E[ sup (A, SeCN°TE[A]].
t€[0,T]
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From which we can deduce (by a continuation argument) that almost surely there is no blowup at
finite time for the dynamics. From the Galerkin approximations the Ito trick will provide enough
compactness in order to pass to the limit and build an energy solution to the Stochastic Burgers
equation.

3 Distributions and 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 [GIP13]. 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. Since so far paracontrolled distributions have not been developed on weighted Besov
spaces, we are currently unable to solve SPDEs on R%.

The space of distributions .’ = .&/(T%) is the set of linear maps f from . = C>(T¢%, C) to
C, such that there exist k€ N and C >0 with

I(fr el =1f(p)I<C sup, 1%l (T

for all p€.7. s
Example 14. Clearly LP? = LP(T%) .’ for all p>1, and more generally the space of finite signed

measures on (T% %(T?)) is contained in .#’. Another example of a distribution is ¢+ d*p(x) for
peNg and z e T.

In particular, the Fourier transform .# f: Z? — C,

F[(k) = f(k)=(f,ex)

with ep = e ") /(27)%/2 is defined for all f €., and it satisfies |.Z f(k)| < |P(k)| for a suitable
polynomial P. Conversely, if (g(k))zcza is at most of polynomial growth, then its inverse Fourier
transform

Fg=">" g(k)ei
C . . kezd
defines a distribution.

Exercise 6. 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 % defines a bijection from
L3(T?) to ¢*(Z?) with inverse .Z ~! to show that F 1F f= f for all f €.’ and F.F 1g=g for
all g of polynomial growth. Extend the Parseval formula

R WIOTCR S SYCE DN
k

from f, o€ L?(T9) to f€.7' and p€.7.

Exercise 7. Fix a complete probability space (2, F,P). On that space let £ be a spatial white
noise on TY, i.e. £ is a centered Gaussian process indexed by L?(T%), with covariance

EWﬁﬂMz/f@M@M.

Td

Show that there exists £ with P(E(f)=&(f))=1 for all f € L2 such that £(w) €. for all w € Q.
Hint: Show that B[}, ., exp(A[|€(ex)]|?)/ (14 |k|4H1)] < oo for some suitable A > 0.

Linear maps on .’ can be defined by duality: if A:. — .# is such that for all k € N there exists
neN and C >0 with sup|, <k [|0*(A@)||lLe < Csup|u <y ||0#@| L, then we set ("Af, ) =(f,Ap).
Differential operators are defined by (9*f, @) = (—1)IHI(f, dtp). If ¢: Z¢ — C grows at most

polynomially, then it defines a Fourier multiplier

eD): " =", oD)f =F HpFf).
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Exercise 8. Use the Fourier inversion formula of Exercise 6 to show that for f €.’ ¢ €. and
for u,v: Z% — C with u of polynomial growth and v of rapid decay

F(fe)(k)=(2m)~*y " fk=0)p(t) and F ' (uv)(z)=(2m)"*F Tu, F ().
4

We will now 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)ej. But it turns out to be convenient not to consider each Fourier coefficient separately,
but to work with projections on dyadic Fourier blocks.

Definition 15. A dyadic partition of unity consists of two nonnegative radial functions x, p €
C>(R%, R), where p 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

Lox+3,50p(277)=1 and
2. supp(x) Nsupp(p(277-)) =0 for =1 and supp(p(2~%)) Nsupp(p(277-)) =0 for all i, 5 >0
with |i — j| > 1.

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

Dyadic partitions of unity exist, see [BCD11]. The reason for considering smooth partitions
rather than indicator functions is that indicator functions do not have good Fourier multiplier
properties. For example we only have [|Ij35 9i+1)(|D|) fllze S jll fll=, whereas ||p;(D)f|lLe <

Il f llLe~ uniformly in j. From now on we fix a dyadic partition of unity (x, p) and define the dyadic
blocks

Aif=piD) f=Fpif), §=-1.
We also use the notation
Sif= Y Aif
i<j-1
as well as K; = (2m)~%2.% ~1p; so that

Kix f=F Y p; 7 f)=Aif.
Every dyadic block has a compactly supported Fourier transform and is therefore in .. It is easy
to see that f:Zj2_1 Ajf=limj . S; f for all fe 7’

For a € R, the Hélder-Besov space € is given by 4“= BZ, ..(T% R), where for p, q € [1, o]
we define

) 1/q
Bg = By (T R) = fef’:iflas,f(Z (21 IIAijILv)q> <ol

jz-1

with the usual interpretation as £°° norm if ¢ = oco. Then By , is a Banach space and while the
norm ||||gg  depends on (X, p), the space By ; does not and any other dyadic partition of unity
corresponds to an equivalent norm (this follows from Lemma 20 below). We write |||, instead of
(RPN
Exercise 9. Let §y denote the Dirac delta in 0. Show that dy€ € <.

If € (0,00)\ N, then € is the space of || times differentiable functions whose partial deriv-
atives of order |« | are (o — |« |)-Holder continuous (see page 99 of [BCD11]). 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 a € (0,1), but before we still need some tools.

Lemma 16. (Poisson summation) Let p: R%— C be a Schwartz function. Then

Flo(x)= > Fripla+2rk),
kezd

for all z € T, where L%gdlgp(x) = (277)7d/2fRd<p(y)ei<z’y>dy.
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Proof. Let g(z)=>_, .. Frio(x +27k). The function P4 is of rapid decay since ¢ € .7 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

dx

Foly) = / e g( / Fikola +2mk)e i @+2mkw)
g(y) Td g 27T d/2 Tdkgd R4 90 ) (271_),1/2

since e *(7%¥) — 1. By dominated convergence the sum and the integral can be combined in a

overall integration over R%:

—Z(z,y) dl‘ _ o —1 _
/ TR 2n)72 TraFgap(y)=»(y)
so we deduce that g(x)=.7 "lp(x). O
Exercise 10. Show that ||-||o < ||| for a < 8, that ||-||pe S||+||e for a >0, that ||-[|o S| ||pe for

a <0, and that ||S}||pe <27%+||o for a<O0.
Hint: When proving ||| < ||-[|lze for @< 0, you might need Poisson’s summation formula.

The following Bernstein inequality is extremely useful when dealing with functions with com-
pactly supported Fourier transform.
Lemma 17. (Bernstein inequality) Let % be a ball and k € Ng. For any A>1, 1<p<g< oo, and
f € L? with supp(Z f) C AB we have

k+d(%f

D £l

max o < A
et 10% fllLa Sk, 2

Proof. Let ¢ be a compactly supported C*> function on R¢ such that ¢¥» = 1 on £ and write
a(x) = (A" 1x). Then
01 f () = " F ~H AT [) () = 2m) 2 (f,0M(F ) (x = )) = (2m) V2 (f O (F 1)) ().
By Young’s inequality, we get
10f e S I £ llee l0*(F ) llers

where 1+1/g=1/p+1/r. Now it is a simple exercise to verify [-||o- < || Hl/r” [ 2T an

10%(F~1y) 12 = dr < / 0% (Faon) ()|
]Rd

> OM(F i) (@ + 2mk)
T L

:)\\u\/ M| Fga)(Ax)|da = AlH]
R4

whereas
sup Z 8”(?11{;1/1/\)(30—&-27716)‘ =Xt sup Z (O*Frd ) (N + 27k))
zeTd | zeTd| ¢
<SAFIEL sup Z (14 Xz + 2k )24 < Ml sup Z (14 |z 4 2mk|)—2¢ < XAk,
e, zeTd™

We end up with

10" fllze S I f Il l0#(F ~ oa)llpe S L F oAV PO A=D < || £ o\l 0 /2 =1 ),
O

It then follows immediately that for « € R, f € €%, ue N§, we have 0*f € €“~1*|. Another
simple application of the Bernstein inequalities is the Besov embedding theorem, the proof of which
we leave as an exercise.

Lemma 18. (Besov embedding) Let 1< p1 < p2< o0 and 1< q1 < g2 <00, and let « € R. Then
B a—d(1/p1— 1/102)

b 1S continuously embedded into B,,, ..
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Exercise 11. In the setting of Exercise 7, use Besov embedding to show that ¢ satisfes
E[[|€]]7 42— < oo for all p>1 and e >0 (in particular £ € €~/2~ almost surely).

Hint: Estimate IE[H% H%%p Zp] using Gaussian hypercontractivity (equivalence of moments).

As another application of the Bernstein inequality, let us show that €*=C* for a € (0,1).

Lemma 19. For a € (0,1) we have €“=C"?, the space of a-Holder continuous functions, and

~ _ |f(z) = f(y)]
Hf”oz— Hf”C“— ||fHL°°+iiIZ/W7

where dpa(z,y) denotes the canonical distance on T¢.

Proof. Start by noting that for f € ¢'® we have || fl|roe <37, |A;f [l <32, 279 flla SN flla:
Let now x # y € T¢ and choose jo with 2770 ~ dya(x, y). For j < jo we use Bernstein’s inequality
to obtain

|8f () = A f (9)| SIDAf lldr(, y) S 27| Ay f ldr(z, y) <2 £ ladz(z, y),
whereas for j > jo we simply estimate

1A;f () = A f IS IAF e S 2772 f o

Summing over j, we get

£@) = FI< S 2079 fladr(e, )+ 3 2752 £l

<o i>Jo
|| flla(27°0Vdrp(x, y) +279°%) = | f[|adpale, y)*.

Conversely, if f € C®, then we estimate |A_1f||re || flze. For j >0, the function p; satisfies
[ pjdz=0, and therefore

At @ =| [ F0te =000 - 1)) = ‘ L3 ooy 2m010) - sy
[ Zanie - ) - s,
Now | f(y) — f(@)| < || fllcedr(z, ¥)* < || fllce|z — y|*, and therefore

@I e [ ()@@ =)l la - y|ady] S| llew2

O

The following lemma, a characterization of Besov regularity for functions that can be decom-
posed into pieces which are localized in Fourier space, will be immensely useful in what follows.
Lemma 20.

1. Let o be an annulus, let o € R, and let (u;) be a sequence of smooth functions such that

Fu; has its support in 27.¢/, and such that ||u;||pe <279 for all j. Then
u= " we%® and  fulla sup {20°uyli=}.
i>-1 g2l

2. Let A be a ball, let a >0, and let (u;) be a sequence of smooth functions such that Fu; has

its support in 299, and such that |uj||L= <279 for all j. Then

u= Z u; EC” and lulla < sup {27%ju; e}
> jz—1

Proof. If Zu; is supported in 27.¢7, then A;u;# 0 only for i~ j. Hence, we obtain

1A ullpe < )7 (1A uj e < sup {25 (fugllp} Y 2792 sup {25 |ug [} 275
jijnvi k2-1 jijei k2-1
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If Fu; is supported in 272, then A;u; # 0 only for i < j. Therefore,

1Al < Y [ Aiujle< S, {2 flulc=} D 2798 sup. {2% lug o} 270,
J:jZi JiizZi k>-

using a > 0 in the last step. O

When solving SPDEs, we will need the smoothing properties of the heat semigroup. For that
purpose we study functions of time with values in distribution spaces. If X is a Banach space with
norm ||-||x and if 7> 0, then we define CX and CrX as the spaces of continuous functions from
[0, 00) respectively [0,7T] 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—Hoélder continuous on every interval [0, 7],

and we write
[Lf®#) — f(s)ll
| fllcex= sup ——F——"F"
T ogs<t<r  lt—s|*

We then define £ =C€*NC*2L> for a € (0,2). For T >0 we set Zf =Cr6 >N Ca/2L°° nd
we equip .2 with the norm

Il.2p =max{[|-{|cree [l cor2pat-

The notation £ ¢ is chosen to be reminiscent of the operator .Z =9, — A and indeed the parabolic
spaces Z* are adapted to £ in the sense that the temporal regularity “counts twice”’, which is
due to the fact that .Z 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
Ce N C*/ 7 L> instead of £°.

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

Lemma 21. Let oo € (0,2) and let (Pt)t>0 be the semigroup generated by the periodic Laplacian,
F(Pof)(k)=e " FZ f(k). For f € C€*2 define J f(t)= [; Py—sfods. Then

[Jfllzp S+ T fllcpge—2
for ol T>0. Ifue€*, then t— Poue L* and

[t = Prullzg S lullo-

Bibliographic notes For a gentle introduction to Littlewood—Paley theory and Besov spaces
see the recent monograph [BCD11], 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 [ST87]. The
Schauder estimates for the heat semigroup are classical and can be found in [GIP13, GP14].

4 Diffusion in a random environment

Let us consider the following d-dimensional homogenization problem. Fix € >0 and let v®: Ry x
T<— R be the solution to the Cauchy problem

Ot (t, ) = Auf(t,x) + e~ *V(x /e)us(t, x), u#(0) = up,

where V: T¢ — R is a random field defined on the rescaled torus T¢= (R / (2me~'Z))%. This model
describes the diffusion of particles in a random medium (replacing 9; by i0; gives the Schrédinger
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 [BG13]. The limit € — 0 corresponds
to looking at the large scale behavior of the model since it can be understood as the equation for
the macroscopic density u®(t, x) = u(t /&% z /) which corresponds to a microscopic density u:
R, x T¢ — R evolving according to the parabolic equation

Owu(t,r) = Au(t,z) + 2~V (z)u(t, x), uf(0, ) =ug(e).
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We assume that V: T — R is Gaussian and has mean zero and homogeneous correlation function
C:. given by
Culo—y) =BV (@)V(y)] =/ vID) 3 eie-vk R(E)
keezd
where Zg =79\ {0}. On R:R?— R we make the following hypothesis: for some 3 € (0, d] we have
R(k)=|k|°~9R(k) where R€.7(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 means that spatial correlations are of rapid decay. Indeed by dominated convergence

dk ak N
lim C.(2) = @k R(k =/ (2 k) | 1| B—dR(k
51—{% (m) A{d (27.‘.)d/2e ( ) Rd(Qﬂ')d/ze | | ( )

=@m) (T (|17~ * Py (R)) ().

Now Zrd (R) € .7 (R%) and Zgd (|-|° %) (x) ~|=| =7 if 0< B <d (see for example Proposition 1.29
of [BCD11]), so lim. ¢ |C(z)| < |x| =7 for x| — +oo.

Let us write Vo(x) =~V (x /&) so that Oy = Auc + 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)}recez, such that g(k)* = g(—k) and E[g(k)g(k")] =
Ok+x'=0 and represent V.(x) as

d/2 a

o= S 3 Rt

keezd

Lemma 22. Assume 3 —2a > 0. We have for any e >0 and i >0 and any 0< k< F— 2«
]EHAJ{.;(x)P] S 92a+r)ick
This estimate implies that if 3> 2a, there exists k>0 with V.—0 in L*(Q; By 5~ */2(Td)) g5 e —0.

Proof. A spectral computation gives

d/2 a
AVo) =Ty 3 Mk /) VR 9(8)

kecezd

EIAVA@)P) = el(yZmyiee 3 pilk/e) e =M/ R(k)
keezd
= (V2m)%e? =2 N p(k/(27)? R(k) (14)
keezd
< gdm2a9id gyp ER(k‘),
kee2ia/

SO

where o/ is the annulus in which p is supported. Now if €2? < 1 we have E[|A;Vi(2))] <

2idgd—20(91)f—d — ¢f—229i8  The assumption § — 2a >0 then implies E[|AV.(x)[?] < 220 +r)igs
for any 0 < s < 8 — 2. In the case £2¢ > 1 we use that fB(O 1)CR(k)dk: < +00 to estimate

S plk /(202 RIS R / R(k)dk < +oc,

keeZ? kezd
and then E[|A;Vz(2)|H] <e2% < 2294221 for any small x> 0. O
Note that the computation carried out in equation (14) implies also that if 5 — 2a <0, then

essentially V. does not converge in any reasonable sense since the variance of the Littlewood—Paley
blocks explodes.
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Remark 23. The same calculation as in (14) shows that
E[A;V(x)A;V(z)] =0
whenever |i — j|>1, because in that case p;p; =0.

The previous analysis shows that it is reasonable to take o< 3/2 in order to have some hope
of obtaining a well defined limit as € — 0. In this case V. stays bounded (at least) in spaces of
distributions of regularity @ — . This brings us to the problem of obtaining estimates for the
parabolic PDE

Lul(t,x) = (0 — A)us(t, z) = Vo(z)us(t, ), (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. € €7 ~2 with v > 0. It is then reasonable to assume that also V.u® € C7¢ 7 ~2 and
that u® € C7€" as a consequence of the regularising effect of the heat operator (Lemma 21). We
will see in Section 5.1 below that the product V.u® is under control only if v+ v —2> 0, that is if
~v>1. Since V. — 0 in € ', it is not difficult to show that u° converges as € — 0 to the solution u
of the linear equation -Zu=0. 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

Luf =exp(X®)(vVELXE + L —v5(0,X°)? — 2(0, X%, 0,0°) ga) = exp(X)veVL.
Since exp(X?) >0 on [0, T] x T¢, this implies that v° satisfies
L — |0, X2 — 2(0, X, 0,0 )ra=0, (t,z)€[0,T] x T4

Our Schauder estimates imply that X¢ € Cp%” with uniform bounds in ¢ > 0, so that the
problematic term is |9, X¢|? for which this estimate does not guarantee existence.
Note that

d/2—a .
DXt 1) = e Y HOREAG (1, k) g (k) (15)
with (v2m)¥ keeZd
k[L—entIR/ePR
Ge(t, k) *ZEW (k).

Lemma 24. Assume that

2= («/_QW)d/ %dk < +oo.
d
Then if a=1 we have b

lim B[]0, X°[*(t, z)] = 0%,
and if a <1

i B[(19, X7 2(¢, 2)] 0.
Moreover if d>2, we have

Var[Ag(|0.X°[?)(t, )] S e 24| R|| o0,
Proof. A computation similar to that leading to equation (14) gives

E[|0,X¢|2(t, )] = gd(/27)de 2 Z |k/8|2[/0t€(ts)k/62d8:|2R(k)

keezg

1— —t(k/e)?2
—cd(\ /27 )220 Z [ekz—Q]R(k)’

keezd
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which for e — 0 and ¢ > 0 tends to

1H%EnaTXﬂ2@¢a}:na<1@ﬂza{/‘lﬁf)dk:na<1a%
e— R4

Let us now study the variance of |9, X¢|(¢, z). Using eq. (15) we have

Ed/2—a 2 )
Aq<|axxa|2><t,x>=<W> S0 e (k4 k) )G R)Gka)g (k) ).
k1,koceZd

By Wick’s theorem ([Jan97], Theorem 1.28)
Cov(g(k1)g(kz), g(k1)g(k2)) =Elg(k1)g(k1)E[g(k2) g(k3)] + E[g(k1) g (k2)E[g(k2) g(k1)]
=Lrest ki =ho+ k=0 + Ly kg =k -k =0

which implies

d/2—a 4
Var[Aq<|azXf|2><t,xn<(j2—W> S (ol + k) /)G D PIG U
k1, ka€eZd

For any ¢ > 0 the variables k1 and ks are bounded away from 0 and we have (the case ¢ = —1 is
left to the reader)

Var[Ag (|0, X5) (£, )] S22 N (py((kr + ko) /2))
k1,ko€eZ

o[ R(k1)| [R(k2)|
|1 [? a2

Now in order to satisfy ki + ko~ £29 we must have ko < ky~e2? or €29 < k1 ~ ko. In the first case

e R(k1)| | R(k e R(k
g2d+4—4 Z Hk2§k1~524| (|k1|)2| ik (|22)| Squ€2d+2 4 ||RHoo Z Hk2§e2q| |k( |22)‘
kl,kQEEZg 1 2 kQEEZg 2

§5d_254_4a”R”oof72

| R(F)]
|2
since |R(k1)|/|k1]? S ||R|loo /€2 While if €29 < ky ~ ko we similarly have

Sedt2-da R / dk

2d+4—da Z ngq<k1~k2|R(k1)2HR(];2)| < c2d+2—da|R|| Z 1[52‘?<k2|R(k22)|
kqi.k d ~ |k1| |k2| d ~ |k2|
1,k2 €€Z§ ko€
§€2d+2—4a”RHOO/dk|]|%k('|]‘;)| §5d_254_4a“R||0002

so we can conclude that
Var[Ay(|0:X¢?) (t, 2)] Se %" 1| R]| 0.
O

This lemma shows that the interesting situation is & = 1. Then provided 0% < +oco and d > 2
we have |0, X¢|%(t) — 02 in €% for all ¢ >0, and in fact the convergence is uniform on [c, C] for
all 0 <c< C. An easy consequence of this is that v converges to the solution of the PDE

Lv=c% (16)

and since X¢— 0 in C7¢" we finally obtain the convergence of (uf).~q to the same v.

4.1 The 2d generalized parabolic Anderson model

The case a =1 and d =2 remains open in the previous analysis. When d =2 we cannot expect o
to be finite and moreover from the above computations we see that the variance of |9, 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¢|%(¢, )] (which depends on time but which is easily
shown to be independent of x € T?), then we expect that solving the renormalized equation

Luf =V — o2us



26 SECTION 4

X

should give rise in the limit to a well defined random field 4 satisfying @ = e v, where

L =01+ 2(0,X, 07 o

and where X is the limit of X¢ as e — 0 while 7 is the limit of (0,X¢)? — ¢2(t). The relation of u?

t_2
with @° is easily seen to be 4°(t,z) = e_f‘)%(s)dsug(t, x). The renormalization procedure is therefore
equivalent to a time—dependent rescaling of the solution to the initial problem.
We will study the renormalization and convergence problem for a more general equation of the
form

Luf = F(u®)V, (17)

where F: R — R is a sufficiently smooth non-linearity. One possible motivation is that if 2° solves
the linear PDE and we set u® = ¢(z°) for some invertible ¢: R — R such that ¢’ >0, then

Lt = ()L — ()05 = £/ (29)2#Vs — () (' (2%)) 2O
and thus u® satisfies the PDE
Luf = F1(u¥)Vz + Fo(uf) (0yuf)?

where Fy(x)=¢'(¢~}(x))p~(x) and Fa(z)=—¢" (o1 (2))(¢' (¢~ () "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 (17) in d=2 with =1 and short
ranged (0 =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 non—linear 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
¢ — 0 will be described by a renormalized product F(u)o€ and so we write the GPAM as

Lu(t,x) = F(u(t,0))of(x),  u(0)=up. (18)

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 [Hu02]. 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 [Cha00].
Equation (18) is structurally very similar to the stochastic differential equation

d(t) = F(u(t)a:BE(t),  v(0) =10, (19)

where B denotes a fractional Brownian motion with Hurst index H € (0,1). There are many ways
to solve (19) in the Brownian case. Since we are interested in a way that might extend to (18)
where the irregularity appears along the two—dimensional spatial variable x, 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 [Lyo98] equips us
exactly with the techniques we need to solve (19) for general H. More precisely, if for H >1/3 we
are given |[ 6 BHABX, then we can use the controlled rough path integral [Gub04] to make sense of
S (; f-dBX for any f which “looks like” B¥ | and this allows us to solve (19). So the main ingredients
required for controlled rough paths are the integral | 6 BEABH 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 |, O'BSH dBH | the construction of /. 6 f-«dBH is achieved using pathwise

arguments and it is given as a continuous map of f and (BH, f(')deBfI). As a consequence, the
solution to the SDE (19) depends pathwise continuously on (B, f(;deBH).
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By the structural similarity of (18) and (19), we might hope to extend the rough path approach
o (18). The equivalent of B is given by the solution ¥ to .29 = £, 9¥(0) =0, so that we should
assume the renormalized product ¥o€ as given. Then we might hope to define fof for all f that
“look like ¥, however this is to be interpreted. Of course, rough paths can only be applied to
functions of a one-dimensional index variable, while for (18) 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 them 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 (18) 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 (¢ /&2, z /¢). The scaling of the temporal vari-
able 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 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 Zu® = 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
ZXe=V. (e.g. with zero initial condition), stays bounded in C7%¢ /2~ as e— 0. Since .Z 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)

Lw(t,x) =w(t,z)ol(t, x), w(0) = wo. (20)

As hinted 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) = (0:h(t,z))? + (¢, z), h(0) = hg (21)

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 consid-
erations. Another relevant model in applications is obtained by taking the space derivative of KPz
and letting u(t, x) = 0zh(t, x) in order to obtain the stochastic conservation law

Lu(t,z) =0.(u(t, )2+ 0,£(t, x), u(0) = ug, (22)

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 [KPZ86]. For a long time it could not be solved due to the fact
that there was no way to make sense of the nonlinearity (0;h)°% in (21). The only way to make
sense of KPZ was to apply the Cole-Hopf transform [BG97]: solve SHE (20) (which is accessible
to Ito6 integration) and set h =log w. But there was no intrinsic interpretation of what it means
to solve (21). Finally in 2012, Hairer [Hail3] 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 [HPP13].



28 SECTION 5

4.3 Hairer’s regularity structures

In [Haild], 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 [GIP13], but also at the expense of a very deep
conceptual sophistication. There are problems (like the one—dimensional heat equation with multi-
plicative noise and general nonlinearity) that cannot be solved using paracontrolled distributions,
but these problems seem also quite difficult (even if doable and 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.

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

Lu=F(u)n (23)

driven by sufficiently regular i 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 (23) 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 1 in C7% 7 ~?2 for some v > 0. For the application to the 2d space white noise we could
take y=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 ~ is such that 3v—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 (23) via Picard iterations (u™),>o starting from u® = ug. Since F preserves
the C€7-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
€72 for all t > 0 since 2y — 2 > 0 and we are in condition to apply Corollary 26 below on the
product of elements in Holder—Besov spaces. Now by Lemma 21, the Laplacian gains two degrees
of regularity so that the solution u! to Lu' = F(u®)n, u'(0) =wuy, is in C%7. From here we obtain
a contraction on C7% " for some small T' > 0 whose value does not depend on ug, which gives us
global in time existence and uniqueness of solutions. Note that in one dimension the space white
noise has regularity € /2~ (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.

When the condition 2y — 2 > 0 is not satisfied we still have that if n € C7€7~2 then u €
LT=Cré¢"2n C’%/ 2pee by the standard parabolic estimates of Lemma 21. However with the
regularities at hand we cannot use Corollary 26 anymore to guarantee the continuity of the operator
(u, ) — F(u)n. Moreover, as already seen in the simpler homogenization problems 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 17— 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 w which allows to analyse in more detail the possible resonances between the fluctuations
of u and those of 7.
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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 [Bon81] 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

Fa=Y > AifAg=f=<g+f-g+fog

j>—1i>-1

Here f < g is the part of the double sum with i < j —1, f > g is the part withi>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= > A;fAjg

j>—1i=—1 li—jl<1

Of course, the decomposition depends on the dyadic partition of unity used to define the blocks
Aj, and also on the particular choice of the pairs (7, j) in the diagonal part. The choice of taking
all (¢, ) with |i — 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 27«7 if i < j — 1, where &/ is a suitable annulus. If
|i — 7| <1, the only apriori information on the spectral support of the various term in the double
sum is supp.Z (A;fA;g) C 274, 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 fog
the resonant term.

Bony’s crucial observation is that f < g (and thus f > g) is always a well-defined distribution.
Heuristically, f < g behaves at large frequencies like g (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 f o g. The basic result about these bilinear
operations is given by the following estimates.

Theorem 25. (Paraproduct estimates) For any B €R and f, g€ .S we have

1 =< glls <p [l Fllz=llglls, (24)
and for o <0 furthermore
1f < glla+sSa.slflallglls (25)
For a+ >0 we have
1foglla+sSa,sllfllallglls (26)

Proof. There exists an annulus .« such that S;_; f A; g has Fourier transform supported in 27.¢7,
and for f € L we have

1S5 -1 f A gllzoe < N1S5-1 fllzee 185 gllzee S fllzoe 277l gll-

By Lemma 20, we thus obtain (24). The proof of of (25) and (26) works in the same way, where
for estimating fo g we need a+ 3> 0 because the terms of the series are supported in a ball and
not in an annulus. ]

A simple corollary is then the following:

Corollary 26. Let f €€ and g € €° with a+ >0, then the product (f,g)+ fg is a bounded
bilinear map from € x €° to €“"P. While f < g, f > g, and fo g 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.
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The ill-posedness of f o g for &« 4+ 3 < 0 can be interpreted as a resonance effect since fo 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.

Example 27. In Figure 1 we see a slowly oscillating positive function u, while Figure 2 depicts a
fast sine curve v. The product uwwv, which here equals the paraproduct u < v since u has no rapidly
oscillating components, is shown in Figure 3. We see that the local fluctuations of uv are due to
v, and that wv is essentially oscillating with the same speed as v.

-2 -

- -
Figure 1. Figure 2.
Figure 3.

Example 28. If f€%7(T) and g € ¢°(T) with v+ & > 1, then we can define [ fdg:= [(fd:g),
which is well defined since 0,9 € €°~! and v+ — 1 >0, and since integration is a linear map. In
this way we recover the Young integral [You36].

Example 29. Let B be a fractional Brownian bridge on T (or simply a fractional Brownian
motion on [0, 7], reflected on [, 27]) and assume that H > 1/2. We have p(Bf) € €~ for all
Lipschitz continuous ¢, and 9;B¥ € €=V~ and in particular p(B¥)9;B¥ is well-defined. This
can be used to solve SDEs driven by B in a pathwise sense.

The condition «+ 3> 0 is essentially sharp, at least at this level of generality, see [You36] for
counterexamples. It excludes of course the Brownian case: if B is a Brownian motion, then almost
surely B € 6%, for all o < 1/2, so that 9;B € €% " and thus B o 9;B fails to be well defined.
See also [LCLO7|, 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
BOB as a continuous bilinear operation on distribution spaces.

Other counterexamples are given by our discussion of the homogenization problem above. More
simply, one can consider the following situation.

Example 30. Consider the sequence of functions f,: T — C given by f,(t) = et /n. Then it is
easy to show that || .|y — 0 for all v <1/2. However let g, () =Re f,(t) Im 0:f,,(t) = cos(n?t)>.
Then g, — 1/2 in ¢~ which shows that the map f+— (Re f) (8; Im f) cannot be continuous in
€7 if v <1/2. Pictorially the situation is summarized in Figure 4, where we sketched the three
dimensional curve given by ¢t — (Re fy(t), Im f,(t), |, g gn(s)ds) for various values of n and in the
limit.

-2

Figure 4. Resonances give macroscopic effects
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5.2 Commutator estimates and paralinearization

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

Fu)n=F(u)<n+ F(u)on+ F(u) > .

The first and the last of these terms are continuous in any topology we choose for F(u) and 7. The
resonant term F'(u) o 1 however is problematic. It gathers the products of the oscillations of F'(u)
and 7 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 already have seen). 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, (27)
—— N——
y—2 2y —2 2y —2

but unless 2y — 2 > 0 the resonant term F'(u) o n cannot be controlled using only the C%7"—norm
of u and the C¢7~2%norm of 7. If F is at least C%, we can use a paralinearization result (stated
precisely in Lemma 34 below) to rewrite this term as

F(u)on=F'(u) (won) +Tr(u, n), (28)

with a remainder Ig(u, n) € €372 provided 3y — 2 > 0. The difficulty is now localized in the
linearized resonant product uo 7. In order to control this term, we would like to exploit the fact
that the function w is not a generic element of C%” but that it has a specific structure, since Zu
has to match the paraproduct decomposition given in (27) where the least regular term is expected
to be F(u)<neC€"~2

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

u=uX <X +uf,

for functions ©X, X, uf such that uX, X € €7 and the remainder u* € C%?". This decomposition
allows for a finer analysis of the resonant term wo 7: indeed, we have

uon=(u*<X)on+uton=u®(Xon)+Cu®,X,n) +ufon, (29)

where the commutator is defined by C(u™, X, n) = (uX < X)on —u* (X on). Observe now that
the term u®on does not pose any further problem, as it is bounded in C¢37~2. 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 31 below. By assumption, we have 3y —2 >0,
and therefore C(u™, X, n) € C¢37~2

The only problematic term which remains to be handled is thus the bilinear functional of the
noise given by X o 7. Here we need to make the assumption that X o € C€27~2 in order for
the product u™ (X o n) 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 (23) is well defined
and a continuous function of (u,u™,uf, X, 7, X on).

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) =w. Here we saw that the solution
is of the form u = eXv with

Lo =0]0,X|?+ 2(0v, 0. X )Rre,
where |9, X [2€ C%?7~2 and 9,X € C¢ 7~ ! and therefore v € C%?". In particular

u=eXv=v<eX+ 0 =v=<(eX < X)+C¥€?,
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using a paralinearization result in last step (see Lemma 33 below). Now the double paraproduct
f < (g=<h) satisfies

1f < (g=<h) = (fg) <hllass S fllallglallplls,

see [Bon81|, and therefore u = (veX) < X + C€%* = u < X + C%?” which shows that the
paracontrolled ansatz is at least justified in the linear case.

In the nonlinear case, the paracontrolled ansatz and the Leibniz rule for the paraproduct imply
that (23) can be rewritten as

Lu=L X <X +u)=uX < LX+[L v <)X+ Lu=F(u)<n+F(u)on+ F(u)=n,

where we recall that [Z, uX <]X = £ (uX < X) —uX < .ZX denotes the commutator. If we choose
X such that .2 X =7 and we set u™X = F(u), then we can use (28) and (29) to obtain the following
equation for the remainder wu!:

ZLut =F'(u) F(u) (Xon)+F(u)=n—[L, Flu)<]X

T F/(u) C(F(u), X )+ F'(u) (uF 0 ) + Tp(u, ). (30)

Lemma 36 below ensures that . ~1[.Z, F(u) <] X € C%?” whenever u € 7, and we have already
seen that all the other terms on the right hand side are in C%27~2 so that this allows us to control
uf in C¢'?7. Together with u= F(u) < X + u¥, equation (30) gives an equivalent description of the
solution and allows us to obtain a priori estimates on u and u* in terms of (uo, |1y —2, | X 0 7[/2y—2).
It is now easy to show that if F' € C§, then u depends continuously on the data (ug, 7, X o 7), so
that we have a robust strategy to pass to the limit in (17) and to make sense of the solution to (23)
also for irregular € C¢ 72 as long as v>2/3.

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 31. Assume that o, 3, €R are such that a+ + v >0 and 3+ v#0. Then for f, g,
h € C the trilinear operator

C(f,g,h)=((f=<g)oh)—f(goh)

allows for the bound
1C(fs 9. Mg+~ S f lallgllsllblly, (31)

and can thus be uniquely extended to a bounded trilinear operator from € “x€Px€* to €°+".

Proof. For 3+ v >0 this follows from the paraproduct estimates, so let 3+ v < 0. By definition

C(frg:h)= > ANi(AfArg)Ah(Lj<r-11i—rj<1— Ljg—rj<1)
i gk, 0

= Z Ai(AjfARG) AR (1< —11ji—g<1lik—e)<n — Ljk—ei<1)s
i,,k,L
where we used that Si_;fArg has support in an annulus 2¥.<7, so that A;(Sk_1fArg) # 0 only
if |i — k| < N —1 for some fixed N € N, which in combination with |i — ¢| <1 yields |k — ¢| < N.
Now for fixed k, the term ), 1og|n—¢|<NArgAch is spectrally supported in an annulus 2ka7 | so
that Zk,é Logik—o < NARgALh € € P*7 and we may add and subtract ka,e Logik—e|<NARGAD
to C(f, g,h) while maintaining the bound (31). It remains to treat

> A(A ARG AL n(Li<h11ji—p<i — 1)
ey

=— Z Ai(AjfARG) AL —pj<N(Ljzh—1+ Ljck—11ji—g|>1)- (32)
iR
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We estimate both terms on the right hand side separately. For m > —1 we have

Am< Z Ai(Aijkg)Aéh]-UcZ<N1j>k—1>

1,5,k,¢

LOO
< o en sk [ An(Af ArgAM) L=< > D 27| flla2 |l glls2 7 IR ]l
JHe Jxm kS
S 27BN flallglalblly S 27 £ lallgls b -,

jizm

using [+ v < 0. It remains to estimate the second term in (32). For [i —¢|>1 and i~k ~ ¢, any
term of the form A;()Ay() is spectrally supported in an annulus 2°7, and therefore

(Z Ai(AjfARG)AhL ko< nLj<k—11)i- l|>1>

i,7,k,0

L:x)
S Lk alimkmtmm | Ai(Af Arg) Agh o
1,5,k ¢
S 270 f a2 llglls2 ™ Rl S 27N fllallg s 1R

jsm

O

Remark 32. For 8 + v = 0 we can apply the commutator estimate with v’ < v, as long as
a+B+~">0.

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

Lemma 33. (see also [BCD11], Theorem 2.92) Let a€(0,1), 3€(0,a], and let F € C;+6/°‘.
There exists a locally bounded map Rp: € * — € **P such that

F(f)=F'(f) = f+Re(f) (33)

for all f € €. More precisely, we have
IRE()lats SIF [l greore L+ [LF12777).
If Fe Cf*ﬂ/"‘, then R is locally Lipschitz continuous:
IRe(f) = Be(9)la+s SIF llgavora L+ flla+lglla) ™1 f = glla-

Proof. The difference F(f)— F’(f) =< f is given by
Re(f)=F(f)=F'(f)<f=> [AF()=Si1 F'(HAif]= )

i>—1 i>—1

and every w; is spectrally supported in a ball 2°48. For i <1, we simply estimate [|u;||z~ S||F|lcp (1+
I flla). For i > 1 we use the fact that f is a bounded function to write the Littlewood—Paley
projections as convolutions and obtain

$)=/Ki(l‘—y)K<i—1($—Z) [F(f(y) = F'(f(2) f(y)]dydz

=/K (z—y) Keio1(x—2) [F(f(y) = F(f(2)) = F'(f(2) (f(y) = f(2))]dyd >z,

where K; = F 1p;, Koy 1= Zj<i_1 K, and where we used that fK Ydy=p;(0)=0fori>0
and [K<;_1(z)dz=1 for i > 1. Now we can apply a first order Taylor expansion to I and use
the 8/a—Hdlder continuity of F’ in combination with the a—Holder continuity of f, to deduce

@) S cgore FIE [0 =) Kot =2)]x 2=+ d yd 5

1 »
SIEl|garsrall £l 2740,
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Therefore, the estimate for Rp(f) follows from Lemma 20. The estimate for Rp(f) — Rp(g) is
shown in the same way. O

Let g be a distribution belonging to €7 for some 3 < 0. Then the map f — f o g behaves,
modulo smoother correction terms, like a derivative operator:

Lemma 34. Let o € (0,1), 8 € (0,0a], vy € R be such that « + S+ v >0 and o + v # 0. Let
Fe C’;+ﬁ/a. Then there exists a locally bounded map Ilp: € x €7 — €t such that

E(f)eg=F'(f)(fog)+Tr(f,9) (34)

for all f € €% and all smooth g. More precisely, we have

ITe(f, )t SIFllggsore (L L F IS gl
If Fe C§+B/a, then g is locally Lipschitz continuous:
IME(f5 9) = e (w, v)[las~

SNl gzara L1 lla+ lulla) 274 @+ lolly) (1f = ulla+[lg = oll).

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

(f,9)=F(f)og—F'(f)(fog)=Re(f)og+(F'(f)<f)og—F'(f)(fog)
=Rp(f)og+C(F'(f), f,9)

so that the claimed bounds easily follow from Lemma 31 and Lemma 33. O
Besides this sort of chain rule, we also have a Leibniz rule for f— fog:

Lemma 35. Let a€(0,1) and v <0 be such that 2a+ >0 and a+y#0. Then there exists a
bounded trilinear operator Ily: € x €% x €7 — €T, such that

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

Proof. It suffices to note that fu=f <u+ f>u-+ fou, which leads to
IL(f,u,9)=(fu)og— f(uog)+u(fog)=C(f,u,g9)+C(u, f,g)+(fou)og. O

Lemma 36. Let 3<1, a € R, and let f € £” and G € CE€* with LG € C€*~2. There exists
H=H(f,G) such that ZH=[%, f <|G and H(0)=0. Moreover H € C€*tPNC"A/2[* gnd
for all'T >0

[H | cgornmrzpe + 1 H | opgets SNl 2p(IGlleree + 1 2G ] crge—2)-

Proof. Let T'>0 and let f. be a time mollification of f such that ||0;fc||c L §6’3/2’1||f|\$£ and

| fe = fllopne SeP72|| £ || 4o for all € > 0. For example we can take f.= p. f with p.(t)=p(t/c) /e
and p: R — R compactly supported, smooth, and of unit integral. For ¢ > —1 we have

LAH=AN[ZL(f—f)<G)—(f — fo) LG+ AL (f-<G) — [- < LG,
so that
LN(H = (f = fo) =G)==A[(f = fo) LG+ A[L(f- = G) — f- < ZLG]

=A[(fe— ) R LG+ Ai[Lf- <G — 20, f- < 0,G],

with initial condition A;(H — (f — fe) < G)(0) = —(A;(f — fe) < G)(0). The Schauder estimates for
Z (Lemma 21) give

[Ai(H +(f = fo) <G| gpro SIA(S = fo) < LG+ Ail(Lfe) < G + 0ufe < 0:G | o pege -2
HI(A(S = fo) <G)O0)]lat -
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Now choosing £ =272%, we have
1A((f = fo) = Dllcpgars S27NA((f = f2) < G)lloree S27N f — fellorp=l|Gllcrea
<N 1l gl Gl
and exactly the same argument also gives
1A(f = fo) < ZGCllcrgoro—2 S | 221 LG | crge—2-
Since 0 <1, we further get

1AL fe < G+ 8ufe < 0:G) || oygar o2 S22 Oufe |l cro=|Gllcrwa + || fell oren |G llope
S lepllGllcies+ 11 flloreelGlloree
Combining everything, we end up with

[AiH |lcpgers Sl 2g(1Glleree + |- LG | crgn—2),

which gives the estimate for the space regularity of H since ||A;H ||cpree 27T AH || opgats.

The time regularity of H can be controlled similarly by noting that (f — f.) <G € C’(TO‘/\’B)/QL"O7
uniformly in €. 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 37. Let a >0 and § € (0, @] be such that o+ € (0,2), and let u € L*. A pair of
distributions (f, f*) € L% x £ is called paracontrolled by g if ff=f — f*<uecCE*TPN.LP.
In that case we write f € 9 = 25(u), and for all T >0 we define the norm

Ifllgg= 1 lgare+ 1l gp + 1 F¥llopgata+ L ¥l oprz o
Ifie 2L and (f, f%) e 2°(q), then we also write

dop(f D)= 1" = Fillgp+ 17 = Plloggers + 1 F = Follgsrap e

Of course we should really write (f, f*) € 29 since given f and g, 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 38. The space 2° does not depend on the specific dyadic partition of unity. Indeed,
Bony [Bon81] has shown that if < is the paraproduct constructed from another partition of unity,
then || f*<u— f" < ullopgors SN opgslullcies.

Nonlinear operations As an immediate consequence of Lemma 31 we can multiply paracon-
trolled distributions provided that we know how to multiply the reference distributions.

Theorem 39. Let o, B€R, v<0, witha+ +~v>0 and a+v#0. Let ue C€*, veC¥", and
let ne CEYT7. Then

PP(w)> fr foi=f<v+ v+ flov+ C(f*u,v)+ fineCE?
defines a linear operator which for all T >0 admits the bound
1)l cpgatr=I1fv = f <vllopgats Sl gpllvllessr + lulleresvlicrer + 1nllopga+s).

If there exist sequences of smooth functions (u,) and (vy,) converging to u and v respectively for
which (un o vy,) converges to n), 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 4,0, 7} satisfy the same assumptions
as u, v, n respectively, if f € 2°(i), and if

M =max {|[ul[crge [vllcer [1nllopeetrs [dllorgas [0llores 10llcrg et | Fllagwy 1 F lag@ts
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then
1(f0)? = (F0)¥latry < P(M)(dgs(f, F) + = lla+ v = lly+ 7= 7llat)-

Given Lemma 31 (and the paraproduct estimates Theorem 25), the proof is straightforward
and we leave it as an exercise. From now on we will usually write fv rather than f-v.

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

Theorem 40. Let a € (0,1) and B € (0, a. Let u € L%, f € 2*(u), and F € C’;+ﬁ/a. Then
F(f) e 2P with derivative (F(f))*=F'(f)f", and for all T >0
I (F)ll g S | gavara(L+ LF 15g) (1 + llull ).

Moreover, there exists a polynomial P which satisfies for all F € Cf*ﬁ/", weEL, f € 2%(u), and

M :=max {||ull zp, @l 2p: || | 2500, | Fll 2}
the bound

dgp(F(f), F(f)) SPM)|F || gzt 0/a(dog(f, )+ lu— il 2p).

T

The proof is not very complicated but rather lengthy, and we do not present it here.

Schauder estimate for paracontrolled distributions The Schauder estimate Lemma 21 is
not quite sufficient: we also need to understand how the heat kernel acts on the paracontrolled
structure.

Theorem 41. Let a€(0,1) and B€(0,a]. Let ue C€*~2 and LU =u with U(0)=0. Let f*€ £P,
freCet8-2 and go€ €“TP. Then (g, f*)€ 2°(U), where g solves

gg:fu<u+fﬁ7 9(0):907
and we have the bound

lgllgaw S llgollats+ A+ T)UF N g+ llullcrga—2) + 1 Flopgars-2)

for all T > 0. If furthermore @, U, f*, f¥, o, § satisfy the same assumptions as u, U, f* %, go, g
respectively, and if M =max {|[ f*[| g, [|@| c, g2, 1}, then
dgp(9, 9) S 1190 = olla+s
+AH+T)MIf = Ul gp+ llu—tdllogga—2+ 1= filomgara-2).

Proof. Let us derive an equation for the remainder gf. We have
Lot= L(f'<U) = Lg=[L(f*<U) - f*< LU+ f* < LU - [f*<u+ f
— £, fU<]U - f.

By Lemma 36 we know that there exists H € C€ >N CP/2L> such that ZH =%, f*<]U, so
we can apply the standard Schauder estimates of Lemma 21 to .Z(g* — H) = — f¥ to get

9%l crgasnt 98l canmrz e SISl 2p(IU loree + 12T lopga-2) + [ fHll opga+a-a-
The estimate for gf — % can be derived in the same way. O

Bibliographic notes Paraproducts were introduced in [Bon81], for a nice introduction
see [BCD11]. The commutator estimate Lemma 31 is from [GIP13], but the proof here is new
and the statement is slightly different. In [GIP13], we require the additional assumption « € (0,1)
under which C' maps €% x €'# x €7 to € P+ 7 and not only to ¢’ #*7. Theorem 40 is from [GIP13].

Theorem 41 is new, but it is implicitly used in [GIP13]. The estimates presented here will only
allow us to consider regular initial conditions. More general situations can be covered by working
on “explosive spaces” of the type

{f€C((0,00),¢*): sup [[t77f(t)||g=<ooforallT >0}
te(0,7]
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and similar for the temporal regularity. This is also done in [GIP13].

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 smooth, and
that the semigroup generated by A has a sufficiently strong regularization effect. This is also true
for fractional Laplacians 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} T for some € > 0 such that (24 )y > 2.
We know from Theorem 40 that if Y € C¢” and ue€ 27(Y), then F(u) € 27(Y):

(7)) ZEY gevy, (35)

If now Y o n € C¢?7~? is given, then Theorem 39 shows that for all f € 257 we have fn =
(fm)t + F(u) < n with (F(u)n)* € C€?7~2 — it is here that we use (2 + ¢)y > 0. Integrating
against the heat kernel and assuming that ug € €27, we obtain from Theorem 41 that the solution
(J(fn)(t) + Pruo)eo to LJI(fn) + Puo=(fn), J(fn)(0) + Pouo=up, is in 27(X), where X solves
ZX =n and X(0)=0. In other words, we have a map

frouo+J(fn)

7(Y) 27(X), (36)

and combining (35), (36) we get

QW(Y) u'_'F(u) @57(}/) F(u)'_’u()‘i’-I(F(u)n)

27(X),
so that for all T'> 0 we can define
Pr:27(Y) — 27'(X),  Tr(u)=(uo+J(F(u)n))lpo,1)-

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 7° when estimating the 27:(X)-norm
of I'r(u). This allows us to show that for small T > 0, the map Iy leaves suitable balls in 27(X)
invariant, and therefore we obtain the (local in time) existence of solutions to the equation under
the assumption X on e C¢2?7 2.

To obtain uniqueness we need to suppose that F' € C’E*E. In that case Theorem 40 gives the
local Lipschitz continuity of the map u+— F(u) from 22(X) to 277(X), while Theorem 39 and
Theorem 41 show that f+ ug+ J(fn) defines a Lipschitz continuous map from 257(X) to 27(X).
Again we can obtain a scaling factor 7%, so that I’y defines a contraction on a suitable ball of
23(X) for some small T > 0.

Even better, I'r not only depends locally Lipschitz continuously on u, but also on the extended
data (ug, 7,X o 7)), and therefore the solution to (23) depends locally Lipschitz continuously on
(uo, n, X 0om).

5.5 Renormalization

So far we argued under the assumption that X o exists and has a sufficient regularity. This should
be understood via approximations as the existence of a sequence of smooth functions (7,) that
converges to 7, such that (X, 0,) converges to X on. However, this hypothesis is questionable and,
recalling our homogenization setting, actually not satisfied at all in the problem we are interested
in. More concretely this can be checked by considering an approximation sequence, for example if
n = £ is the two-dimensional space white noise. Indeed, if ¢ is a Schwartz function on R? and if
on=n¢(n') and

(@)= pnr €)= [ pule=0)Edy=Y (& palo+2mk =)
R kez?

then we will see below that there exist constants (¢,) with lim,c¢, = 0o, such that (X,, o n, — ¢,)
converges in C7%€27~2 for all T > 0.
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This is not a problem with our specific approximation. The homogenization setting shows that
even for 7 — 0 there are cases where the limiting equation is nontrivial. In the paracontrolled
setting we have continuous dependence on the data (7, X o 7), so this non—triviality of the limit
can only mean that it is X o 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 ZX =n to write

Xon=Xo#X=1#(X0X)+0,X 00X =[0.X[+ LL(X 0 X) - 20,X <0,X.

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

T T T
/ /Xondxdt:/ /|6,£X|2d:cdt+%/ (X(T)oX(T))dx—Z/ /(6xX<81.X)dxdt
0 T 0 T T 0 T

but now if XoncCré?"~2 and X € C7% " then all the terms should be well defined and finite but

this is cannot be since would mean that | OT Jpl0:X |2dzdt < +00. By direct computation however
we can check that

/ |0:X (¢, )| *dw = +o00
T

for any ¢ > 0 almost surely if 7 is the space white noise. Note also that the problematic term |9, X |2
is exactly the correction term appearing in the analysis of the linear homogenization problem above.

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

(F(u)n)f=F(u) =1+ (F(u)*on+ C((F(w)™, X, n)+ (F(u)* (X on).

Now (F(u))X = F'(u)uX by Theorem 40, and if u solves the equation, then uX = F(u) by
Theorem 41. So we should really consider the renormalized equation

Lup=F(un)on,=F(un)&n— F'(un) F(un)cn
and in the limit

Lu=F(u)on:= (F(u)on)?+ F(u) <, (37)

where the paracontrolled product (F(u)on)* is calculated using Xon = lim,, (X, 0 1, — ¢,) in the
place of X o 7. Formally, we also denote this product by F(u)on= F(u)n — F'(u)u*X-00, so that
the solution u will satisfy

Lu=F(u)— F'(u)F(u) - cc.

Note that the correction term has exactly the same form as the It6/Stratonovich corrector for
SDEs and indeed we should consider (37) as the “Itd form” of the equation.

Remark 42. The convergence properties of (X, 07,) are in stark contrast to the ODE setting: if
we consider the equation dyu= F'(u)( rather than PAM, then we should replace X by Z with 0,7 =(.
But then we have in one dimension Z o {=1/204(Z o Z), so that the convergence of (Z,,0(,) to Zo ¢
comes for free with the convergence of (Z,,) to Z. This is due to the Leibniz rule for d; and it is the
reason why rough path theory is trivial in one dimension (but of course not in higher dimensions).
As we have discussed, for the second order differential operator .Z we have different rules and

(Xon)=(Xo0.2X) =1 L(X 0 X) +(0:X 00,X),

so that here it is really 0,X o 3, X which is the nontrivial term.
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These considerations lead naturally to the following definition.

Definition 43. (PaM-enhancement) Let v € (2/3,1) and let
Xpam CEV " 2x CE27 2

be the closure of the image of the map

Opam: C° x C([0,0),R) — Xpam,

given by

epam(evf):(97®09)::<97q)09_f)> (38)
where ®=J0, that is £®=0 and ®(0)=0. We will call ©pam (8, f) the renormalized PAM-enhance-
ment of the driving distribution 6. For T > 0 we define Xpam(T) = pam|[07T] and we write

X[ (1) for the norm of X € Xpam(T)) in the Banach space €72 x Cp€*' 2. Moreover, we
define the distance dx,,,. (1)(X, X)=|X- XHXpam(T)-

Remark 44. It would be more elegant to renormalize ® o § with a constant and not with a time-
dependent function. But since we chose ®(0) =0, we have ®(0) 00 =0 and therefore ($,,(0)08,, —cy,)
diverges for any diverging sequence of constants (c¢,). A simple way of avoiding this problem is to
consider the stationary version P given by

where IIo denotes the projection on the non-zero Fourier modes, Ilxou =u — 4(0). But then P
does not depend on time and in particular ®(0) # 0, so that we have to consider irregular initial
conditions in the paracontrolled approach which complicates the presentation. Alternatively, we
could observe that in the white noise case there exist constants (¢,) so that (X, (t) o & — ¢n)
converges for all ¢ >0, and while the limit (X (¢)o) 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 45. Lety€(2/3,1) and e >0 be such that (2+¢)y>2. Let X=(X,1) € Xpam, F€CETE,
and ug € %Y. Then there exists a unique solution u € P7(X) to the equation

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

up to the (possibly finite) explosion time T =7(u)=inf{t > 0: ||lul|zy =00} > 0.

Moreover, u depends on (ug, X) € 6% X Xpam in a locally Lipschitz continuous way: if M,T >0
are such that for all (uo, X) with |[uoll2 V [|X]|x,...(7) < M, the solution u to the equation driven
by (uo, X) satisfies T(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)([[uo = dioll2y + dx,(r) (X, X))

Proof. We only have to turn the formal discussion of Section 5.4 into rigorous mathematics. The
small factor 7 is obtained from a scaling argument and while this does not require any new insights
it is somewhat lengthy and we refer to [GIP13, GP14] 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 u on [0, 7p] for some 7p > 0. Now we no longer
have X (Ty) =0, and also the initial condition u(7p) is no longer in 2. But we only used X (0) =0 to
derive the initial conditions for u’ and u!, and we only used uy € € to obtain €2 initial conditions
for uf. Since now we already know (u'(Tp),u*(Tp)) € € x €*7, we do not need this anymore.

As for the continuity in (ug, X), let (g, X) be another set of data also bounded by M. Then the
solutions v and @ both are bounded in 27 by some constant C=C(F, M) > 0. So by the continuity
properties of the paracontrolled product (and the other operations involved), we can estimate

dy(u, @) < P(C)(||uo = tioll2y + da (1) (X, X) + T0dg(u, @)
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for a polynomial P. The local Lipschitz continuity on [0, T] immediately follows if we choose
T >0 small enough. This can be iterated to obtain the local Lipschitz continuity on “macroscopic”
intervals. ]

Remark 46. For the local in time existence it is not necessary to assume F' € CZ 1€, it suffices

if F' € C?*¢. This can be seen by considering a ball containing ug(x) for all z € T9, a function
Fe C’f *+€ which coincides with F on this ball, and by stopping u upon exiting the ball.

In the linear case F'(u) =u we have global in time solutions: in general we only get local in time
solutions because we pick up a superlinear estimate when applying the paralinearization result
Theorem 40. This step is not necessary if F' is linear, and all the other estimates are linear in w.
When F € CZ*¢, a more refined argument can get rid of the superlinear estimate and establish
global existence in full generality; for details see [GIP13].

5.6 Construction of the extended data

In order to apply Theorem 45 to equation (23) with white noise perturbation, it remains to show
that if £ is a spatial white noise on T?2, then & defines an element of Xpam- In other words, we need
to construct Xo&.

Since P, ¢ is a smooth function for every ¢ > 0, the resonant term P;£ o £ is a smooth function,
and therefore we could formally set X o £ = [ 0°° (Pr€o&)dt. But we will see that this expression
does not make sense.

Recall that (€(k))kez2 is a complex valued, centered Gaussian process with covariance

E[£(k)E (k")) = Ok+hr=0, (39)

and such that £(k)*=£(—k).
Lemma 47. For any x € T? and t >0 we have
g =E[(Pi£o &) ()] =E[A 1 (PEo&)(z)] = (2m) 2 e P,
keZ?

In particular, g; does not depend on the partition of unity used to define the o operator, and
[3gsds =00 for all t>0.

Proof. Let € T2 ¢ >0, and £ > —1. Then
E[A¢(Pigog)(@)]= D E[A(Ai(Pé) A;€)(@)],
li—jl1<1

where exchanging summation and expectation is justified because it can be easily veriﬁed2 that the
partial sums of Ay (P;€o &)(x) are uniformly LP-bounded for any p >1. Now P,=e *I'*(D), and
therefore we get from (39)

B[AL (A (PL6) Ay €) () o
=@M > ehnla) pe (k) pik) e o (kB[ (K)E(K)
k,k'€Z?
= @)Y ) oK) T ()= S T ) gy
kez? hez2

For |i — j| > 1 we have p;(k) p;j(k) =0 and therefore
gi=E[(P&o&)(@)]=2m)72Y " Y pilk) pj(k) e = (2m) 72y~ etEF,

kezZ? i,j kez?

while E[(P o &)(x) — A_1 (Pr&o&))(x)]=0. O

Exercise 12. Let ¢ be a Schwartz function on R? and set

fn(l“)=((ngsﬂ(n'))*f)(fr)Z/RQngw(n(fr—y))f(y)dy= > (E&nPo(n(e +2nk —-))

keZ?
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for x € T2 Write FRap(2 = [Ret - (z)dz. Show that

E[(Pi&no &) (2)] = E[A_1 (Piéno &) (@) = (2m) 2 Y~ e 1 | Fpap (k /) 2

kez?
Hint: Use Poisson summation.

The diverging time integral motivates us to study the renormalized product X o & — f 6 gsds,
where f 0' gsds is an “infinite function”

Lemma 48. Set
t
(o)t = [ (Peog—g)ds
0

Then E[||X0§||%T%27,2(T2)] <oo forally<1,p>1,T>0. Moreover, if ¢ is a Schwartz function

on R? with [p(z)dz=1, if &= pn* & with o, =n*p(n-) forneN, and X,( fo P, &,dt, then
HILH;O]E[HXof— (Xn o0& — fn)”chg?w—?(m)] =0

for all p>1, where for all x € T?

fn(t) = E[Xn(t, ©)6n(2)] = E[(Xn(t) © &) (2)]
—em 2 Y IZelIORG iy omy
keZ2\ {0}
Proof. To lighten the notation, we will only show that E[[| Xo{||¢, 422 <oo. The convergence

f (X, o & — fn) to Xof is shown applying dominated convergence, and we leave it as an
exercise. Let t > 0 and define =y = P, £ o £ — g;. Using Gaussian hypercontractivity, we will be
able to reduce everything to estimating E[|A,Z(z)]?] for £ > —1 and x € T2 Lemma 47 yields
Apgi=0=E[A; (P éc&)(x)] for £>0 and x € T?, and A_; g; = g = E[A_1(P£ 0 £)(z)], so that
E[|AZ(2)]?] = Var(Ay( P& o £)(z)). We have

Ad(Pigo)(w) = ei(@)pek)F (Pi&o ) (k)

kez?
=m0 YT DT @) pelkr + k2) pilka)e FIPE(Ry) (o) € (R).

k1,ko€Z2 |Z*j|<1

Hence

Var(A(P o §)(x))

=M 3 > N (@) pelka + k2) pilk)e M, (ko)

R LR i1<1 Jir=57<1
X kg ky(@) pe(kl + K5) por(ki e ™ W o (k) Cov (€ (k)& (k2), € (K1) & (KS)),

where exchanging summation and expectation can be justified a posteriori by the uniform LP—bound-
edness of the partial sums. Now Wick’s theorem ([Jan97], Theorem 1.28) gives

Cov(€(k1)€ (ka), E(K])E (k) = BIE (k)€ (ko) € (k1) E(KE)] — BIE (k1) € (ko) B (k) € (k5)]
=E[&(k1)& (k)| E[E (k1) E (kb)] + E[E (k1) & (kD) E[E (k2)€ (k)]
(€ (1)& (k3)|ELE (k2) € (k1)) — BIE (k1) € (ko) |E[E (k1) € (5)]

=(0ky+ k{=00ky+ k=0 T Oy + ks =00k + k{=0),
and therefore
Var(Ae(Pioé)(x)) =2m)~*> > > Ligilli<ipi(ky + ko) pi(ka) pj(k2)
ki ko |i—j|<1 |i'—j'|<1
X[Pi’(kl)pj’(ké) —2t|k1|? + pir (kz) (kl) 7t|k1\27t|k2\2}.
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Now there exists ¢ > 0 such that e~ 2/FI* < e 2 for all k € supp(p;) and for all ¢ > —1. In the
remainder of the proof the value of this strictly positive ¢ may change from line to line. If |i — j| <1,

then we also have e~*I¥I" < e=t¢2*" for all k € supp(p;). Thus

Var(A¢ (P o §)())
_9¢e2i
S E H55¢Hi~j~i’~j’§ Hsupp(pg)(kl+k2)HSUPP(P¢)(kl)HSHPP(Pj)(k2)€ 2tez
4,5,'3" k1,ka

20 24

; 24 2 24 2 2¢

§ E 22122€€—tc2 S " E e—tc2 ,S ; e—th ,
114 2>0 IR

where we used that 227 < ete=e12% for all ¢/ < c.
Consider now Xo{(t) = [ Esds. We have for all 0< s <t

E| | Xo&(t) — Xo&(s) 35 -z | = ; 920027 ~2) /T E[|Ad(Xog(t) — Xo(s)) (@) 7)da

Since the random variable Ay(Xo&(t) — Xo&(s))(x) lives in the second non-homogeneous chaos
generated by the Gaussian white noise £, we may use Gaussian hypercontractivity ([Jan97], The-
orem 3.50) to bound

E[|Ay(Xog(t) — Xo&(s))(2)|*] S E[|Ad(Xog(t) — Xo(s)) ()[]*P < ([E[AeEr(w)Hdryp-
But we just showed that
E[IAE (@) < EJAE (@)2'/2 = (Var(Ad P 0 €)(2)) /2 S~ /226728 =1 /29t —re2
(changing again the value of ¢), and therefore

1/2p
1/2p _ ¢ _ —re22 2p
(IE[||X<>§(t)—Xof(s)”épg;;i]) 5(2 (gzm 2)/5 p—1/290g—re2 edr) )

14

t
< 2@(27—1)/ T—1/267'rc22£dr
2

t e} 2p
5(/ r71/2/ (21)27_16_“221dxdr> .
s -1
The change of variable y = /72" leads to

t oo 2p
5(/ 7‘71/27"7(2’Y71)/2/ y27_26_Cy2dyd7’) )
s 0

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

t 2p
S(/ r”dr) <|t—s|?P=7)

provided that v €(1/2,1). So for large enough p we can use Kolmogorov’s continuity criterion to
deduce that ]E[||X<>§H2p ] < oo for all T'> 0. The claim now follows from Besov embedding,

2v—2
CrBap 2p

Lemma 18. O

Combining Theorem 45 and Lemma 48, we are finally able to solve (23) driven by a space white
noise.

Corollary 49. Let e >0 and let F € C2*¢ and assume that ug is a random variable that almost
surely takes its values in €*7 for some vy € (2/3,1) with (2+¢)y>2. Let £ be a spatial white noise
on T2. Then there exists a unique solution u to

Lu=F(u)of, u(0) = ug,
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up to the (possibly finite) explosion time T =7 (u) =inf{t > 0: [|u||gy = oo} which is almost surely
strictly positive.

If (pn) and (&) are as described in Lemma 48, and if (uo,n) converges in probability in €7
to ug, then u is the limit in probability of the solutions u, to

Lup=F(up)on, Un(0) =un,o.

Remark 50. We even have a stronger result: We can fix a null set outside of which Xo¢ is regular
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 uy 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 [FV10].

6 The stochastic Burgers equation

Let us now get to our main example, the “KPZ family” of equations. We concentrate here on the
stochastics Burgers equation SBE, but essentially the same analysis works for the KPZ equation.
We can also treat the heat equation with the same arguments, although in that case we need to
set up the equation in the right way by applying a suitable transformation.

Recall that the stochastic Burgers equation SBE is

Lu=0,u?+ 0,€, u(0) = ug, (40)

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 v 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 %12~ 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 3 we were able to show that 9,X? exists as a
space—time distribution. So as in the previous examples there are stochastic cancellations going
into 0,X?2. 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 u will allow us to transfer the
cancellation properties of X to w and it will allow us to construct d,u? as a continuous bilinear
map, from where existence and uniqueness of solutions easily follows.

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
LX =0,¢, X(0)=0. Setting u= X +u!, we have

Lu?l=0,(u?) = 0,(X?) + 20,(X u?1) + 0,((u?1)?).
Let us define the bilinear map

B(f.9)=J0u(fg) = / P0u(f(s)g(s))ds.

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

u=X+B(X,X)+u>2 (41)
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22 gatisfies

ZLuP? = 20,(XB(X,X))+0.(B(X,X)B(X, X))
120,(X u>2) + 20,(B(X, X) u>?) + 0,((u>2)?).

Now u
(42)

We can imagine to make a similar change of variables to get rid of the term
20,(XB(X,X))=%B(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 71 and 7o respectively. For example

(v0) =1, (He)=mm, (om)=pz, (@E)=[2],
Then we define recursively

X=X X7 = B(X™, X72),

giving

X7-B(X,X), X*=B(X,X%), X*=B(X,x"), X°=Bx"xY),

and so on. In this notation the expansion (41)—(42) reads
u=X+X"+u>2, (43)
w22 = 2X7 1 X7 L 9B(X, u2) + 2B(X%, u22) + B(uZ2, u>?). (44)

Remark 51. We observe that formally the solution u of SBE can be expanded as an infinite sum
of terms labelled by binary trees:
u= Z ()X,

T€T
where ¢(7) is a combinatorial factor counting the number of planar trees which are isomorphic
(as graphs) to 7. For example c(e) =1, c(() = 1, c(m) =2, c([7]) = 4, c() =1 and in general
o(1) = 3, met Limm)=r c(11)c(72). Alternatively, we may truncate the summation at trees of
degree at most n and set

u= Z (1) X7 +u”n,
T€T,d(T)<n
where we denote by d(7) € Ny the degree of the tree 7, given by d(e) = 0 and then inductively
d((m172)) =1+d(11) +d(72). For example d(() =1, d(iz) =2, d([z]) =3, d( ) =3. We then obtain
for the remainder

= > (e X 4 3 () BXT,uP) + B, (45)
71,72:d(T1) <m,d(T2)<n T:d(T)<n
d((m17m2)) 2n

Our aim is to control the truncated expansion under the natural regularity assumptions in the
white noise case, X € C¢ /2~ Since (45) contains the term B(X ,u>") which in turn contains the
paraproduct J8,(u>" < X), the remainder u>" will be at best in C4'/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++2X@+uQ, uf=u'<Q+ul, (46)
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where the functions u/, Q and u* are for the moment arbitrary, but we assume u/, Q € £ and
ut € 27, where from now on we fix € (1/3,1/2). For such u, the nonlinear term takes the form

D2 = 0,(X2 +2X7X + (X™)2 + 4X7X) 4 20,(u?X) (47)
120, (X (uQ + 2X7) + 0,((uQ + 2X7)2),
which gives us an equation for u®:

LuQ=0,((X™)2 +4X"X) +20,(u?X) + 20,( X" (uQ + 2X7)) 4 8,((u? + 2X7)?) (48)

— X ALK 120, (u0X) +20,(X (w2 + 2X7) + 0 ((u? +2X7)2).

If we formally apply the paraproduct estimate Theorem 25 (which is of course not possible since
the regularity requirements for the resonant term are not satisfied), we derive the following natural

regularities for the driving terms: X € C%~1/2=, X? € 049~ X% € £V/2~ X% ¢ £1/2~ and
€ .#'~. In terms of ~, we can encode this as

Xecer!, XZeccer-1, XTewr, XPegr, XDeg,

Under these regularity assumptions the term 20,(X" (1@ + X7)) + 0, ((u@ + X7)2) is well defined
and the only problematic term in (48) is 9,(u®X). Using the paracontrolled structure of u%, we
can make sense of J,(u?X) as a bounded operator provided that Q o X € C€?7~! is given. In
other words, the right hand side of (48) 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

20 = 2X" 42X ¢ 20, (uPX) + 205( X" (1@ + 2X7)) + 0, ((u? + 2X7)2)
=40,(X"X) +20,(uCX) + CE2 2 =4X" < 9, X + 2u? < 9, X + C€* 2,

where we assumed that not only .ZX™ € C€7~2, but that 0,(X" o X) € C€27~! (which implies

ZX% e C€72, but also the stronger statement X9 - < 0,X € C¢*'~2). By Theorem 41,
u@ is paracontrolled by J(9,X), and in other words we should set Q@ =J(9,X). The derivative u’
of the solution u? will then be given by u/= AX" 4 2uQ.

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 u2, we would have to subtract an infinite

constant and formally consider u®2=u? — 0o, or at the level of the approximation u2 — ¢,,. But then

0,u*? = lim 0,(u? — ¢,) = lim O u? = 9,u>

n— o0 n— oo

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

Definition 52. (sBE—enhancement) Let v€ (1/3,1/2) and let
Xpe CCETVIXCE " IX LTV X LV CE L x 06271
be the closure of the image of the map Ogpe: C(R4, C°(T)) — Xape given by

Oune(0) = (X(0), X7(0), X°(0), X7(0), (X" 0 X)(0)., (Q0 X)(6)), (49)

where
X(0) = J(0.0),
X76) = B(X(8),X(8))
X"(6) = B(X"(6),X(8)), (50)
Yoy = B(x®0), x%0)),
Q) = J(0.X(9)).
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We will call Ogpe(f) the SBE—enhancement of the driving distribution 6. For T > 0 we define
Xape(T) = Xapeljo, 1) and we write | X||x,, () for the norm of X in the Banach space Cre7 1 x
CrE27~ x L x Lp7 x Cre®~1 x Cr€*7~ . Moreover, we define the distance du,, (1)(X,
X) =X -X]|

Xsbe(T)*
For every X € Xy, there is an associated space of paracontrolled distributions:

Definition 53. Let X € Xspe. Then the space of paracontrolled distributions 27(X) is defined as
the set of all (u,u’) € CE T~ x L7 with

u=X 4+ X4 2X0 ful < Q +ut,
where uf € £?7. For T >0 we define
lullgg = 1v/ll 2z + ufll opipa.
If X € Xpe and (4,7') € 27(X), then we also write

dog(u, @) = |[u' —@'|| 7 + [[u? — @ o2

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

Theorem 54. Let v € (1/3,1/2). Let X € Xype, write 0,0 = £X, and let ug € €*7. Then there
exists a unique solution u € 27(X) to the equation

Lu=0,u*+ 0,0, u(0) = ug, (51)

up to the (possibly finite) explosion time T =7(u)=1inf{t > 0:[|u||gy = co} > 0.
Moreover, u depends on (ug, X) € €27 x Xspe in a locally Lipschitz continuous way: if M, T >0
are such that for all (uo, X) with |Juoll2, V ||X]|x,,.c7) < M, the solution u to the equation driven

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

dop(u, @) < C(M)(||uo — tioll2y + da () (X, X)),

Proof. By definition of the term 9d,u?, the distribution v € 27(X) solves (51) if and only if
u@=u—X — X" —2X" solves

qu:"E’ﬂ+461’<X@X)+26$(UQX)+2890((UQ+2X@))+8x((uQ+2)2)

with initial condition u?(0) = ug. This equation is structurally very similar to PAM (23) and can
be solved using the same arguments, which we do not reproduce here. a

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: , X@, , X7 X, Qo X. For details we refer
to [GP14]. Alternatively we can simply differentiate the extended data which Hairer constructed
for the KPZ equation in Chapter 5 of [Hail3].

The same approach allows us to solve the KPZ equation .Zh = (9,h)°%+ £, and if we are careful
how to interpret the product wo&, then also the linear heat equation Zw =wof. In both cases the
solution will depend continuously on some suitably extended data that is constructed from £ in a
similar way as described in Definition 52. Moreover, the formal links between the three equations
that we discussed in Section 4.2 can be made rigorous. These results will be included in [GP14].
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