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Abstract

We introduce an approach to study certain singular PDEs which
is based on techniques from paradifferential calculus and on ideas
from the theory of controlled rough paths. We illustrate its applic-
ability on some model problems like differential equations driven
by fractional Brownian motion, a fractional Burgers type SPDE
driven by space-time white noise, and a non-linear version of the
parabolic Anderson model with a white noise potential.
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1 Introduction

In this paper we introduce the notion of paracontrolled distribution and show
how to use it to give a meaning to and solve partial differential equations
involving non-linear operations on generalized functions. More precisely,
we combine the idea of controlled paths, introduced in [Gub04], with the
paraproduct introduced by Bony [Bon81] and the related paradifferential
calculus, in order to develop a non-linear theory for a certain class of distri-
butions.

The approach presented here works for generalized functions defined on
an index set of arbitrary dimension and constitutes a flexible and lightweight
generalization of Lyons’ rough path theory [Lyo98|. In particular it allows
to handle problems involving singular stochastic PDEs which were substan-
tially out of reach with previously known methods.

In order to set the stage for our analysis let us list some of the problems
which are amenable to be analyzed in the paracontrolled framework:

1. The rough differential equation (RDE) driven by a d—dimensional
Gaussian process X:

Dru(t) = F(u(t)) 0, X (1),
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where F: R" — L(R? R") is a smooth vector-field . Typically, X
will be a Brownian motion or a fractional Brownian motion with
Hurst exponent H € (0,1). The paracontrolled analysis works up to
H >1/3. While we do not have any substantial new results for this
problem, it is a useful pedagogical example on which we can easily
describe our approach.

. Generalizations of Hairer’s Burgers-like SPDE (BURGERS):
Lu=G(u)0yu+¢.

Here u: Ry x T — R™, where T = (R /2 7Z) denotes the torus,
L = 0; + (—A)?, where —(—A)? is the fractional Laplacian with
periodic boundary conditions and we will take ¢ > 5/6, and ¢ is a
space-time white noise with values in R". Moreover, G: R™ — L(R",
R™) is a smooth field of linear transformations.

. A non-linear generalization of the parabolic Anderson model (PAM):
Lu=F(u)o¢,

where u: Ry x T2 - R, L = §; — A is the parabolic operator corre-
sponding to the heat equation, and where £ is a random potential
which is sampled according to the law of the white noise on T? and
is therefore independent of the time variable. We allow for a general
smooth function F: R — R, the linear case F'(u) = u corresponding
to the standard parabolic Anderson model. The symbol ¢ stands
for a renormalized product which is necessary to have a well defined
problem.

. The one-dimensional periodic Kardar—Parisi-Zhang equation (KPz):
Lh:“(ﬁzh)Q” _|_§7

where u: Ry x T — R, L = 0y — A, and where ¢ is a space-time
white noise. Here ‘ “ (9, h)?” denotes the necessity of an additive
renormalization in the definition of the square of the distribution
Oy h.

. The three-dimensional, periodic, stochastic quantization equation for
the (¢)3 euclidean quantum field (sQ):

Lo=" 28] + €,

where ¢: R, x T? = R, L = 0; — A, £ is a space-time white noise,
and where ‘ ‘(¢)® ” denotes a suitable renormalization of a cubic
polynomial of ¢ and A is the coupling constant of the scalar theory.



INTRODUCTION 3

In this paper we will consider in detail the three cases RDE, BURGERS, PAM.
In all cases we will exhibit a space of paracontrolled distributions where the
equations are well posed (in a suitable sense), and admit a global solution
which is unique. The three-dimensional stochastic quantization equation SQ
is studied by R. Catellier and K. Chouk in [CC13] by applying the para-
controlled technique. The paracontrolled analysis of KPzZ will be presented
elsewhere [GP14].

The kind of results which will be obtained below can be exemplified by
the following statement for RDEs. Below €= Bg, ., stands for the Holder-
Besov space of index o on R. Given two distributions f € €% and g € €”°
with o+ 8 > 0 we can always consider a certain distribution fo g which is
obtained via a bilinear operation of f, ¢ and which belongs to €**5.

Theorem 1. Let £:[0,1] —R™ be a continuous function and F:R%— L(R™,
R%) be a family of smooth vector-fields. Let u:[0,1] — R? be a solution of the
Cauchy problem

Oru(t)=F(u(®) &),  u(0)=wuo,

where ug €R?. Let ¥ be a solution to ;=& and let RE=(€,90&). Then for
all € (1/3,1) there exists a continuous map W:RIx €2~ x ¢20~1 ¢
such that u=V (ug, RE) for all £ € C([0,1];RY).

In particular, this theorem provides a natural way of extending the solu-
tion map to data & which are merely distributions in €~ It suffices to
approximate £ by a sequence of smooth functions (£") converging to £ in
% >~!, and to prove that the “lifted" sequence (R &™) converges to some limit
in €~ ! x ¢2*~1. The uniqueness of this limit is not guaranteed however,
and each possible limit will give rise to a different notion of solution to the
RDE, just like in standard rough path theory.

The space X obtained by taking the closure in €~ ! x €2~ of the set
of all elements of the form R £ for smooth £ replaces the space of (geometric)
rough paths, and the above theorem is a partial restatement of Lyons’ con-
tinuity result: namely that the (It6) solution map ¥, going from data to
solution of the differential equation, is a continuous map from the rough path
space X to €. The space X is fibered over ¥*~!. It allows us to equip
the driving distribution with enough information to control the continuity
of the solution map to our RDE problem — and as we will see below, also the
continuity of the solution maps to suitable PDEs. In various contexts the
space X can take different forms, and in general it does not seem to have
the rich geometrical and algebraic structure of standard rough paths.

The verification that suitable approximations (") are such that their
lifts (R &™) converge in 6“1 x €2~ depends on the particular form of ¢.
In the case of £ being a Gaussian stochastic process (like in all our examples
above), this verification is the result of almost sure convergence results for
elements in a fixed chaos of an underlying Gaussian process, and the proofs
rely on elementary arguments on Gaussian random variables.
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Even in the case of RDEs, the paracontrolled analysis leads to some inter-
esting insights. For example, we have that a more general equation of the
form

Opu(t) = F(u(t) £(t) + F'(u(t)) F(u(t)) n(t),  u(0)=wuo,

where ne€ C ([0,1]; R™ x R™), has a solution map which depends continuously
on (&, 9 0 & +n) € €91 x €2*~1 The remarkable fact here is that
the solution map depends only on the combination ¥ o £ + 1 and not on
each term separately. Such structural features of the solution map, which
can be easily seen using the paracontrolled analysis, are very important
in situations where renomalizations are needed, as for example in the PAM
model. In the RDE context we can simply remark that setting n = —v o &,
the solution map becomes a continuous function of & € €*~ !, without any
further requirement on the bilinear object ¥ o £&. Thus, the equation

Oy u(t) = F(u(t)) £(t) — F'(u(t)) F(u(t)) (90 &)®),  u(0)=wuo,

can be readily extended to any &£ € €~ ! by continuity. In that sense, this
equation should be interpreted as a deterministic version of an It6 stochastic
differential equation where, at the price of a modification of standard rules of
calculus, we are able to solve more general problems than in the Stratonovich
setting.

We remark that, even if only quite implicitly, paraproducts have been
already exploited in the rough path context in the work of Unterberger on
the renormalization of rough paths [Unt10a, Unt10b], where it is referred
to as “Fourier normal-ordering”, and in the related work of Nualart and
Tindel [NT11].

In this paper we construct weak solutions for the SPDEs under consid-
eration. For an approach using mild solutions see [Perl4]. See also [GIP14],
where we use the decomposition of continuous functions in a certain Fourier
series and similar ideas as developed below, in order to give a new and
relatively elementary approach to rough path integration.

Relevant literature.

Before going into the details, let us describe the context of our study.
Consider for example the RDE problem above. Schwartz’ theory of distrib-
utions gives a robust framework for defining linear operations on irregular
generalized functions. But when trying to handle non-linear operations, we
quickly run into problems. For example, in Schwartz’ theory, it is not pos-
sible to define the product F(u) d; X (t) in the case where X is the sample
path of a Brownian motion. The standard analysis of this difficulty goes
as follows: X is an a—Hoélder continuous process for any « < 1/2, but not
better. The solution u has to have the same regularity, which is transferred
to F(u) if F is smooth. In this situation, the product F(u) 9; X corresponds
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to the product of an a—Hdlder continuous function with the distribution
0¢ X which is of order v — 1. A well known result of analysis (see Section 2.1
below) tells us that a necessary condition for this product to be well defined
is that the sum of the orders is positive, that is 2 a — 1 > 0, which is
barely violated in the Brownian setting. This is the classical problem which
motivated [t6’s theory of stochastic integrals.

Ito’s integral has however quite stringent structural requirements: an
“arrow of time” (i.e. a filtration and adapted integrands), a probability
measure (it is defined as L?-limit), and L?-orthogonal increments of the
integrator (the integrator needs to be a (semi-) martingale).

If one or several of these assumptions are violated, then Lyons’ rough
path integral [Lyo98, LQ02, LCL0O7, FV10] can be an effective alternative.
For example, it allows to construct pathwise integrals for, among other
processes, fractional Brownian motion, which is not a semimartingale.

In the last years, several other works applied rough path techniques to
SPDEs. But they all relied on special features of the problem at hand in
order to apply the integration theory provided by the rough path machinery.

A first series of works attempts to deal with “time"-like irregularities by
adapting the standard rough path approach:

— Deya, Gubinelli, Lejay, and Tindel [GLT06, Gub12, DGT12| deal
with SPDEs of the form

Lu(t,x) :U(u(tux)) n(tvx)v

where x € T, L = 0; — A, the noise 7 is a space-time Gaussian
distribution (for example white in time and colored in space), and
o is some non-linear coefficient. They interpret this as an evolution
equation (in time), taking values in a space of functions (with respect
to the space variable). They extend the rough path machinery to
handle the convolution integrals that appear when applying the heat
flow to the noise.

—  Friz, Caruana, Diehl, and Oberhauser [CF09, CFO11, FO11, DF12]
deal with fully non-linear stochastic PDEs with a special structure.
Among others, of the form

Oyu(t,r)=F (u,0pu,02u) +o(t, ) Opu(t,z) n(t),

where the spatial index x can be multidimensional, but the noise
7 only depends on time. Such an SPDE can be reinterpreted as a
standard PDE with random coefficients via a change of variables
involving the flow of the stochastic characteristics associated to o.
This flow is handled using usual rough path results for RDEs.

— Teichmann [Teill] studies semilinear SPDEs of the form

(0r = A)u(t, x) = o (u)(t, z) n(t, z),
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where A is a suitable linear operator, in general unbounded, and o
is a general non-linear operation on the unknown u which however
should satisfy some restrictive conditions. The SPDE is transformed
into an SDE with bounded coefficients by applying a transformation
based on the group generated by A on a suitable space.

The “arrow of time” condition of It6’s integral is typically violated if the
index is a spatial variable and not a temporal variable. Another series of
works applied rough path integrals to deal with situations involving irregu-
larities in the “space" directions:

—  Bessaih, Gubinelli, and Russo [BGRO05] and Brzezniak, Gubinelli,
and Neklyudov [BGN13] consider the vortex filament equation which
describes the (approximate) motion of a closed vortex line x (¢, ) €
C(T,R3) in an incompressible three-dimensional fluid:

Orx(t, o) =u ) (x(t, 0)), u® ) (y) = /TK (y —x(t,0)) 0, x(t,
o)do,

where K: R?® — L£(R3, R?) is a smooth antisymmetric field of linear
transformations of R3. In the modeling of turbulence it is interesting
to study this equation with initial condition z (0,-) sampled according
to the law of the three-dimensional Brownian bridge. In this case,
the regularity of x(t,0) with respect to o is no better than Brownian
for any positive time, and thus the integral in the definition of the
velocity field ©*®) is not well defined. Rough path theory allows to
make sense of this integral and then of the equation.

— Hairer, Maas, and Weber [Haill, HW13, Hail3, HMW12| build on
the insight of Hairer that rough path theory allows to make sense
of SPDEs which are ill-defined in standard function spaces due to
spatial irregularities. Hairer and Weber [HW13] extend the BURGERS
type SPDE that we presented above to the case of multiplicative
noise. Hairer, Maas, and Weber [HMW12] study approximations to
this equation, where they discretize the spatial derivative as 0, u(t,
x)~1/e(u(t,z+e)—u(t,z)). They show that in the limit ¢ — 0, the
approximation may introduce a Stratonovich type correction term to
the equation. Finally, Hairer [Hail3] uses this approach to define and
solve for the first time the Kardar—Parisi-Zhang (KPZ) equation, an
SPDE of one spatial index variable that describes the random growth
of an interface. The KPZ equation was introduced by Kardar, Parisi,
and Zhang [KPZ86], and prior to Hairer’s work it could only be solved
by applying a spatial transform (the Cole-Hopf transform) which had
the effect of linearizing the equation.
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Alternative approaches.

In all the papers cited above, the intrinsic one-dimensional nature
of rough path theory severely limits possible improvements or applica-
tions to other contexts. To the best of our knowledge, the first attempt
to remove these limitations is the still unpublished work by Chouk and
Gubinelli [CG13], extending rough path theory to handle (fractional) Brow-
nian sheets (Gaussian two-parameter stochastic processes akin to (fractional)
Brownian motion).

In the recent paper [Hail4|, Hairer has introduced a theory of regularity
structures with the aim of giving a more general and versatile notion of
regularity. Hairer’s theory is also inspired by the theory of controlled rough
paths, and it can also be considered a generalization of it to functions of a
multidimensional index variable. The crucial insight is that the regularity
of the solution to an equation driven by — say — Gaussian space-time white
noise should not be described in the classical way. Usually we say that
a function is smooth if it can be approximated around every point by a
polynomial of a given degree (the Taylor polynomial). Since the solution to
an SPDE does not look like a polynomial at all, this is not the correct way of
describing its regularity. We rather expect that the solution locally looks like
the driving noise (more precisely like the noise convoluted with the Green
kernel of the linear part of the equation; so in the case of RDEs the time
integral of the white noise, i.e. the Brownian motion). Therefore, in Hairer’s
theory a function is called smooth if it can locally be well approximated by
this convolution (and higher order terms depending on the noise). Hairer’s
notion of smoothness induces a natural topology in which the solutions to
semilinear SPDEs depend continuously on the driving signal. This approach
is very general, and allows to handle more complicated problems than the
ones we are currently able to treat in the paracontrolled approach. If there
is a merit in our approach, then its relative simplicity, the fact that it seems
to be very adaptable so that it can be easily modified to treat problems with
a different structure, and that we make the connection between harmonic
analysis and rough paths.

Plan of the paper.

Section 2 develops the calculus of paracontrolled distributions. In Sec-
tion 3 we solve ordinary differential equations driven by suitable Gaussian
processes such as the fractional Brownian motion with Hurst index H >
1/3. In Section 4 we solve a fractional Burgers type equation driven by
white noise, and in Section 5 we study a non-linear version of the parabolic
Anderson model. In Appendix 6 we recall the main concepts of Littlewood-
Paley theory and of Bony’s paraproduct, and Appendix 7 contains a com-
mutator estimate between paraproduct and time integral. We stress the fact
that this paper is mostly self-contained, and in particular we will not need
any results from rough path theory and just basic elements of the theory of
Besov spaces.
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Notation and conventions.

Throughout the paper, we use the notation a <b if there exists a constant
¢ >0, independent of the variables under consideration, such that a < c- b,
and we write a~b if a <b and b <a. If we want to emphasize the dependence
of ¢ on the variable x, then we write a(x) <, b(x). For index variables i and
j of Littlewood-Paley decompositions (see below) we write i < j if 2 <27, so
in other words if there exists N € N, independent of j, such that ¢ < j+ N,
and we write i~ j if 1 < j and j <i.

An annulus is a set of the form & = {z € R:a < |z| < b} for some 0<a<b.
A ball is a set of the form B = {r € R% |z|<b}. T=R/(27Z) denotes the
torus.

The Holder-Besov space BS o(R% R") for a € R will be denoted by
¢, equipped with the norm ||-||o = ||-||Be . The local space €,.c,ml 0 c
consists of all u which satisfy ¢ u € € for every infinitely differentiable ¢ of
compact support. Given two Banach spaces X ,Y we denote by £(X,Y) the
Banach space of linear maps from X to Y, endowed with the operator norm
ll-lz¢x,y). More generally, given k € N and Banach spaces X1, ..., X, we
write £¥(X7 x ... x Xj,Y) for the space of k-linear maps from X x ... x X}, to
Y, and ||| z5(x, x... x x,,v) for the operator norm. We denote by C(X,Y") the
Banach space of continuous maps from X to Y, endowed with the supremum
norm ||-[|¢(x,y). We write CrY = C([0, T, Y) for the space of continuous
maps from [0,7] to Y, equipped with the supremum norm ||-||c,y. If a€ (0,
1), then we also define C#Y as the space of a-Holder continuous functions
from [0,7T] to Y, endowed with the seminorm

fllony = sup WO =FG)y

0<s<t<T [t —s|®

If fis a map from A C R to the linear space Y, then we write f;: =
f(t) = f(s), so that || fllcay =supo<s<e<r || fs,lly /[t — s|% For fe LP(T)
we wiite || £(2)|[2xr) = [ | F ()P d .

For a multi-index = (p1, ..., pta) € N we write || = py + ... + pg and
or=0l1l /gt ... 944 D F or F' denote the total derivative of F. For k€N
we denote by D* F' the k-th order derivative of F. For a >0, C§ = C§(R?,



PARACONTROLLED CALCULUS 9

R™) is the space of |« | times continuously differentiable functions, bounded
with bounded partial derivatives, and with (o« — |a|)-Holder continuous
partial derivatives of order |« |, equipped with its usual norm |-[|ce. We
also write 9, for the partial derivative in direction z, and if F:R x R —R",
then we write D, F'(¢,z) for its spatial derivative in the point (t,7) €R x R%

The space of real valued infinitely differentiable functions of compact
support is denoted by Z(RY) or 2. The space of Schwartz functions is
denoted by . (R?) or .#. Its dual, the space of tempered distributions, is
L' (RY) or .#". If u is a vector of n tempered distributions on R?, then we
write u € .#/(R% R"). The Fourier transform is defined with the normaliza-
tion

Fu(z) :ﬁ(z):/ e =) y(z) d,
Rd

so that the inverse Fourier transform is given by .# ~lu(z) = (2 7) 4 Fu(—2z).
If ¢ is a smooth function, such that ¢ and all its partial derivatives are at
most of polynomial growth at infinity, then we define the Fourier multiplier
©(D) by (D) u=.F"Y(pFu) for any u € #’. More generally, we define
©(D) w by this formula whenever the right hand side makes sense. The
scaling operator A on .’ is defined for A >0 by Ayu=u(A-).

Throughout the paper, (x, p) will denote a dyadic partition of unity,
and (A;);>—1 will denote the Littlewood-Paley blocks associated to this
partition of unity, i.e. A_1=x(D)and A;=p (277 D) for j >0. We will often
write p;, by which we mean x if j=—1, and we mean p (277-) if j=0. We
also use the notation S;=3", A

2 Paracontrolled calculus

2.1 Bony’s paraproduct

Paraproducts are bilinear operations introduced by Bony [Bon81] in order to
linearize a class of non-linear PDE problems. In this section we will introduce
paraproducts to the extent of our needs. We will be using the Littlewood-
Paley theory of Besov spaces. The reader can peruse Appendix 6, where we
summarize the basic elements of Besov space theory and Littlewood-Paley
decompositions which will be needed in the remainder of the paper.

One of the simplest situations where paraproducts appear naturally is
in the analysis of the product of two Besov distributions. In general, the
product f g of two distributions f € € and g€ %” is not well defined unless
a+ 8>0. In terms of Littlewood—Paley blocks, the product fg can be (at
least formally) decomposed as

Fa=> Y AifAjg=f<g+f-g+fog.

J=—1i>-1



10 SECTION 2

Here f < g is the part of the double sum with ¢ < 5 — 1, and f > g is the
part with i > j+1, and fo g is the “diagonal” part, where |i — j| < 1. More
precisely, we define

j—2
f=g=g=Ff=>Y_ Y Aifdjg and fog= > A;fA;qg

i>—1i=-1 li—jl<1
We also introduce the notation
frg=f~g9+fog

This decomposition behaves nicely with respect to Littlewood—Paley theory.
Of course, it depends on the dyadic partition of unity used to define the
blocks A;, and also on the particular choice of the pairs (¢, j) in the diagonal
part. Our choice of taking all (¢, j) with |¢ — j| <1 into the diagonal part
corresponds to property iii. in the definition of dyadic partition of unity in
Appendix 6, where we assumed that supp(p (27%-)) Nsupp(p (277-)) =0 for
|i — g > 1. This means that every term in the series

j—2
F=g9=> > Aifdjg=>" S;1fAg

jz-li=-1 jz-1

has a Fourier transform which is supported in a suitable annulus, and of
course the same holds true for f > g. On the other side, every term in the
diagonal part fo g has a Fourier transform that is supported in a ball. We
call f<g and f > g paraproducts, and f o g the resonant term.

Bony’s crucial observation is that f < g (and thus f > g) is always a well-
defined distribution. In particular, if a >0 and 8 €R, then (f,g)— f<g
is a bounded bilinear operator from € x €° to €. Heuristically, f < g
behaves at large frequencies like g (and thus retains the same regularity),
and f provides only a modulation of g at larger scales. The only difficulty
in defining 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.

Lemma 2. (Paraproduct estimates, [Bon81]) For any 3 €R we have

1f < glls < 1 £ le=llglls, (1)

and for a <0 furthermore
1< glla+sZa.slflallglls: (2)
For a+ >0 we have

1fogllats Sasllfllallglls- (3)
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Proof. Observe that there exists an annulus & such that S;_1 f A; ¢ has
Fourier transform supported in 277, and that for f € L> we have

1851 Ajgllree < [1Sj-1 fllzo 185 gl <[ fllze= 277l gl-

On the other side, if « <0 and f €%, then

151 £ Aglze< S0 1A Fle= 18y glle= S 1 lallglls 3 277299 <

i<j—2 i<j—2
£ lallgllg 2= +A.

By Lemma 42, we thus obtain (1) and (2). To estimate f o g, observe that
the term uj=A; f Zi:li—j|<l A; g has Fourier transform supported in a ball
299, and that

lulle= S 1A flle D= 1Aigll= SIIf lallglls2~ 7.

itli—j|<1

So if a+ >0, then we can apply the second part of Lemma 42 to obtain
that fog=3.  uj;isan clement of % TP and that equation (3) holds. [J

A natural corollary is that the product fg of two elements f € €% and
g€ %P is well defined as soon as « + (3> 0, and that it belongs to "7, where

v=min{a, 3,a+ 3}.

2.2 Paracontrolled distributions and RDEs

Consider the RDE
Oru=F(u)§,  u(0)=up, (4)

where up€R?, u:R—R%is a continuous vector valued function, 0; is the time
derivative, £: R — R"” is a vector valued distribution with values in €' for
some a € (1/3,1), and F:RY— L(R",R?) is a family of vector fields on R
A natural approach is to understand this equation as limit of the classical
ODEs

at UEZF(UE) 55’ UE(O) = Uo, (5)

for a family of smooth approximations (&%) of ¢ such that &5 — ¢ in €1
as € — 0. In order to pass to the limit, we are looking for a priori estimates
on uf which require only a control on the ¥~ ! norm of ¢.

To avoid cumbersome notation, we will work at the level of equation (4)
for smooth &, where it should be understood that our aim is to obtain a
priori estimates for the solution, in order to safely pass to the limit and
extend the solution map to a larger class of data. The natural regularity of
u is €%, since u should gain one derivative with respect to F'(u) £, which
will not behave better than &, and will therefore be in €.
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We use the paraproduct decomposition to write the right hand side of
(4) as a sum of the three terms

F(u) <&+ F(u)o &+ F(u) - ¢ (6)
a—1 20—1 20—1

(where the quantity indicated by the underbrace corresponds to the expected
regularity of each term). Note however that unless 2 & — 1 > 0, the res-
onant term F'(u) o £ cannot be controlled using only the ¥ *mnorm of u
and the €~ Lnorm of & If F is at least in C?, we can use a paralin-
earization result (see Lemma 8 below) to rewrite this term as

F(u)o &= F'(u) (uo &) +Tr(u, §), (7)

where the remainder IIp(u, ) is well defined under the condition 3 « — 1 >0,
provided that u € € and £ € €~ !. In this case it belongs to €3>~ . The
difficulty is now localized in the linearized resonant product wo &. In order to
control this term, we would like to exploit the fact that the function u is not a
generic element of €“ but that it has a specific structure, since its derivative
0t u has to match the paraproduct decomposition given in (6). Thus, we
postulate that the solution u is given by the following paracontrolled ansatz:

u=u" <9+ uf,

where u”, 1 € € and the remainder v is in 2®. This decomposition allows
for a finer analysis of the resonant term wo £. Indeed, we have

woé=(u’<v)of+ufof=u’(Wo&)+Cu’,9,&) +uog, (8)

where the commutator is defined by C(u?, ¥, &) = (u? <) o & —u? (Yo £).
Observe now that the term u*o ¢ does not pose any further problem, as it
is bounded in ¢3*~!. Moreover, we will show that the commutator is a
bounded multilinear function of its arguments as long as the sum of their
regularities is strictly positive, see Lemma 5 below. By assumption, we
have 3 — 1> 0, and therefore C(u?, 9, ¢) € €3*~1. The only problematic
term which remains to be handled is thus ¢ o £. Here we need to make the
assumption that 9o £ € €2*~1 in order for the product u” (9o £) to be well
defined. That assumption is not guaranteed by the analytical estimates at
hand, and it has to be added as a further requirement. Granting this, we
have obtained that the right hand side of equation (4) is well defined and a
continuous function of (u,u”,uf, 9, &, 90 &).

The paracontrolled ansatz and the Leibniz rule for the paraproduct now
imply that (4) can be rewritten as

Oy u=0 (u’ <9 +ul) =0 u <9+ u <09+ 0 ut = Fu) <
E+F(u)o&+ F(u)>¢&.
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If we choose ¥ such that 9; 9 = ¢ and we set u” = F(u), then we can use (7)
and (8) to obtain the following equation for the remainder uf:

dyut =F'(u) F(u) (90 &)+ F(u) = & — (9, F(u) <)
+ F'(u) C(F(u),9, &) + F'(u) (uf 0 €) +TIp(u, ).

Together with the equation u = F(u) <19 + u¥, this completely describes the
solution and allows us to obtain an a priori estimate on u in terms of (ug,
[€la=1, [|¥ 0 &]l2a—1). With this estimate at hand, it is now easy to show
that if F'€ C3, then u depends continuously on the data (ug, £,90 &), so that
we can pass to the limit in (5) and make sense of the solution to (4) also for
irregular £ € €~ as long as a>1/3.

2.3 Commutator estimates and paralinearization

In this section we prove some lemmas which will allow us to perform algebraic
computations with the paraproduct and the resonant term, thus justifying
the analysis of the previous section.

Lemma 3. (see also Lemma 2.97 of [BCD11]) Let f € € for a € (0,
1), and let g€ L. For any j > —1 we have

1A, flgllee=14; (f9) = f Ajgllee S27 [ flallglle-

This commutator lemma is easily proven by writing A; = p;(D) as a
convolution operator, and using the embedding of € in the space of Holder
continuous functions.

Lemma 4. Assume that o€ (0,1) and BER, and let f €E* and g € €P.
Then

Aj(f=9)=fAj9+Ri(f,9),

for all j > —1, with a remainder R;(f, g) which satisfies ||R;(f, g)|lr= <
277D flallglls.

Proof. Note that f < g=73%".f < A; g, and that the Fourier transform
of f < A;g is supported in an annulus of the form 2°e/. Hence, we have
A (f<A;g)#0 only if j~i, which leads to
ANj(f=g)=) Aj(f=Aig)=) Aj(fAig)— > Aj(f=Aig)
irinsj i g ivinej
=D A A=Y (AL 1A= > A (fEAg),
irinj G ] G ]
where we recall that [A;, f] Ay 9= A, (f Ay g) — f Aj A; g denotes the

commutator. The sum over 7 with i~ j can be chosen to encompass enough
terms so that Ajg=>". . .A;A;g, and therefore we conclude that

PRI

185 (fF<9) = FA5glle=< Y A, f1Aigle=— Y 1185 (f=Aig)llLe.

Qi Qi g
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We apply Lemma 3 to each term of the first sum, and the paraproduct
estimates to each term of the second sum, to obtain

185 (f < 9) = f B85 gll= 527D fllallglls- u
Using this result, it is easy to prove our basic commutator lemma.

Lemma 5. Assume that « €(0,1) and 3,y €R are such that a+ 3+ v>0
and 3+ v <0. Then for smooth f,g,h, the trilinear operator

C(f g,h)=((f<g)oh)—f(goh)
allows for the bound

1C(fs 9 W) la+ g+~ S lallglls ]l

Thus, C' can be uniquely extended to a bounded trilinear operator in L3(€ *x

GG, GO+,

Proof. Let f,g,h be smooth functions and write

Clfrg.h)=((f<g oh)=flgeh)= > > [A(Asf=
G k=—1 i:|i—j|<1

g) Ajh—AkaigAjh}.

Observe that for fixed k, the term Ay f < g has a Fourier transform sup-
ported outside of a ball 2*%. Thus, we have A; (A f < g) = LizpAi (Ar f=
g). We can therefore apply Lemma 4 to obtain

C(frg.m)= > > [lize (Dk fAig+ R (Ax f, 9) & h —

J.k2-1 i:li—j|<1
Ak f Al g Aj h}
= > > iz R (A f, 9) A b -
J.k2—1 ii—j|<1
Lic<k-NAk fAigAjh]
for some fixed N € N. We treat the two sums separately. First observe that
for fixed k, the term 2]971 Zi:\ifjlgl li<k—n~n Ak f Ajg Ajh has a Fourier
transform which is supported in a ball 2¥%. Moreover,

k—N
S lick-nARfAIG AR~ K27 flla Y 27 gl ]I,

j=—1 i:)i—j|<1 i=—1

2RI fllallglslinlly,

where in the second step we used that 3+ v < 0. Since o+ 3+ v >0, the
estimate for the second series in (5) follows from Lemma 42.
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For the first series, recall that R; (Ar f,9) =A; (Ax f <9) — Ax [ Ay g.
So for fixed j, the Fourier transform of Zk>_1 Zz’:\z‘—j|<1 Li>p Ri (Ag f,
g) Ajh is supported in ball 27%. Furthermore, Lemma 4 yields

S0 lek B (A fyg) A =] S Ri(Z A S,

k>—1 @]i—j|<1 ili—j|<1 k<i

g) Ajh‘Loo

s Y pierm

ili—jl<1
273N Fllallglglhlly,

so that the claimed bound for |C(f, g, h)|/a+ps+~ follows from another
application of Lemma 42.

Now we can uniquely extend C to a bounded trilinear operator on the
closure of the smooth functions in €% x €9 x €. Unfortunately, this is a
strict subset of €% x €° x €. But we obtain similar bounds for C acting on
' x €% x € for o’ €(0,1) and 3’,7'€R, such that o’ <a, /< 3, 7' <7,
and o’ + 3’4+~ >0. Since € x € P x € is contained in the closure of the
smooth functions in €% x €8 x €7, the extension of C to €* x €P x €7
is unique. U

. Ak flallglls 277l S

k<i

Remark 6. The restriction 8 + v < 0 is not problematic. If 5+ ~v > 0,
then (f < g) o h can be treated with the usual paraproduct estimates,
without the need of introducing the commutator. If 3+ =0, then we can
apply the commutator estimate with v’ <« sufficiently close to v such that
a+B8++">0.

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

Lemma 7. (see also [BCD11], Theorem 2.92) Let a € (0,1), 3 € (0,

al, and let F € C’;+5/a. There exists a locally bounded map Rp:€*— € “+P
such that

F(f)=F'(f)<f+Re(f) (9)
for all f €€“. More precisely, we have

I1RE()lats SIF [l gaeore 1+ 10777,
If F e C§+ﬁ/a, then Rp is locally Lipschitz continuous:
IRF(f) = Be(9)lats SIF I gzeora L+ [ fllatlgla) 2/ ILf = glla-

Proof. The difference F(f)— F'(f) < f is given by
Re(f)=F(f)=F(f)<f=)Y AF(f)=Sim1F'())Aifl= )

i>—1 i>—1
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and every wu; is spectrally supported in a ball 2°4. For i < 1, we simply
estimate [|ul|Le < [[F|lcp (14 ][ f]la)- For i > 1 we use the fact that f is a
bounded function to write the Littlewood-Paley projections as convolutions
and obtain

i) = / Ki(a— ) Kir (- 2) [F(F(4) — F'(f(2)) f(y)]dyd =

_ / Ki (o — y) Keir (z — 2) [F(f(9) — F(£() — F'(f(2)) (f(y) —

f(z)]dydz,
where K; = Flp;, Kej_1 = > j<i_1 Kj, and where we used that i

Ki(y) dy = ps(0) =0 for i > 0 and [K<j_1(z) d z =1 for i > 1. Now
we can apply a first order Taylor expansion to F' and use the §/a-Holder
continuity of F’in combination with the a—Holder continuity of f, to deduce

@ SNl S [ 1K @ = ) Keims (@ = 2] x|z -
yl*tPdydz

1+ —i
SIFllgarorell fllat 7/ 27i 4D,

Therefore, the estimate for Rg(f) follows from Lemma 42. The estimate for
Rr(f) — Rr(g) is shown in the same way. O

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

Lemma 8. Let a«€(0,1), S€(0,a], v €R be such that a + F+ v >0 but
1+ 8/«

a+v<0. Let FF e Cy . Then there ezists a locally bounded map Ilp:
C*xCV— €TPY such that
F(f)og=F'(f)(fog)+Ir(f,g) (10)

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

1 a
ILe(F Dlla 55 S N g (L IFIEE) gl
If F e Cf*ﬁ/a, then g is locally Lipschitz continuous:
ITe(f, 9) = Te(u, v)llatsiy S IFlgzrore 1+ (1flla + llulla) =7 +
[olly) ULf = wlla+1lg =2ll)-

Proof. Just use the paralinearization and commutator lemmas above to
deduce that

H(f,9)=F(f)og—F'(f) (feg)=Rp(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 5 and Lemma 7. O
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Besides this sort of chain rule, we also have a Leibniz rule for f— fog:

Lemma 9. Let « € (0,1) and v <0 be such that 2a+v>0 but a+ v <0
Then there exists a bounded trilinear operator Il : € x €% x €7 — €27,
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

O (f,u, 9) = (fu)og— f(uog)+u(fog)=C(f,u,g) + Clu, f,
g)+(fou)og. O

3 Rough differential equations

Let us now resume the analysis of Section 2.2. We want to study the RDE
du=F(u)§,  u(0)=uo, (11)

where ug € R%, u: R — R? is a continuous vector valued function, &: R — R™
is a vector valued distribution with values in €~ for some a € (1/3, 1),
and F:R?— L(R", RY) is a family of vector fields on R<.

In order to obtain concrete estimates, we have to localize the equation.
Therefore, we introduce a smooth cut-off function ¢ with support on [-2,
2], which is equal to 1 on [—1,1] and modify the equation as

Oru=pF(u)¢, u(0) = uo.

In the regular setting, if u is solution to this equation, it is also a solution
of the original equation on [—1, 1], and thus it is sufficient to study the
last equation for local bounds. To avoid problems with the fact that the
paraproduct is a (mildly) non-local operation, we modify the paracontrolled
ansatz as follows:

u= (F(u) <) +ub. (12)
If F eCZ, an easy computation gives

Fruf =p F(u) £ = (O p) (F(u) <9) = ¢ (0 F(u) <0) — ¢ (Flu) <€)
= [(F(u) = &) + F'(u) ((u—uo) 0 &§) +p,, (u—uo, §) — (01 F(u) < )]
— (0e ) (F(u) <9),
where we set Fy, (z) =F (up+x) and used that (F,,)" (x —ug) = F'(x) for all
2 € R% We subtract the contribution of the initial condition, because this
will eventually allow us to solve the equation on a small interval whose length

does not depend on ug. If we plug in the modified paracontrolled ansatz for
u, then F'(u) ((u —up) 0 ) becomes

F'(u) (= uo) 0 §) = F'(u) (¢ (F(u) <)) 0 §) + F'(u) ((uf = uo) 0 §).
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For the first term on the right hand side we can further use that
(¢ (F(u)=<0))o &= ((F(u) <9)0 &)+ (F(u) <) (po ) +Tx (¢, F(u) <V,
£),

where we recall that ITx was defined in Lemma 9. So finally, an application
of our commutator lemma yields

deut =g [(F(u) = €) + Ip,, (u— uo, €) + F'(u) ((uf — ug) o &) + (F(u) <
V) (po&)
+ 10y (0, F(u) <9, €) + ¢ C(F(u), 9, €) + F'(u) ¢ F(u) (9 0
£) — (8 F(u) <0)]
— (8 p) (F(u) <)
=@ — 0y ) (F(u) < 9),

where ®% is defined to be the term in the square large brackets. Let us
summarize our observations so far.

Lemma 10. Let & be a smooth path, let ¥ be such that 0, ¥ = &, and let
F e CZ. Then u solves the ODE

dru=9F(u)§,  u(0)=uo,
if and only if u= @ (F(u) <9) +u¥, where u* solves
Oput=p®F— (0 ¢) (F(u) <0),  uh0)=uo— @ (F(u)<9)(0),
and where ®% is defined in (12). Moreover, for o€ (1/3,1/2) we have the
esttmate
12]l20—1 < CrCe (1+ [lu— uolla + [|u — uolla + lluf — uol|2a),

where
Ce = [[Ella—1 + [19lla + 119 0 &l2a—1 + [Pfalléla-r  and  Cr =
IF oz + 1 F 1122

The estimate for ®* follows from a somewhat lengthy but elementary
calculation based on the decomposition (12), where we estimate the L

norm rather than the ¢2%~! norm for each term where this is possible.
Plugging in the correct initial condition for u# leads to

ub(t) =up — (F(u) <9)(0) + Atas ub(s)ds

—uo— (P <0)(0) + [ (o ®H)(s)ds - / (000)(s) (F(u) < 0)(s) d s

Now ¢ is compactly supported, and therefore Lemma 49 gives estimates
for the integrals appearing on the right hand side in terms of distributional
norms of the integrands, and we obtain the bound

[uf — uollza S I1F (1) < 9ll2a-1+ [¥|l2a—1 S Cp Ce (1 + [lu — uolla + [lu —

~

uol|a + [|[u? — uol2q)-
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Using that u= ¢ (F(u) <) +uf, we moreover have
lu—wolla S NF |Ll? |20 + [1uf — uol|2a.-

From these two estimates we deduce that if Cr is small enough (depending
only on C¢ but not on |ug|), then [[uf||2a < |uo| + 1. This is the required
uniform estimate on the problem.

Similarly we can show that if F'€ C and if || F||¢p is small enough, then
the map

(u07 5; 19; 5019) = (U, uﬁ)
is locally Lipschitz continuous from €1 x €% x €%~ x R% to €% x

€2%>—1. To summarize:

Lemma 11. Let a>0 and let ||[F'||cp be small enough (depending on a). Let
& 9, and ¢ be smooth functions with £ =0; 9 and such that ¢ has compact
support. If «>1/3 and

max {|[{]la—1, |9, [|€ 0 P20 -1, [@llcp} <a, (13)
then for every ug € RY there exists a unique global solution u to
Oru=@F(u)&, u(0) = ug.
For fized ¢ and F, the solution u depends in a Lipschitz continuous way on

(ug, &,9, £ 009) satisfying (13).

In order to ensure that ||F'||cs is small enough we can use a dilation
argument. Recall that the scaling operator Ay is defined for A >0 by Ayu=
u(A-). If we let ur=A\u and £ =X~ A, ¢ for A >0, then u? solves

OpuP =\ F(u?) €, u?(0) = uo.

The rescaling of £ is chosen so that its 4’ norm is uniformly bounded by
that of £ as A— 0. Indeed, Lemma 43 yields

1M e -1 = A" [AxElla—1 S A+ M€ lla—1 SI€]la-1

for A < 1. If moreover we let 9* = A= A\ 9, then [|[9* o &Mlaa—1 <
|90 &ll2a—1+ [|P|all€]la-1 by Lemma 50 in Appendix 7 below. Thus, we
deduce from Lemma 11 that for every ¢ of compact support there exists

A >0, such that for all ug € R? we have a unique global solution u* to
Dpur = p X F(u?) €, u*(0) = uo.

The rescaled problem is equivalent to the original one upon the change
Fo X F =& and 9o — 920N Soif we set u=A,-1u*, then u is the
unique global solution to

Ou=prF(u) ¢, u(0)=uo,
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where we set a(t) = ¢ (t/A). In particular, if ¢=1 on [—1,1], then u is the
unique solution to the original RDE in the interval [—\, A]. Since A can be
chosen independently of ug, we can now iterate on intervals of length 2 A,
and obtain a global solution u € 6|5,

This analysis can be summarized in the following statement.

Theorem 12. Let o > 1/3. Assume that (£%)e>0 is a family of smooth
functions with values in R™, (u§) is a family of initial conditions in R?, and
F is a family of C} vector fields on R%. Suppose that there exist ug € R,
£t and n € €21 such that (u§, £, V¢, (V¢ 0 £°)) converges to (uo,
£,9,n) in €L x € x €21, where V¢ and Y are solutions to 9; 9 = £°
and 0y 9 = &, respectively. Let for € >0 the function u® be the unique global
solution to the Cauchy problem

Oruf = F(u®) &5, u®(0) = uf.

Then there exists uw € € ...l 0 ¢ such that u® —u in €5, as € — 0. The
limit w depends only on (ug, £, 9, ), and not on the approximating family

(ug, €°,9%, (950 £7)).

Proof. The only point which remains to be shown is the convergence of
(uf) to u in G%.. A priori, we only know that for sufficiently small A >
0, the solutions @ to 9, 4 = ¢y F(4°) & with 4°(0) = uo converge, as
€ — 0, in ¥“ to a unique limit 4. But since vy =1 on [—A, A], we have
U°[[—x, A =u%|[=x, 5] So if we define u|_x \j=@|[—x,], then u[_y 1 does not
depend on ). Moreover, for every ¢ € 9 with support contained in [—A,
A], we also have that || (u® — u)]||o converges to zero as € — 0. Now we can
iterate this construction of u on intervals of length 2 \. We end up with a
distribution u € ./, which only depends on (ug, F', &, ¥, ), but not on ¢y
or on the approximating sequence (ug, &%, 9%, £° 0 9°).s0. If ¥ € Z, then it
can be written as a finite sum of smooth functions with support contained
in intervals of length 2 A, and therefore v u=1lim._, 1 u®, where convergence
takes places in €. (|

Remark 13. By Lemma 8, it suffices if F € C’gﬂg/a for some (3 >0 with
2 a4+ 3> 1 to obtain existence and uniqueness solutions. If we only suppose
F e C?t8/2 and not that F and its derivatives are bounded, we still obtain

local existence and uniqueness of solutions. In that case we may consider a

function G € Cb2+ﬁ/a that coincides with F' on {|z| < a} for some a > |ug|.

The Cauchy problem
dv=G()¢,  v(0)=uo,
then has a unique global solution in the sense of Theorem 12. If we stop v

upon leaving the set {|z| < a}, we obtain a local solution to the RDE with
vector field F.
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3.1 Interpreting our RDE solutions

So far we showed that under the assumptions of Theorem 12 there exists a
unique limit u of the solutions to the regularized equations, which does not
depend on the particular approximating sequence. In that sense, one may
formally call u the unique solution to

Oru=F(u)¢, u(0) = up.

But u is actually a weak solution to the equation if we interpret the product
F(u) & appropriately. Below we will introduce a map which extends the
pointwise product F(u) £ from smooth & to & € €*~! by a continuity
argument. But first we present an auxiliary result which shows that the
considered topologies and operators do not depend on the particular dyadic
partition of unity that we use to describe them.

Lemma 14. Let a, B€R. Let (x,p) and (X, p) be two dyadic partitions of
unity and let (<,>,0) and (<,=,3) denote paraproducts and resonant term
defined in terms of (x,p) and (X, p), respectively. Then

(u,v) = (U <V —u =<V, U0V —UdV, U=V — U =V)
is a bounded bilinear operator from € x €P to (€*+P)3.

Proof. The statement for (u, v) — (v < v — u <v) (and thus for (u,
v)+— (u>v—u >v)) is shown in Bony [Bon81], Theorem 2.1. But for smooth
functions v and v we have uov=uv —u <v —u > v, and similarly for u ov.
Thus, the bound on uov —u v follows from the bounds on u <v —u <v and
on u v —u =v in combination with a continuity argument. (]

Our commutator lemma states that if the product g o h is given, then
we can unambiguously make sense of the product (f < g) o h for suitable f.
This leads us to the following definition.

Definition 15. Let « € R, 3>0, and let veE . A pair of distributions (u,
u') €E* x € P is called paracontrolled by v if

ut=u—u'<vegetr.

In that case we abuse notation and write u€ 2° = 25(v), and we define the
norm

lullgs = llu'lls + 1uflast 5.

According to Lemma 14, the space 2” does not depend on the specific
partition of unity used to define it. To construct the product F(u) &, we
could now show that smooth F' preserve the paracontrolled structure of u.
This can be achieved by combining Lemma 7 with another commutator
lemma (Theorem 2.3 in [Bon81]). But we do not need the full strength of
that result, let us just show that if u is paracontrolled by ¢ and F' is smooth
enough, then F'(u) £ is well defined.
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Theorem 16. Let a € (0,1), S€(0,a], v <0 be such that o+ + v > 0.
Let F e C'1A/* and let v e €, we €7, n € €7 be such that there exist
sequences of smooth functions (vy), (wy), converging to v and w respectively,
such that (v, ow,) converges to n. Then

PP ()3 ur Flu)w=F(u)=w+ F(u) <w+Hp(u,w) + F'(u) (ufow)
+ F'(u) C(u',v,w) + F'(u) u'ne€”

defines a locally Lipschitz continuous function. If w is a smooth function
and n=vow, then F(u)w is simply the pointwise product.

The product F(u) w does not depend on the specific dyadic partition used
to construct it: if (<, >=,3) denote paraproducts and resonant term defined
in terms of another partition unity, if

N=N+v=<w+v=w—v=<w—v=w,

and @* = u' X, then F(u) w is equal to the right hand side of (16) if we
replace every operator by the corresponding operator defined in terms of (=,
=,5), and we replace ut by @t and n by 7.

Proof. The local Lipschitz continuity of the product follows from its defini-
tion in combination with Lemma 5, Lemma 8, and the paraproduct estimates
Lemma 2.

If w is smooth and n=wvow, then

F'(u)Cu/,v,w)+ F'(u)u'n=F'(u) (u' <v) ow),

and therefore
Op(u, w) + F'(u) (uf o w) + F'(u) C(u', v, w) + F'(u) v’ n = Ip(u,
w)+ F'(u) (wow) =F(u) ow,
which shows that we recover F(u) < w + F(u) = w + F(u) o w, i.e. the
pointwise product.

It remains to show that F'(u)w does not depend on the specific dyadic
partition of unity. By continuity of the operators involved, we have

Fu)w= lim [F(u) <w,+ F(u)=w, + Mp(u, w,) + F'(u) (uf owy,)

o + F'(u) C (v, vn,y wy) + F'(w) u' (v, 0wy))
= lim [F(u)w,+ F'(u) ((v' < (v, —v)) owy)].

n— o0

Assume now that we defined F'(u)-w in terms of another partition of unity,
as described above. Then Lemma 14 implies the convergence of (v, dwy,) to
7 in €17, and therefore

F(u) - w= lim [F(u)w,+ F'(u) (" < (v, —v)) dwy)].

n— o0

Another application of Lemma 14 then yields F(u)w = F(u) - w. O
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Remark 17. If in the setting of Theorem 16 we let v = v + f for some
f €€ 25, then we have 2°(v) = 2°(7), and it is easy to see that if we set

—_—

f=n+ fow, 4*=u —u’' <7, and define F(u)w like F(u)w, with @, @f, 7

—_—

replacing u, v, n, then F(u)w = F(u)w.

With this product operator at hand, it is relatively straightforward to
show that if £ has compact support (which in general is necessary to have
u € ¥ and not just in €S.), then the solution u that we constructed
in Theorem 12 is the unique element of 2% which solves d; u = F(u) &,
u(0) = up, in the weak sense. Remark 17 explains why we did not fix the
initial condition ¥}(0) in Theorem 12: it is of no importance whatsoever.

3.2 Alternative approach

We briefly describe an alternative approach to RDEs which avoids the para-
controlled ansatz. The idea is to control wo £ directly by exploiting that «
solves the differential equation 9; u = F(u) £. Indeed, let as above ¥ be a
solution to 0; ¥ = ¢ and observe that the Leibniz rule yields

uol=uo00;¥=0; (uo) —druo¥ =09 (uod) — (F(u) &) o

Now the second term on the right hand side can be rewritten as
(F(u) §) o =(F(u) < §) o + (F(u) 0 §) 0 + (F(u) = §) o

=F(u) (§ 0 ¥) + C(F(u), & ) + (F'(u) (uo §)) ot + Hp(u,

o+ (F(u)=¢&) o
Combining these two equations, we see that

uo =0 — (F'(u) (uof))od, where

O=0;(uo) — F(u) ((ot) — C(F(u),&,9) —p(u, &) o — (F(u) = &) od.
This is an implict equation for u o & which can be solved by fixed point
methods. For example, it is easy to obtain the estimate

luo&ll2a—1 S @llza—1+CF [luo &ll2a—1/1F]as

and if Cr is small enough this leads to [[u o &|2a—1 S ||®||2a—1. Moreover,
we have ||®]2a-1 < Ce¢ [|ulla + Cr (1 + ||ula)?]. These estimates can be
reinjected into the equation

Dyu=F(u) €= F(u) < &+ F'(u) (uo &) + F(u) = €+ R(F'(u), u, )

to obtain a local estimate for wu.

3.3 Structure of solutions to RDEs

In this section, we would like to discuss how the combination of analytic and
algebraic requirements generate very interesting phenomena in the context
of irregular PDEs. We will discuss only the simple case of RDEs but similar
considerations apply also to the other models. These remarks are intention-
ally sketchy and have only a heuristic purpose, we plan to come back to
them more systematically in a further publication.
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The stable form of an RDE. As we have seen, the solution to the
RDE (11) for smooth & can be understood as a regular function of (ug, &,
Yo¢)eRIx €Y (R, R") x €2~ 1R, R" x R"), where 9 is a solution to
0¥ =&. Let us denote this function by u= (ug, {, %0 &). The structure of
the solution which we derived above shows that for n € ¢2*~!, the RDE

Orv=F(v){+ F'(v) F(v)n, v(0) = uo, (14)

has a solution which can be obtained from the same map by replacing Jo &
with Yo &+, ie.

v:\IJ(UOvé-u’ﬁof—i_n)'

Moreover, the solution v depends continuously on the data 9o & +ne €21,
First note that this regularity hypothesis concerns only the combination
Jo &+ n, and second note that many equations share a similar structure and
one can pass from solutions of one equation to solutions of other equations
via a transformation of the (extended) data of the problem.

For many reasons, all these differential equations should be considered
to be the same object, especially when dealing with data of low regularity.
To understand this point of view, consider two different families (£%)c0
and (55)6>0 of smooth functions, such that both converge to ¢ in €~
The corresponding solutions (u®) and (4°) to equation (11) are given by
uf =W (ug, £, 9° 0 €°) and @€ = U (ug, £5,9° 0 £°). Let us take the limit as
e — 0 and assume that ¥ 0 €& — ¥ in ¥2*~! and also that 9% 0 {* — 4 in
©2>~1 where 1 % 9. This could happen in principle, and it is not difficult to
find specific and relevant examples of this multiplicity of limits. Of course,
we have

W0 & — 9 0 =0T — 0 €5 —9F < £5 — 95 = EE 40T < T+ 07 - £°.

Since (¥¢) and (%) both converge to 9, where d; ¥ = &, we deduce from
the continuity of the paraproduct that all the terms on the right hand side
cancel, except the first two, and we remain with
n=19—19"'= lim (9°& —9°€°).
n— oo

Incidentally, this line of reasoning also shows that if the limit exists, it
does not depend on the particular Littlewood-Paley decomposition we use
to compute it. From the continuity of ¥ it moreover follows that u® — u
and ¢ — @ where u=U(ug, £,9) and 4=V (ug, £,9+ n). That is, different
approximations of the same equation could lead to different equations in the
limit. In particular, if £ is smooth enough (but (£°) does not converge to £
in a space of sufficiently high regularity), we can interpret u as a classical
solution to a differential equation, and in this case u’ will solve a modified
equation.

Rough paths as a transformation group.
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We can therefore identify €*~! x €2*~! with a transformation group
(T}, g)f,gewo—1x%2«—1, which acts on solutions to ODEs via

Ty.g¥(uo, & m) =" (uo, §+ fon+do f+Pol+Po f+g)

where ® solves 0; ® = f. In particular, ¥(uo, &, 1) =T¢ n—voe ¥(uo,0,0). The
neutral element is Tp o and the group operation is Tf ¢ 17/ ' =Tf4 7, g+ g7, SO
that the group is abelian. A simple distance is given by

d(Tf,q, Tprg)) =d(Ty—f,9— g5 To,0) = .f = f'lla=1+lg— 9"+ (2= D)o (f -
f,)||2a—17

where ® and @’ are the definite integrals with ®(0)=®’(0)=0 of f and f’
respectively.

Geometric conditions. Note that if Jg and J4 denote respectively the
projections onto symmetric and antisymmetric tensors, then for smooth &,
¥ we have

JS(1905):JS(ﬁoatﬁ):%OtJS(ﬁoﬁ),

where the right hand side is now well defined for all ¥ € ¥ and defines a
distribution in €2“~!. So for any family £ — ¢ in €~ ! we have that

Jg(ﬂfoga):%atjg (1980196)—%31519 (900)

as € — 0, and only the antisymmetric part Jy (9° 0 £%) could feature multiple
accumulation points. To highlight the geometric meaning of the symmetric
and antisymmetric parts of ¢ o £ we can submit the RDE to a nontrivial
transformation given by the application of a smooth diffeomorphism ¢: R%—
R, If u is a solution to the RDE 9y u = F(u) &, then v = ¢(u) solves

Ov=9'(v) du=¢'(u) F(u)¢&,
i.e. an RDE with vector field (¢’ F)o ¢ 1. We have
Or ¢ (Ty,g u) = ¢' (Ty,g u) Oy (Ty,g u) = ¢" (Ty g u) (F (Ty,gu) (€ + f) +
F' (T gu) F (T}, gu) 9).
On the other hand, we obtain for Ty jv =T ,¢(u) that
O Tp gv=(¢'F)o¢™") (Tj 4v) (§+ ) + D ((¢' F)odp™") (Ty,qv) ((¢' F) o
¢_1) (Tf,gv)g,

and we have D ((¢' F)o ¢™1) = ((¢"" F+ ¢' F') o ¢~ 1)(¢") "L o ¢~ 1, where
we slightly abuse notation by writing ¢! for the inverse function of ¢ and
(¢")~! for the inverse matrix of ¢’. Thus, we obtain

O Trgv =108 F)oo¢ ") (Trgv) £+ f) + ((¢" FF + ¢' F' F) o
¢~ 1) (Ty.4v) 9,
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so that ¢ (Ty g u) =Tf 4(¢(u)) only if (¢” FF) (¢~ (T7,4v)) g = 0. If this
holds for all F' and ¢, then the symmetric part Jgg of g must be 0. In this
sense, 1y 4 acts geometrically only if Jgg=0.

3.4 Connections to rough paths and existence of the
area
We saw in the previous section that the solution u to an RDE of the form
Oru = F(u) € depends on the driving signal in a continuous way, provided
that we not only keep track of £ but also of Jo . From the theory of rough
paths it is well known that the same holds true if we keep track of ¥ and
its iterated integrals fstf:zd 9(r1) d 9(r2). But in fact the convergence of
(9° 0 £°) is equivalent to the convergence of the iterated integrals [ ['d ¥° d ¥°:

Corollary 18. Let (u®,v%).>¢ be a family of smooth functions on R. Define
for every e >0 the “area”

t 72
i,t:// duf(r1) dve(ra), s<telR.

Let a, 3€(0,1) with a4+ <1 and let u€ €, v e €, ncE*+P~1. Then
(uf,v®,uf 0 3 v°) converges to (u,v,n) in €*x €5 x €*+P=1 if and only if
(uf,v) converges to (u,v) in € x €3, and if moreover

As e — Ag
lim sup |t—o¢+[§ =0, (15)
e—0\ s#tcR,s—t|<1 |t — S|

where we set Ag ;= fst(n + (u =<0 v) + (u= 0 w))(r)dr —u(s) (v(t) —v(s))
for s,teR.

Proof. First suppose that (u®, v¢, u® o J; v°) converges to (u, v, 1) in
CrxEP x€*TP~1 and let s,t € R with |s —t| < 1. We have

Asﬂ:—A;t:/t(n—l—u>6tv—u508tv5—u8>8tv5)(r)dr
+/ ((u® —u) < 9pv)(r) dr — (u —u)(s) (v°(t) — v°(s))

" /t(u < 0; (v° = 0))(r) dr = (u)(s) ((v° = 0)(t) = (v° =
v)(5))-

The first term on the right hand side can be estimated with the help of
Lemma 49, which allows us to bound increments of the integral in terms of
Besov norms of the integrand. We get

t
/ (n+u=0iv —uf 00 v® —u = 0yv°)(r)dr

S (U = w0 0 v¥flarp—r + [lu — wla 10: vlp—1 +
[ullo 19 (v = v)llg—1) [t — ]*+7,
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using also the paraproduct estimates. Since |9 (v° —v)||g—1 S ||v® —v]|g, the
right hand side goes to zero if we divide it by [t —s|*T5 and let € — 0.
The second term on the right hand side of (15) can be estimated using
Lemma 51, which roughly states that time integral and paraproduct com-
mute with each other, at the price of introducing a smoother remainder term:

/((UE*U)<5tvs)(7”)d7“*(u5*U)(8) (v°(t) = v(s)| St — 8|7 [Ju® —
ullallv®s;

The third term on the right hand side of (15) is of the same type as the
second term, and therefore the convergence in (15) follows.

Conversely, assume that (u®,v¥) converges to (u,v) in €% x €%, and that
the convergence in (15) holds. It follows from the representation (15) and
the convergence of (uf,v) to (u,v) in € x €7, that also

[ (n—uf0d,v%)(r)dr]
sup : s =0.
SALER,|s—t|<1 |t —s|

lim
e—0

Due to the restriction |s —¢| <1, it is not entirely obvious that this implies
the convergence of u°o0d,v° to 1 in €*+#~1. However, here we can use an
alternative characterization of Besov spaces in terms of local means. Let
k% and k be infinitely differentiable functions on R with support in (-1, 1),
such that Fk°(0) 0, and such that there exists § >0 with Fk(z) %0 for all
0<|z] < 4. Then an equivalent norm on €“*#~1(R) is given by

[wllat g1 2~ max {|k°*wllm, sup 2/ (77D 127k (27 *w|L°C}’
>0

see [Tri06], Theorem 1.10. Let us write f = [ (7 —u®0 0, v%)(r) dr and let
teR and j > 0. Then

127K (27) = (0c f) ()| = 2%

A (Ouk) (29 (t—5)) (F(t) — (s))ds

, , N b) —
e N e
9—ilatB-1)  gyp |f(b) = f(a)]

la—bj<1 |b—al*TF

where we used that [,0; k(t) dt = 0, and that k is supported in (1, 1).
Similarly, we obtain

|k°*(atf><t>\s/|atk0 (t—s)t—sfo+ids sup LB <
R

ja—bj<1 [b—al*tF
|f(b) — f(a)]

sup b—aotP

la—b|<1
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from where the convergence of ufo ;v to n in €71 follows. O

Corollary 19. Let X be an n—dimensional centered Gaussian process with
independent components and measurable trajectories, whose covariance func-
tion satisfies for some H € (1/4,1) the inequalities

E[IX:— X S[t—s[*"  and
|E[<X5+T B XS) (Xt+r - Xt)“ S |t - S|2H_2'r2

for all s,t €R and all 7 € [0, |t — s|). Then ¢ X € €* for all « < H and all
© €D, and there exists n € €>*~ such that for every ¢ € & with [ dt=1
and for every 6 >0 we have

tim P (4 (9 X) — (0 X) o+ (65 = (9.X)) 00 (65 (5 X)) — llgans >
5)=0,
where we define 1 =e" 11 (7).

Proof. Since ¢ is smooth and of compact support, it is easy to see that also
the Gaussian process ¢ X satisfies the covariance condition (19), and using
Gaussian hypercontractivity we obtain E[|p(t) X; — ¢(s) Xi|?P] < |t — s|2HP
for all p>1. Using the fact that X has measurable trajectories, we can apply
this estimate to show that E[H@XH%%MP] <oo forall p>1, a< H. Now it
suffices to apply Besov embedding, Lemma 41, to obtain that ¢ X € €.
Moreover, ¢ X has compact support. So by Theorem 15.45 of [FV10],
for every p > 1, the iterated integrals fst J2d g (0 X)(r1) d = (9 X)(r2)
converge in LP in the sense of (15). The statement then follows from Corol-
lary 18. (|

Remark 20. The proof of Corollary 18 actually shows more than the equiv-
alence of the convergence of A® and of u® o 0; v®: it shows that the norm
of (uf o 9 v — n) can be controlled by a polynomial of the norms of
(A° — A), (u® — u), and (v — v). So in fact we have LP—convergence in
Corollary 19, and not just convergence in probability. Alternatively, the
LP—convergence is obtained from the convergence in probability because
we are considering random variables living in a fixed Gaussian chaos, see
Theorem 3.50 of [Jan97].

Combining Corollary 19 with Theorem 12, we obtain the following corol-
lary:

Corollary 21. Let X be a n—dimensional centered Gaussian process satis-
fying the conditions of Corollary 18 for some H >1/3, and let ¢ € P and
F eC}. Then there exists a unique solution u to

dhu=F(u) 0 (¢ X),  u(0)=uo,
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in the following sense: If € 7 with [ dt=1 and if for e >0 the function
u® solves

Opus = F(u®) 0 (¢ X)7, u(0) = uo,

where (¢ X)¢=e7 11 (e-)* (¢ X), then u® converges to u in probability in
€ for alla < H.

4 Rough Burgers equation

Fix now o >5/6 and consider the following PDE on [0,T] x T for some fixed
T>0:

Lu=G(u)0zu+E&, u(0) =wuyo, (16)

where L=0,+ (—A)? and ug € € for a suitable a. We would like to consider
solutions u in the case of a distributional £, and in particular we want to
allow £ to be a typical realization of a space-time white noise. We will see
below that in this case the solution ¥ to the linear equation L 9= ¢, ¥(0) =0,
belongs (locally in time) to €’ %(T) for any o <o —1/2, but it is not better
than that. This is also the regularity to be expected from the solution u of
the non-linear problem (16), and so for o < 1 the term G(u(t)) 0, u(t) is not
well defined since G(u(t)) € €*(T) and 8, u(t) € €*~(T), and the sum of
their regularities fails to be positive.

For o = 1, this equation has been solved by Hairer [Haill|, who used
rough path integrals to define the product G(u) 9, u. In the following, we
will show how to solve the equation using paracontrolled distributions.

While in general it is possible to set up the equation in a space-time
Besov space, the fact that the distribution £ (which is a genuine space-time
distribution) enters the problem linearly allows for a small simplification.
Indeed, if we let w =wu — 19, then w solves the PDE

Lw=G W +w)d, (V+w), (17)

which can be studied as an evolution equation for a continuous function of
time with values in a suitable Hélder-Besov space:

Recall that for 7> 0 and 3 € R we defined the spaces C7%¢ % = C([0, T,
¢ P(T¢, R™)) with norm |[ull¢,«s = supo<s<r |[u(s)|s. By the regularity
theory for L we expect w € C76 1729 whenever G (9 + w) 8, (9 + w) €
Cr6 ! (at least in the sense of uniform estimates as the regularization
goes to zero). The paraproduct allows us to decompose the right hand side
of (17) as

GW4w)d,(+w)=GW+w)<0, 9+ G4+ w)od, 9+ G (¥ +w) -
0,0+ G (94 w) 0, w,
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where we have expanded only the term containing d, 1 since the one linear
in 0, w is well defined under the hypothesis that w € Cr%¢“~1*27. Note that
here we only let the paraproduct act on the spatial variables, i.e. G (9 +w) <
0, ¥ should really be understood as

t— G ((t) +w(t)) < 0, 9(t),

an element of C7¢*~1. A simple modification of the proof of Lemma 7
shows that, for a € (0,1/2), we have

IG (9 +w) = G (9 +w) <Vl2a S IGllezg 1+ 1912) (1 + [lwll2a) <
1Gllez L+ 1912) (1 + [w]la-1420),
where we used that & — 14 2 0 > 2 a, which holds because a <o —1/2<

2 0 — 1. The linear dependence on the norm of w will be crucial for obtaining
global solutions. We can now rewrite

GW+w)od,9=(GW+w)—G (I+w)<19)0d, ¥+ C (G (J+w),7,
0:9)+ G (V4 w) (Yo, 09).

So if we assume that (9 0 9, ) € Cr¢2*~1, then we have a well behaved
representation of the resonant term G (¢ +w) o 9,9, and

IG (9 +w) 00z 0l2a-1SNGllep (1 + [19112) (1 + [wlla-1420) 02 Ila-1 +
IG” (9 +w)lla 9113
HIG (@0 + w)la (|00 0z 201 S Ca Co (1 +

w]la-1+20);

where we set

Co=|Gllcz  and  Cy= SEJP](1+||19(t)||a)3(1+||19(t)08z19(t)||2a—1)-
telo,T

Let us now define
=G +w)0, V=G (W +w) <0, 0 +G (¥ +w) =09+ G (94 w) o0, ¥,
so that (17) and the paraproduct estimates yield

[®[la-1SCaCy(1+ lw]la-1420), (18)

and w satisfies L w =® + G (¢ + w) 9, w. So if we denote by (P)¢>0 the
semigroup generated by —(—A)?, then

t t

P ®(s)d s+ /0 Py s (G (9(s) + w(s)) B w(s)) d s,
(19)

wmzaw+A
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where we assumed that ¢¥(0) =0. Applying the Schauder estimates for the
fractional Laplacian (Lemma 48 and Lemma 46) to (19), we obtain for all
t >0 that

t t
o (®) 1420 = \Pt wt [P a) ds v [P @ 06
0 0

w(s)) Oy w(s))ds

a—1+420

<ct-<20-1>/2“(||uo|a+ sup <s<20-1>/<2”>||<1><s>|a1>>
t]

s€(o,

/ HG w(s) o wls)lo= g

(a 1+20)/(20) ’

where ¢ > 0 is a generic constant whose value may change in every step.
But now recall from (18) that ||®(s)|la—1 S Ca Cy (1 + |Jw(s)|la—1+20)-
Moreover, if we choose av € (1/3,0 —1/2) close enough to ¢ —1/2, then
a+20—2>0 (recall that 0 >5/6), and therefore

IG (0(s) + w(s)) 0o w(s)lre S Gllee 10z w(s)la—2+20 S
G lzoellw(s)lla—1+20-
Thus, we get for all ¢ € [0,T] that

(VO w()amr4ze) <clluola  + e Coy Ca (1 4

sup (s®77D/Cw(s)la-1+420))
s€[0,t]

¢
ds
1-1/(20) 1-1/(20) \
+cCqt /0 (s ||w(s)\|a+1;(t ) TG T 1G9)

Since (¢ —1+20)/(20) <1, we have

t
$1-1/(20) ds < l-(a—1+20)/(20) < 1
(t _ s)(a—1+20)/(20) Sl—l/(ZU) ~ ~

for t €[0,T]. Putting everything together, we conclude that

EVCNw(t)a-1420) < cluglla + ¢ Cy Co (I +

sup (527 /o (s)la-1420))

s€(0,t]

In order to turn this into a bound on ||w||g,ga-1+20, we use again a scaling

argument. We extend the scaling transformation to the time variable in

such a way that it leaves the operator L invariant. More precisely, for A >0

We set Ayu(t,r)=u (\27t, A x), so that LAA A29 Ay L. Now let u* = Ay u,
= Ay w, and 9> = A, 9. Note that u: [0, T/)\QU] x Ty — R, where

']I‘)\ =R /(27w A71Z) is a rescaled torus, and that w? solves the equation

Lu*=M A\ Lw=XA(®+ G (w+9) 0 w) =27 A\, & +
N27LG (wh 4 97) Oy w
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The same derivation as above shows that

[Ax @(B)la—1 = IG () + w(t)) Ax (9 D)(B)lla—1 S Ca Cor (1 +

[0 (#)]]a-14+20),

where we get using Lemma 43 and Lemma 50

Cor= sup (14 [[97B)][a)® (1 + [[0* 0 Ax (B2 9)(t)l|2a—1) S N*! CF <
tel0,T)

AT1CS

as long as A € (0, 1]. Thus, we finally conclude that

@V B)la1420) e [[Ax wolla + X77H e CF Co (1 +

sup (57D CDwA(s)[la—1420))
s€(0,t]

<clluglla + A9 ¢ Cc% Cgq 1 +

sup (s D/CDwA(s)]la-1420))
s€[0,]

for all A€ (0,1]. Since 20 —1 >0, we get for small enough A >0, depending
only on Cy and Cg but not on ug, that

sup (81w (#)la—1420) <2 (¢[uolla+1).
tel0,T)

But u=Ay-1 (w*+9?*), and therefore

sup lu(t)[la Sx [Juoll + Co-
te[0,A297)

This provides the key ingredient for obtaining a uniform estimate on the full
time interval [0, 7], and then the existence of global solutions to the Burgers
equation.

Uniqueness in the space of solutions © with decomposition u =1 + w with
w € Cr¢ 1129 can be handled easily along the lines above, and we obtain
the following result:

Theorem 22. Let 0 >5/6, a€(1/3,0—1/2), let T >0, and assume that
(&%) e>o0 s a family of smooth functions on [0,T] x T with values in R™, and
G € C3(R™, L(R™,R™)). Suppose that there exist 9 € C7E€* and n€ CrE?*~!
such that (9%, (9% 00, ¥°)) converges to (9,n) in C7€ 1 x Cr€ 2=, where
9° are solutions to L9°=&° and ¥95(0) =0, and where L=0;+ (—A)?. Let
for e >0 the function u® be the unique global solution to the Cauchy problem

Luf=G(u®) Oy ut + &°, u(0) = up,

where ug € €*. Then there exists u € CTE < such that u® —u in C7€*. The
limit u depends only on (ug,?,n), and not on the approximating family (V¢,

(9508, 09)).
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Remark 23. As for RDEs, the limit u of the regularized solutions u* actually
solves the equation

Lu=G(u)0zu+E&, u(0) =wug

in the weak sense as long as we interpret the product G(u) 9, u correctly.
According to Remark 17, it is not important that 9(0) = 0, and we could
consider any other initial condition in ©#(0) € €7 for some y € R to obtain the
same solution u. However, of course the right choice of ¥(0) may facilitate
the proof of existence and uniqueness of paracontrolled solutions.

Remark 24. Of course, the solution u to the fractional Burgers type equa-
tion also depends continuously on the initial condition ug.

4.1 Construction of the area

It remains to show that if £ is a space-time white noise, then the solution
Yto LY =¢, 9(0)=0,is in Cpg’® for all « <o —1/2, and that the area
Y00, ¥ isin Cr€?*~ 1. Some general results on the existence of the area for
Gaussian processes indexed by a one-dimensional spatial variable are shown
in [FGGR12|. However, in the present setting it is relatively straightforward
to construct the area “by hand”, using Fourier analytic methods.

In this section, we use .# to denote the spatial Fourier transform, i.e.
Fu(t, ) (k)= nge_mu(t,x) dz. Recall that Z#¢ is a complex valued, cen-
tered Gaussian space-time distribution, whose covariance is formally given
by

ELZE(t, ) (k) FE"(t', ) (k)] =2 Lizir Li—p 6 (t — 1)

fori,i’ e {l,..,n}, t,t' €[0,T), k, k" € Z, where ¢ denotes the Dirac delta.
If (Pr)t>0= (e’t"‘2a(D))t>o denotes the semigroup generated by —(—A)?,
then 9(¢, z) = fot (Pi—s &)(z) d s, t € [0, T], from where a straightforward

calculation yields the following result:

Lemma 25. The spatial Fourier transform 9 of ¥ is a complex-valued
Gaussian process with zero mean and covariance

E[79'(t, V(R)FO () (k)] =
27 Limis L (7 11 THINET — o= IR /(91 27) 40,
27 Limir lpmpr tAL, k=0,

fori, i € {1, .., n}, k, k' € Z, and t, t' € [0, T]. As a consequence,
E[ZV! +(0).F0% (k)] =27 Li—is Lyr—o [t — 5|, and for k=0

E[FZ0: (k) FOL (k)] = 7 licir lp—pr (2 — e~ 2slkI?T _ g=2tlk2T
2e—2|t—sHk\2”+26—(s+t)|k|2”)/|k|20’
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where we write FVU% (k) = FI(t, ) (k) — FVi(s,-)(k) for all 0<s<t<T.
In particular,

[ELF 0%, (k) F 95, (k)] S [t — 57 [fo| =212 (20)
for all § €]0,1] and all k0.
Our first concern is to study the Holder-Besov regularity of the process 9.

Lemma 26. For any a <o —1/2 and any p > 1, the process ¥ satisfies

E{191&,am) < o

Proof. Let s,t € [0, T] and £ > 0. The case £ = 0 can be treated using
essentially the same arguments, except that then we need to distinguish the
cases k =0 and k # 0, where k is the argument in the Fourier transform.
Using Gaussian hypercontractivity ([Jan97], Theorem 3.50), we obtain for
p=>1 that

2
E[l|A¢ds o720 (r)) Sp IE[Ae O, e(2) PTIIE 2 - (21)
Using Fourier inversion and Lemma 25, we have

E[| A5 4(2)|] =2m) 72 > pu(k) pe(k’) e FFITELFD, 4(k)F 05 1(K)]
k,k'€Z

S iR [E=sPRPICTIS =50 Y kPO S
keZ k€supp(pe)

|t _ 5|§ 24(1720(176))

for all 6 € (0, 1]. Hence, we obtain from (21) that

B9 (t,) 9 (s, )2, o) S S 2B Ar b, 1]2Epy] S S0 26020 (|t -

>-1 >-1
5|0 220(1/2=7(1=6))yp

for any o € R and any p > 1. For o < o — 1/2 there exists ¢ € (0, 1] small
enough so that the series converges. Since we can choose p arbitrarily large,
Kolmogorov’s continuity criterion implies that ¢ has a continuous version
with EH|19||2CZ)TBS‘,O,2P(T)] < oo for all @ < 0 —1/2. Now we use again that
p can be chosen arbitrarily large, so that the Besov embedding theorem,

Lemma 41, shows that this continuous version takes its values in C7% *(T)
forall e <o —1/2. O

Next, we construct the area 9o d, 9.

Lemma 27. Define
1908x19=(19k08x19€)1<k74<n=< AﬁiAjaxW)

li—jl<1 1<k £<n
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Then almost surely 9 o 9, ¥ € CrE?*~1(T; R"*") for alla« < o — 1/2.
Moreover, if ¢ € % is such that [(xz) d x =1 and 9° = ¢ * I, where
Y= 1yp(e71"), then we have for all p>1 that

lim E(]|9° 0 0, 9° = 90 0y 9|3, p201] = 0. (22)

Proof. Without loss of generality we can argue for ¥ o 9, ¥2. The case
o0, is easy, because Leibniz’ rule yields 9! o 9, ¥t = % Oy (9 0 9h).

Let ¢ € N. Note that if i is smaller than £ — N for a suitable N, and if
li —j| <1, then Ay (A; f Ajg)=0for all f,ge.”’. Hence, the projection of
900,92 onto the /-th dyadic Fourier block is given by

A (08 o 9, 9P = D A (A 9P A 0, 9P =
li—jl<1
D e A (A9 A0, 9?).

li—jI<1

To avoid case distinctions, we only argue for £ > N, so that we can always
assume 7, j > 0. The case £ < N can be handled using essentially the same
arguments.

We can apply Gaussian hypercontractivity to obtain

E[[[(A¢ (91085 0% — 91% 0 0, 9%9)) 5 4]0 )

p
2

3 Legi (Ae(A 0 A0, 92— A0 A0, 9%7)(2))ss ,

li—jl<1

S||E

~

LE(T)

Y Lesi DAVt )A;0: 03— A 9h () A, 0. 075) (@)

li—j|<1

where we write 91 = 1° ¥ and similarly for 92
Let us start by estimating
E[
= DY Ligi L BIAAA 9N, ) Ay 0 95 — Ay V(2
li—7I<1 |i'—5'<1

A0, 937) ()

Ag(Di9M(t,) Bjr 0s 93— Dar 0V(t, ) A1 0, 0775) ().

Taking the infinite sums outside of the expectation can be justified a pos-
teriori, because for every finite partial sum we will obtain a bound on the
L?>norm below, which does not depend on the number of terms that we
sum up. The Gaussian hypercontractivity (22) then provides a uniform
LP-bound for all p > 2, which implies that the squares of the partial sums
are uniformly integrable, and thus allows us to exchange summation and
expectation.
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Recall that Z(u v)(k) = (2 n)~' 3., Fu(k’)Fv (k — k'), and
F(0zu) (k) =1kF (u)(k), and therefore

A A0 (t,-) A0 02— A0V E(E, - ) A0, 9275 ()
=(2m) 1Y pelk) BT T (D0 (8, ) B0, 03— DIVt ) A 09277 (k)
kEZ

=2 1) > puk) e (k) py (k= K)o (k= K)FON,
k,k'€Z
(k" FOZ (k= k)
x(1—=FY (ek")FY (e (k—EK))).
From this expression it is clear that if we can show E[[|9° 00, 9°(|¢, 2a-1] <
00, then the convergence result in (22) will follow by dominated convergence,

because .71 is bounded and #(0) =1 by assumption.
Using the covariance of .#4 that we calculated in Lemma 25, we obtain
El
S Z Z Le<i Le<ir Z pi  (k  +
li—jI<1  |i'—57I<1 k,k’czd

k') pi(k) pir(k) ps(K") pjr(K')

Z Lo<i A (A9 (t,)A; 0,97 1) () ]

li—j]<1

<

1 — —2tlk|?°

/12 _
71 A
s|5|k/|72o’(176)
S Z 1@51’ Z p% (k‘—l— k‘l) 22i(1—20+06) ‘t _ 8‘6
li—jI<1 kéesupp(pi),k’€supp(p;)
< Z 9t 92i(1+1/2-20+09) It —s|°
i>0

for all 6 € [0, 1]. Since o >5/6, there exists § > 0 small enough so that the
sum is finite, and we obtain

El| S0 Logs A (A0 (t,-)0,0, 02,) ()3 S 2212 20+00) | — ]o,

| [li—dl<1

and by the same arguments

El| 3 LiciAc(Ai0hA;0,0% (s, ) (@) 2227+ |t — s,

|li—s1<1

Since
Ai ﬁl(t, ) Aj 835 192 (t, ) - Az 191(8, ) Aj a:r 192 (5, ) = Az ﬁl(t, ) Aj a:r 19§7t +
Ai/1951’7t Aj81192 (S,'),
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we get for sufficiently small § >0 and for arbitrarily large p > 1 that
E[|| A, (191 00, 192)57t||i;gp(m] < 9—26(20-2—00)p |t — s\‘;p.

Now we use the same arguments as in the proof of Lemma 26 to obtain the
required LP-bound for [[9' 0 9, 92| ¢ 420 -1 with a <o —1/2. O

Now Lemma 27 and Theorem 22 give us the existence and uniqueness of
solutions to the fractional Burgers type equation driven by space-time white
noise:

Corollary 28. Let0>5/6,ac(1/3,0—1/2), T>0, GECE, upc€*(T),
L =0+ (—A)7, and let £ be a space-time white noise on [0, T| x T with
values in R™. Then there exists a unique solution u to

Lu=G(u)0yu+&, u(0) = ug,
in the following sense: If € % with [ dt=1 and if for e >0 the function

u® solves
Lu®=G(u) 0y u®+ &£°, u(0) = u,

where €5 =e" 1 (e-) * &, then u® converges in probability in CT€ to u.

Remark 29. There is no problem in considering the equation on T rather
than on T¢ and the analysis works exactly as in the one-dimensional case.
The proof of Lemma 26 shows that if ¢ is a space-time white noise on [0,
T] x T4, then the solution ¥ to L = ¢, 9(0) =0, will be in C7¢%(T?) for
every a <o —d/2. So as long as ¢ —d/2>1/3, we can solve the Burgers
equation on T¢. For the existence of the area 909, ¥ we need the additional
condition 20 —d /2 —1>0; see [Perl4], Lemma 5.4.3. Butif 0 —d/2>1/3,
then this is always satisfied.

5 A generalized parabolic Anderson model

Consider now the following PDE on [0, 7] x T? for some fixed T > 0:
Lu=F(u)¢,  u(0)=uo, (23)

where L = 0; — A, the function F' is continuous from R to R, £ is a spatial
white noise, and ug € € for suitable o € R. Formally, this equation is very
similar to the rough differential equation (11).

The regularity of the spatial white noise 7 on T% is n € € ~%2~¢ for all
€ >0. Since we are in dimension d =2, we have £ € € ' ~¢. The Laplacian
increases the regularity by 2, so we expect that for fixed ¢ > 0 we have
u(t) € €17, and therefore the product F(u) ¢ is ill-defined.
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However, let us assume that £ € '~ 2(T?) for some 2/3<a <1, and let
¥ € € be such that L9 =¢. Consider the paracontrolled ansatz

u=F(u) <0+ u

with u* € O7%2®, and where as in Section 4 the paraproduct < is only acting
on the spatial variables. If w is of this form, then Lemma 8 and Lemma 5
imply that

F(u) € = F(u) < € + F(u) = € + F'(u) F(u) (0 0 &) + F'(u) C(F(u), 9,
)+ F'(u) (uto &) +Tr(u, §)

is well defined provided that (¥ o &) € C7¢2*~2. Moreover, the algebraic
rules for 0; and A acting on products imply that

Lu=(LF(u))<9+F(u)<LY—2D,; F(u)<D,9+ Lu¥,
and thus we find the following equation for u®:

Luf=2D, F(u)<D;9 — (L F(u)) <9+ F(u) = &+ F'(u) F(u) (90€)
+F'(u) C(F(u),9, ) + F'(u) (u? 0 §) +TIp(u, £).

We would like all the terms on the right hand side to be in C7% 2“2
However, it is not easy to estimate the term (L F(u)) < ¢ in Cr€P for
any (3 € R: the term A F(u) can be controlled in €*~2, but there are no
straightforward estimates available for the time derivative 0; F'(u) appearing
in L F(u). Indeed, it would be more convenient to treat the generalized
parabolic Anderson model in a space-time parabolic Besov space adapted to
the operator L and to use the natural paraproduct associated to this space.
An alternative strategy would be to stick with the simpler space C7%¢ =2
and to observe that

LF(u)=F'(u) Lu— F"(u) (Dyu)?=F'(u) F(u) £ — F"(u) (D, u)?,

and that the terms on the right hand side can be analyzed using the para-
controlled ansatz. Since this strategy seems to require a lot of regularity
from F', we do not pursue it further.

Instead, we keep working on C7% 2, but we modify the paraproduct
appearing in the paracontrolled ansatz. Let p:R— R, be a positive smooth
function with compact support and total mass 1, and for all i > —1 define
the operator Q;: C176 % — C1€° by

Qif(t):AQQigo(?Qi(tfs))f((s/\T)\/O)ds.

For @Q; we have the following standard estimates, which we leave to the
reader to prove:

1Qi f )l < fllerees 10 Qi f(t)llr <2C 727 fllcpre,
Qi f = Il <2727 fll oz
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for all ¢ € [0, T] and all v € (0, 1); for the second estimate we use that
J¢'(t)dt =0, and for the third estimate we use that ¢ has total mass 1.
With the help of @Q;, let us define a modified paraproduct by setting

f«gzz (Sic1Qi f)Aig

for f, g € Cp.’’. Tt is easy to show that for this paraproduct we have
essentially the same estimates as for the pointwise paraproduct f < g, only
that we have to bound f uniformly in time; for example

I(f < 9)Dlla S f llorr<llg(@)la-

for all t[0,T]. For us, the following two commutator estimates are the most
useful properties of <.

Lemma 30. Let T>0, a€(0,1), BER, and let ue CrE*NCY* L™ and
veCrEP. Then

1L (v < v) = u < (Lo)llgpgets—2 S (lullgorpe + lullorea)lvlicss,
(24)

as well as

lu<v—u<v|cgats S ||UHc%/2LooHUHCT(€f" (25)

Proof. For (24), observe that L (u < v) —u < (Lv)=(Lu) <v—2Dyu~<
D, v. The second term on the right hand side is easy to estimate. The first
term is given by

(Lu)«vzz (Sz’_l QiLu)Aiv:Z (LSZ‘_1 QZ’U,)AZ’U

A i

Observe that, as for the standard paraproduct, (L S;_1 Q; F(u)) A;v has a
spatial Fourier transform localized in an annulus 2%, so that according to
Lemma 42 it will be sufficient to control its C7 L norm. But

ILSi—1Qiullcrre= <[]0t Qi Si—1u|lcrre + Qi A Si—1ul[crre
27|18 v ull g o + [l oree),

where we used the bounds (23). It is easy to see that [|S; —1 u| ja/2 S ||| fas2,
T T
and therefore we obtain (24).

As for (25), we have

u<v—u<<vzz (QiSi—1u—Si—1u)A;v,

%
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and again it will be sufficient to control the C L* norm of each term of the
series. But using once more (23), we obtain
Qi Si—1u = Siciu) Ajvllerre S 27 1Si—1 ull garz poe 18 vlierz> S

2—i(a+/6)||uHC;/2LochHCT%ﬁ7

and the result is proved. [l

Letting
u=F(u) <19+ u (26)
and redoing the same computation as above gives

Lut=®= —[L (F(u) <9) — F(u) <& +[F(u) <&~ F(u) < &+ F(u) =
E+F(u)ok&. (27)
Lemma 30 takes care of the first two terms on the right hand side. The
term F'(u) > £ can be controlled using the paraproduct estimates, so that it
remains to control the resonant product F(u) o £. In principle, this can be
achieved by combining the decomposition described above with (25), which
enables us to switch between the two paraproducts < and <. However, in
that way we would pick up a superlinear estimate from Lemma 8, and thus
would get a problem when trying to construct global in time solutions. We
therefore have to be slightly more careful.

Lemma 31. Let a €(2/3,1) and 5 € (0, ] be such that 2a+ > 2. Let

T>0,£eC(T%LR), ¥ € C1€°, ue CrE°, and let F € Cy™%/*. Define
uf=u— F(u) <19. Then

I(F(u) 0 &)(t)lla+p—2 S CrCe (1+ l[ullorwe + llull garz oo + Ukt lats),
for all t€10,T], where
Ce = (1 + ll€lla—2) (1 + 19165657 + 119 o Elleyeeas  and Cr =
| Fllggrarm+ IF 15547 (28)

We pay attention to indicate that, for fixed ¢ € [0, T, the estimate
depends only on the ¥**# norm of wu*(t). This will come useful below
when introducing the right norm to control the contribution of the initial
condition.

Proof. We decompose
F(u)o&=(F () F'(u) < (F(u) <))o £+C( "(u), F (U)«ﬁﬁf)
F'(u) [(F(u) <9 — F(u) <
£)+F(U) F(u) (908),
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from where we can use Lemma 30 and the commutator estimate Lemma 5
to see that

[F(u) o & = (F(u) — F'(u) < (F(u) < 9)) o €llgpgara-2 S Cp Ce (1 +
lulleres+ llullpgr e )-

It remains to treat the first term on the right hand side of (28), which we
split into two parts:

(F(u) = F'(u) < (F(u) <))o é= Y A; [F(u) — F'(u) < (F(u) <
1,j<n,
2 51<
D] A;E
+ > A[F(u) = F'u) < (F(u) <
i,j>n,
li—jl<1
D] A;E
for n € N. For the first series, we use that a4+ 3 —2 <0 and simply estimate
> AF@w) = F'(u) < (F(u) < 9)] Aj|cpgars—2SY 2007 Crle S
i< s

on(2-a) CrCe.

For the second series in (28) we get
Al D Ai[F(u) = F'(u) < (F(u) <9)] A€ | (1)
B
S(Legn 27" 20FP72) 4 150, 27 FCOFIZD)|(F(u) — F/(u) < (F(u) <
D) Ollat-ll€lla—2
<272 MO ED(F(w) — F'(u) < (F(u) < 0) () la+ sl la—2

for all ¢t € [0, T] and k& > —1. Now a slight modification of the proof of
Lemma 7 shows that for f € € and g € €°*+# we have

1E (f+9) = F' (f+9) < Fllas s SIF [l gaenre A+ £ 1+ 11911210,
and applying this with f = (F(u) < 9)(t) and g=u’(t) we deduce that
(F(u) — F'(u) < (F(u) < 9)) o &)()|ars_2SCr Ce (272~ 4
27" luf(t)[31)

for all n € N. It remains to optimize over the parameter n. If ||u®()||at s <1,
we choose n =0 and obtain

|(F(u) = F'(u) < (F(w) % 9)) 0 ) (t)]a+5-25CrCe (1 + [[uF(t) [l +5)-
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If [[ub(t)]las s> 1, we choose n with 27~ ~ ||uf(t) oy g, SO that

B - —go—ta+p
242 9 k0[5 ) s+ IO

Since B < a, we can bound the exponent on the second term from above by
2a—a/(2— a), and it is not hard to see that for o < 2 this expression is
smaller or equal to 1. Therefore, we obtain also in that case

|(F(u) = F'(u) < (F(w) <) 0 ) (t)]a+5-25CrCe (1+ [[uF(t) | a+5),

which completes the proof. O
Let us summarize our observations so far.

Lemma 32. Let o€ (2/3,1), € (2-2a,a], and T > 0. Let up € €°,
£€C(T?% R), let ¥ be such that LY =¢, and let FEC’;+5/O‘. Then u solves
the PDE

Lu=F(u)¢, u(0)=upe €
on [0,T)] if and only if u=F(u) <9 +u*, where u* solves
Luf= ot u¥(0) = up — (F(u) < 9)(0)

on [0,T], for ® as defined in (27). Moreover, for all t €[0,T] we have the
estimate

1% (t)[la+p—2 S CrCe (1+ llullersa + l[ull garz oo + 1uF(E) lat ), (29)
where Cr and C¢ are as defined in (28).
Next, we would like to close the estimate (29), so that the right hand side

only depends on ®%. In order to estimate ||ul|cy @+ [|u]| qa/2; ., We observe
T
that u=uf+ F(u) <9 and that

LF(u) <9=[L(F(u)<19)—F(u) << (LI)]+ F(u) <.
Now it is easy to see that
[L (F(u) < 9) = F(u) < (L lcrge—2 S FW)llore=llFllore <
I |zoel| 9]l oree

(compare also the proof of Lemma 30). Thus, we can apply the heat flow

estimates Lemma 46, Lemma 47, and Lemma 48, to deduce

l[ullorga+ ullgare oo Shufllorss + luflgarz e + [1F(w) < 9(0)]a +
1L (F(u) <9l opego—2
Sluflleres +  ufllgarzpe +  lluolla  +
1F Lo (9 lerze +11€]la—2)-
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Plugging this into (29), we get
[@F(t)]la+p—2 S CF Ce (1 + Cr Ce + lluolla + luflorge + llufllgare o +
[uf(t)[la+5)-

Moreover, since u*(0) = ug — (F(u) < 9)(0) and L u® = ®* we can apply
Lemma 46 and Lemma 48 to obtain
t2)[ut(t)llar 5 S lluolla + CrCe + s (5721 @%(s)|a+ p—2),
s€|0,t

so that our new estimate for ®f reads

t2|@4(t)la+p-2 S CrCe <1 +CrCe+ |luolla+ lufllcrge + vl pare o +

sup <sﬂ/2||<bﬁ<s>||a+g_2>),
s€10,t]

uniformly in ¢ € [0, T]. It remains to control uf in C/? L N Cr€*. For

0<s<t<T, we have

[ (t) — ub(s)l| oo <[ (Pr- s — id) Po(u?(0)) | + [Pt—s ®(r) drLe

_|_

/(Pt,s—id)PS,rq>ﬁ(r)dr|Loo.
0

Applying Lemma 47 to the first and third term and Lemma 46 to the second
term, we obtain

t
[ub(t) — ub(s)||Lee S(t - $)*/2|ub(0)]|a + /(t -
)T P
+(t—s)0‘/2/ P ®5(r) o d 7
0
S(t—8)/2 (CpCe + |Juolla)
t
+ (t = 5)/? /(t —
0

r) TR BRAr sup (17| @4(r)[lavt 5-2)
rel0,t]

o = s A s -

)Y B2 Ay sup (52 @41) g 5-2).

relo,s]
For the time integrals we have fg(t o T,)flJrﬁ/? 7"7/6/2 dr = fol (1 _
r)1=B/2p=B/2qr <1, so that

lull a2 oo S CFCe + luolla+ sup (7% @¥(s)llatp—2)-

)
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Similar (but easier) arguments can be used to bound the C7%¢® norm of uF,
and thus we obtain our final estimate for &%

tes[lépT](tﬁ/zllfbﬁ(t)Haw—z) S Or Ce (1 + Cr Cy) <1 + uolla +

sup (/7 00)aa-2) ) (30)
te[0,T]

In order to use this estimate to bound ®# we will apply the usual scaling
argument. More precisely, we set Ay f(t,z) = f (A2t, A x), so that L Ay =
N Ay L. Now let u* = Ay u, ud = Ay ug, E¥ =X Ay €, and 97 = A Ay 0.
Note that u*: [0, T /X x T3 — R, where T3 = (R/ (27 A7'Z))? is a rescaled
torus, and that u* solves the equation

Lur =) F(u)) Ay E =2 F(u) €, uM0) = ug).

The scaling is chosen in such a way that [|[ud||a < [|tollas [|EXM g —2 S 1€ |lga -2,
9| crge S |9 ||cpe, and according to Lemma 50 also |[92 0 &Y gyp2a—2 S
|90 &lapgza—2+ |0 crga|l€]|a—2, all uniformly in A € (0,1]. In particular,
Cex S C¢ and Crop < X* CF for all A € (0, 1]. Injecting these estimates
into (30), we obtain

sup (92082 (1) a4 p-2) S 1+ [[udlla
t€[0, 77

for all sufficiently small A > 0 (depending only on C¢ and Cp, but not on
ug), where ®%* is defined analogously to ®f. From here we easily get the
existence of paracontrolled solutions to (23). Similar arguments show that
if Fe C§+’6/a, then the map (ug, £,9,£0) —ue CrE* is locally Lipschitz
continuous, and in particular there is a unique paracontrolled solution.

5.1 Renormalization

So far, we argued under the assumption that there exist continuous functions
(£°) such that (&5, 95, ¥° o £F) converges to (&, ¥, ¥ o &) in €2 x
Cr€22=2 x Cr€?* 2 as ¢ — 0. Here the superscript € refers to a smooth
regularization of the noise, whereas in the previous section the superscript
A referred to a scaling transform. From now on we will no longer consider
scaling transforms, so that no confusion should arise.

One further difficulty is that the resonant product (¥¢ o £°) does not
converge in some relevant cases; in particular, if £ is a spatial white noise.
However, what we will show below is that for the white noise there exist con-
stants c. € R such that (950 &%) — c.) converges in probability in C7% 22,
In order to make the term c. appear in the equation, we can introduce
a suitable correction term in the regularized problems and consider the
renormalized PDE

Luf=F(u®) & —c. F'(u®) F(u). (31)
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For this equation we use again the paracontrolled ansatz (26). The same
derivation as for (27) yields

Lu®® =G(uf, 9%, £%) + F(uf) 0 £ — c. F'(uf) F(uf)
for some bounded functional G, and as in Lemma 31 we decompose
F(uf) o &8 —c. F'(uf) F(uf) = H(us, ube 9%, &) + F'(uf) F(uf) (950 &5 — c.)

for another bounded functional H. We see that L u# only depends on &2,
9%, and (9° 0 £°) — c.. Thus, the convergence of (£2,9°,9°0&° —¢.) to (&,9,
n) in €72 x Cr€ 22 x C7%¢ 2>~ 2 implies that the solutions (uf) to (31)
converge to a limit which only depends on &, ¥, and 7, but not on the
approximating family.

Theorem 33. Let «€(2/3,1), f€(2—2a,a] and assume that (£%).>0C
C(T% R) and F € C§+ﬂ/°‘. Suppose that there exist £ € €*~2, 9 € Cr€?,
and n € CT6 %2 such that (£5,9°, (U° 0 £€5) — c.) converges to (£,9, 1) in
C 2 x CrE® x Cr€?™—2, where ¥° are solutions to L 9% = £°, and where
ce €R for all e > 0. Let for e >0 the function u® be the unique solution to
the Cauchy problem

Luf=F(u) & —cc F'(uf) F(u5),  u*(0) =wuo,

where ug € €*. Then there exists u € C7E“ such that u® —u in C7€*. The
limit w depends only on (ug, £, 9, n), and not on the approximating family

(55, 198) (198 © Es) - CS)'

As for the previous equations, u is the unique paracontrolled weak solu-
tion to L u=F(u) ¢ £ with u(0) =uy if we interpret the renormalized product
F(u) ¢ ¢ in the right way, the initial condition 9(0) is of no importance, and
u depends continuously on ug.

5.2 Regularity of the area and renormalized products

It remains to study the regularity of the area o £. As already indicated, we
will have to renormalize the product by “subtracting an infinite constant” in
order to obtain a well-defined object.

To simplify the arguments below, we assume that £ is given by 5 —
(27)"2ZE(0), where £ is a spatial white noise on T2. Then (F£(k))pez2 is
a complex valued, centered Gaussian process with covariance

E[Z&(k).FE(K)] = (27)% Lp=p Li2o-

Since ¢ is a smooth additive perturbation of 5 , this simplification will pose

no problems, and we indicate below how to handle € once we are able to
handle £.



46 SECTION 5

Since ¢ is a mean zero distribution, there exists a stationary solution o
to LY =¢&, given by

() = / S (Pt

Then L 9 = & by definition, and it is easily verified that (F9(k)) is a
centered, complex valued Gaussian process with covariance

1
E[F9(k)F0(k)] = (2 W)QW Tk=—& k20

and such that #9(k)=.%9(—k). This yields, using Gaussian hypercontrac-
tivity and Besov embedding, that E[[|d[|%pz)] < oo for all a< 1 and p> 1.

Since P; £ is a smooth function for ¢ > 0, the resonant term P;{o £ is a
smooth function, and therefore we could formally set Yo &= [, ;o (P o) dt.
However, this expression is not well defined:

Lemma 34. For any x € T? and t >0 we have
g =E[(P,£0&)(2)] =E[A 1 (Pifo&)()]=(2m)~2 Y eI
kez2\{0}

In particular, g; does not depend on the partition of unity used to define the
o operator, and fggs ds=o00 for all t>0.

Proof. Let x € T?, ¢t >0, and ¢ > —1. Then
E[A; (Pigoé)(@)]= > E[A(Ai(P&) Aj6)(x)],
li—jl<1

where exchanging summation and expectation is justified because it can
be easily verified that the partial sums of Ay (P; § o £)(z) are uniformly
LP-bounded for any p>1. Now Py=e¢ tIP ‘2, and therefore

E[A (A (P& A€)(@))=(2 =)~ > ey (k0
k,k’e€z2\{0}
K) pilk) e F oy (RE[FE(R) FE(K)
=@m)2 > pul0) pik) e ()
kez2\{0}
=@M =t 30 pilk) pyk) e
kez2\{0}

For |i — j| >1 we have p;(k) p;(k) =0. This implies, independently of = € T?,
that

g = El(P €0 O@ = 33 pik) pylk) et
kez2\{0} i,j
(27T)72 Z eft\k|2’
kez2\ {0}
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while E[(P;o&)(x) — A1 (Pr&o§))(x)]=0. O

Remark 35. The same calculation shows that if ¥ € %, and if & =
724 (et ) x £, then

E[(Py & o &)(@)] = E[An (P & o &)()] =
@2m=2 Y e tFEFg (e k)2
kezZ2\{0}

The diverging time integral motivates us to study the renormalized pro-
duct 9o & — fooogtdt, where fooogtdt is an infinite constant:

Lemma 36. Set
Woe)= [ (Piog—gna

Then E[||[9 ¢ &||5, o] <oo for all a« <1, p>1. Moreover, if ¥ €. satisfies
Jv(x)dz=1, and if =29 (e-)x £ with Yy =e 24 (e-) for £ >0, and
195:f;°Pt§5dt, then

LmE[[[g 0§ — (970" —c2)lla—2] =0

for all p>1, where for x € T?
ce = E[¥°(z) &(z)] = E[V° o £(2)] = [)OOE[Pt o &f(x)) dt =
F6 R

am)™ P

kez2\{0}
Proof. We split the time integral into two components, fol d t and

floo ... d t. The second integral can be treated without relying on prob-
abilistic estimates: Given x € T2, we have

’/loo(Ptc“og—gt>dt—/f(a&%ss—E[Pfof%x)])dtm2

sz HPtsog—Ptsfogﬁngadw/ > e -7 (k)P dt

L kez2\{0}
% (1P (& = €) llatallElla—z + [P Ellavall & = €lla—2) d t +
—|k|?
3 ‘jwu—\%@km

kez?\{0}

Since .Z£(0) =0, the estimate || P;£%||at2 St2]|€5]|a—2 of Lemma 46 holds
uniformly over ¢ > 0, and thus the time integral is finite. The convergence
in LP(P) now easily follows from the dominated convergence theorem.
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We will treat the integral from 0 to 1 using similar arguments as in
the proof of Lemma 27. To lighten the notation, we will only show that

E[Hfol (Peéo & —gy)dt]|5,_s] <oo. The difference

i

can be treated with the same arguments, we only have to include some addi-
tional factors of the form |1 —.Z1 (e k)|? in the sums below. The convergence
of the expectation can then be shown using dominated convergence.

Let ¢ € (0,1] and define Z;= P; £ 0 £ — g;. By Gaussian hypercontractivity
we obtain for p > 1 and m > —1 that

El| A Edl 220 e)] S IENAm Zo(@)2lEn o) (32)

1 1
/(Ptgog—gadt—/ (P,&%0 5~ E[P, &0 £5(2))) d1[Z, _»
0 0

By Lemma 34 we have
E[|Am Ze(z)[*] = Var(Ap, (P10 )(2)), (33)
for all m > —1, where Var(-) denotes the variance. Now
Am (PrEo ) =@mt 3 S etrma o (4
kik2€72 |i—j|<1

ka) pi(k) e~ tRl” 7€ (ky) pj(k2) FE(ka),

and therefore

Var(Ap, (Pr§o§)(x))

SEREN D oD M S e

E1,ko€72 ki,k4{€Z? |i—j|<1 |i'—j'|<1
ko) pi(k) e~ pj (o)
X et (kit+ks,x) DOm (ki +

k) pikt) eI pj(k5) cov (FE (k1) FE ko), FE(kD) FE(KD)),
where exchanging summation and expectation can again be justified a pos-
teriori by the uniform LP-boundedness of the partial sums, and where cov

denotes the covariance. Since ((k))rczz2 is a centered Gaussian process, we
can apply Wick’s theorem ([Jan97], Theorem 1.28) to deduce

cov(§(k1) &(ka), &(k1) &(Kk3) = (20 ™) (Igy=—r{ lhy=—ny +
Ty =~k Lro= 1) Tk 20 Lro 0,

and therefore

Var(Ap, (Pr€o&)(x))

= (2 > > > mgi Imgir pr (k1 +
ki, ko €22\{0} [i—jl<1 [i'—5'|<1

k2) pi(kr) pj(ka) pir(ky) pyo(k) e~ 2t1kel?
+ la<i lmge pm (k1 +
k2) pikr) pj(ka) pir(ka) pyr(ky) e=tIRal =tk
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There exists ¢ >0 such that e~ 2!/%* < e=t¢2*" for all k € supp(p;) and for all
1> —1. In the remainder of the proof the value of this strictly positive ¢ may

—t|k|? —tc2??
F<e

change from line to line. If |i — j| <1, then we also have e for

all k € supp(p;). Thus

Var(Ap, (P €0 €))(z))
S Z Im<i linjmirng Z Loupp(pn) (k1 +
i,5,4',5" k1,k2€Z2\ {0}

k2) ISUPP(Pz‘)(kl) lsupp(m) (k2) e~ 2t

2m 2m
. _ 24 2 _4.92i 2 _ 2
5 § 92i92m o—tc2 1§ " § e~ te2™ < e—te2”™

where we used that t 2%¢ < ete=eN2*" for any ¢’ <c.
Now let < 1. We apply Jensen’s inequality and combine (32), (33), and
(33) to obtain
1

— a—2)m —_ 12 2p
E[||:t|3wls< > 2t 2PE[|Am:t|L€p<w>]>

2p,2p
m>—1

A

1
§t1/2< Z 9(200—2)m2p 92mp e—tcp22m>2p

m>=—1
1

t1/2</m(2m)2p(2a1) ectp(Z’)de>2p.
—1

The change of variables y =/ 2% then yields

1

0o S
E[|E¢l| pza 2] St71/2 (t‘p(m‘l)/ y?P2e-D-le—cry®q y>2p~

2p,2p 0
If « > 1/2, the integral is ﬁnlite for all sufficiently large p, and therefore
E[HEtHng;;] <pt™9, so that [ E[||Et||B§;;§} dt < oo for all @ < 1. Gaussian
hypercontractivity allows us to conclude that also

1
EH/ Etdt|gza2:|<oo
0 2p,2p

for all p > 1. The result now follows from the Besov embedding theorem,
Lemma 41. U

Corollary 37. Leté be a spatial white noise, and let £, ¥, and 9o £ be as
defined above. Set V(t,x)="10(x)+t(27) 2FE(0) (so that LY =¢) and
(Do &)t x) = (Do &)t 2) + (2m) 2 (90 FEO))(x) + ¢ (27m) 72 (FE(0) 0
€)(x) +t (2m) " 2FE(0))>

If € & satisfies [(x)dxz=1, and if €5 = % £ and 9° = ¢ x U, where
Ye=e"24(e-) for e >0, then lim._oE[[|¥o & — (9°0 £° — c€)||gT<g2a,2] =0
for all T >0 and p>1, where c. is as defined in Lemma 306.
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Combining the existence of the renormalized product ¢ ¢ £ with The-
orem 33, we obtain the existence and uniqueness of solutions to the general-
ized parabolic Anderson model:

Corollary 38. Let o € (2/3,1), € (2—-2a,qa], F e C§+B/a, ug € €,
L=20,— A, and let € be a spatial white noise on T2. Then there exists a
unique solution u to

Lu=F(u)o&, u(0) = ug,

in the following sense: For 1 € . with f@[) dt=1 and for € >0 consider the
solution u to

Lut= F(’LLE) & —c. F’(UE) F(UE)’ UE(O) = U,

on [0, 00) x T2, where £ =e~1 1) (e ) * & and where c. is as defined in
Lemma 36. Then for oll T >0, (u®) converges in probability in C1E€* to u.

Remark 39. Concerning the convergence of (¢ o &£°), let us make the
following remark: Since L9°=£°, we have

(97 0 €)= (9 0 L 0) =5 L (9 09°) — (Dy 9" 0 D, 9°),

from which we see that the only problem in passing to the limit is given by
the second term on the right hand side. This integration by parts formula is
the crucial difference with what happens in the RDE case, which otherwise
shares many structural properties with the PAM model. The fact that L
is a second order operator generates the term (D, ¥° o D, 9¢) in the above
computation, which is absent in case of the operator 9;. This term, whose
convergence is equivalent to the convergence of the positive term |D, ¥¢|?,
cannot have simple cancellation properties and it is the origin for the need
of introducing an additive renomalization when considering the PAM model.

Our previous analysis easily implies that the solutions to the modified
problem

Luf = F(uf) &+ F'(uf) F(uf) |D, 9|2

will converge as soon as £° — ¢ in €“ 2, without any requirements on the
bilinear term 9o £° .

6 Besov spaces and paraproducts

6.1 Littlewood-Paley theory and Besov spaces

In the following, we describe the concepts from Littlewood—Paley theory
which are necessary for our analysis, and we recall the definition and some
properties of Besov spaces. For a general introduction to Littlewood—Paley
theory, Besov spaces, and paraproducts, we refer to the nice book of Bahouri,
Chemin, and Danchin [BCD11].
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Littlewood—Paley theory allows for an efficient way of characterizing the
regularity of functions and distributions. It relies on the decomposition of
an arbitrary distribution into a series of smooth functions whose Fourier
transforms have localized support.

Let x, p € 2 be nonnegative radial functions on R%, such that

i. the support of x is contained in a ball and the support of p is con-
tained in an annulus;

i x(2)+ 3500 (2772) =1 for all z€RY;
iii. supp(x) N supp(p (277 +)) = 0 for j > 1 and supp(p (27 -)) N
supp(p (277+)) =0 for [i — j[>1.
We call such (x, p) dyadic partition of unity, and we frequently employ the
notation
pP_1=X and pj=p(277)for j=0.

For the existence of dyadic partitions of unity see [BCD11], Proposition 2.10.
The Littlewood—Paley blocks are now defined as
A yu=F"YxFu) =F Yp_1Fu) and Aju=F YpjFu) for
Jj=0.

S

Then Aju=Kj*u, where K;=.% ~!p; for all j >—1. In particular, Aju is
a smooth function for every j > —1. We also use the notation

It is easy to see that u = Zj>_1Ajuzliijoonu for every u e ..
For o € R, the Holder-Besov space € ¢ is given by € = Bgopo(Rd7 R™),
where for p, g € [1, 00| we define

) 1/q
B (R4 R = Ju € /(R RY; ||u|Bg,q=< (i |AJU|L1’)"> <
i>—1

with the usual interpretation as ¢°° norm in case ¢ = co. The |[|-||L» norm
is taken with respect to Lebesgue measure on R%. While the norm ||| B2,
depends on the dyadic partition of unity (x, p), the space By , does not, and
any other dyadic partition of unity corresponds to an equivalent norm. We
write [|-||o instead of ||-||Be, _.

If @ € (0, 00) \ N, then ¥ is the space of [] times differentiable
functions, whose partial derivatives up to order |« | are bounded, and whose
partial derivatives of order |« ] are (o — |a|)-H6lder continuous (see p. 99
of [BCD11]). Note however, that for k¥ € N the Hélder-Besov space € is
strictly larger than CF.
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We will use without comment that ||-||o <||-||g for a < 8, that ||-||zee S |||«
for >0, and that ||-[|o S|z for a <0. We will also use that ||.S;u|re S
27%|u | for a <0 and u € €.

We denote by 65, the set of all distributions u such that ¢ u €%« for all
v € 9. If the difference ¢ (u, —u) converges to 0 in € for all ¢ € 2, then
we say that (u,) converges to u in G5

The following Bernstein inequalities are tremendously useful when dealing
with functions with compactly supported Fourier transform.

Lemma 40. (Lemma 2.1 of [BCD11]) Let & be an annulus and let B
be a ball. For any keN, A >0, and 1< p< g< oo we have that

1. if ue€ LP(RY) is such that supp(.Fu) C A%, then

k d(i—l)
max (0P ulpa Sp AN |
pEN: |u|=k

2. if u€ LP(R?) is such that supp(.Fu) C Ao/, then

MNellu e < ma. oPul|pe.
I ||LPNkM€Nd:‘;(‘:k|| [

For example, it is a simple consequence of the Bernstein inequalities that
ID*ullq—k Sjulla for all @« €R and k € N.

We point out that everything above and everything that follows can (and
will) be applied to distributions on the torus. More precisely, let 2'(T%) be
the space of distributions on T Any u € 2'(T%) can be interpreted as a
periodic tempered distribution on R?, with frequency spectrum contained
in Z¢ — and vice versa. For details see [ST87], Chapter 3.2. In particular,
Aju is a periodic smooth function, and therefore [|Aju||re = [[A;jul|f(Ta).
In other words, we can define

€ (T = {u €€ uis (27) — periodic}

for a € R. For p+ oo however, this definition is not very useful, because no
nontrivial periodic function is in LP for p < co. Therefore, general Besov
spaces on the torus are defined as

. 1/q
BS (T = ueD’(Td):HulB;q(Td):( > (2 ||Aju||Lp(Td))q> <00y,
jz-1
where we set

Aju=(2m)~0 3" e ®o) pi(k) (Frau) (k) = Fpa (pj-Fpan),
kezd
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and where Fra and Fp.' denote Fourier transform and inverse Fourier trans-
form on the torus. The two definitions are compatible: we have € (T9) =
B, o(T?). Strictly speaking we will not work with By ,(T¢) for (p, ) # (oo,
00). But we will need the Besov embedding theorem on the torus.

Lemma 41. Let 1<p1<p2<oo and 1< 1 < <00, and let a €R. Then
B2 . (T9) is continuously embedded in Ba_d(l/m_l/m)('ﬂ‘d) , and BY, .. (R%)

P1,91 P2,q2 P1,q91

is continuously embedded in B;XQ)_qZ(l/pl_l/m)(Rd).

For the embedding theorem on R? see [BCD11], Proposition 2.71.
The result on the torus can be shown using the same arguments, see for
example [CGO6]. In both cases, the proof is based on the Bernstein inequal-
ities, Lemma 40.

The following characterization of Besov regularity for functions which
can be decomposed into pieces that are well localized in Fourier space will
be useful below.

Lemma 42. (Lemmas 2.69 and 2.84 of [BCD11])

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 ||uj||L= <2779 for all j. Then

u= Z uj EE and lulla < sup {27%||u;pe}.
j>—1 jz-1

2. Let & be a ball, let >0, and let (u;) be a sequence of smooth func-

tions such that Fu; has its support in 2798, and such that |uj||p=<
2799 for all j. Then

u= Z uj €€ and lulla < sup {27%u;|pee}-
i>-1 jz-t

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

12wl < > A willee < sup {25(fug o=} D 2770
Gijri k>—1 Gijei

sup {2 [Jug|p=} 277

k>—1

If .Zu; is supported in 274, then A;u; #0 only for i < j. Therefore,

1A; ulpe < D7 1A wllee < sup {28 ugll=} D 279 S
J:izi k>-1 Jiizi

sup {2%[|ug} 277,

—1

=
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using « > 0 in the last step. O

6.2 Linear operators acting on Besov spaces

Here we discuss the action of some important linear operators on Besov
spaces. We start with the rescaling of the spatial variable:

Lemma 43. For A > 0 and u € .’ we define the scaling transformation
Au(-)=u(X-). Then

[Axula S max {1, A}l

for all a e R\ {0} and all ue €.

Proof. Let ue €% and let Ay u(z) =u (A z) for some A>0. Note that Ay D=
A"!D Ay, and therefore Ay Aju=Ayp (277 D)u=p (277 A7 D) A u,
which implies that the Fourier transform of Ax A; u is supported in the
annulus \ 277 (where &7 is the annulus in which p is supported). In par-
ticular, if k>0, we have Ay Ay Aju0 only if 2k~ \27. Thus, there exist
a,b> 0 such that

Ak M ule=S D Ak AN Ajull=S Y 1A ul|ze
jra2k <29 b2k j:a2k <29 b2k

ulle S 279 S fuf Ar20k

jra2k<A29 b2k
for all k> 0. For k= —1 we can simply bound
A Ml Y Ak A uleSlulla S 27 S luflo max{L,

j:A29<1 j:a29<1

A O

Next, we are concerned with the action of Fourier multipliers on Besov
spaces.

Lemma 44. Let o € R. Let ¢ be a continuous function, such that ¢ is
infinitely differentiable everywhere except possibly at 0, and such that ¢ and
all its partial derivatives decay faster than any rational function at infinity.
Assume also that F¢ € L'. Then

le (eD) ullass Ss.pellulla  and  Jlo(eD)ulls Ss.pe™llullze.

foralle€(0,1], 620, andue S".

Proof. Let ¢ € ¥ with support in an annulus be such that ) p = p, where
(x, p) is our dyadic partition of unity. Then we have for j >0 that

@ (D) Aju=[FHp(e) ¥ (2771))]* Aju,
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and therefore Young’s inequality implies

le (¢ D) Aj ulee S [F e (e ) ¥ (277 ) 277 ulla =
7 e (2 e) ¥)|pa 277 |ulla.

Hence, it suffices to prove |F (¢ (27¢-) 9|11 Se722779. But

|77 e (2 e ) Yl S1A + - P)EF e (27 e ) )~ S [F7HA +
A (o (27e) )|~
S+ A (e (2 e ) W S0+

2j 2d 8" 2j : > (su .
€) “GNIdI:lﬁL)kMH ¢ (27 € )| Lo (supp(v))

By assumption, ¢ is smooth away from 0, and ¢ and all its partial derivatives
decay faster than any rational function at infinity. Thus, there exists C' =
C(,0) >0 such that

sup (1+ |z])2+24 |0k p(2)| < C

for all € N? with |u| <2d. Since supp(%)) is bounded away from 0, there
exists a minimal jo € N, such that 27°¢|z| > 1 for all z € supp(¢). Thus, we
obtain

7 (e ) P SCA+2eP?(1+26) 25,1 +2/e)70 <
2_j6€_6
for all j > jo. On the other side, we get for j < jo

lp D) Ajull=SIZ e (e Do 14y wllee Se 277 ufla =
(e29)° 0279+ D u |

<(e290)0 =027y |, S5e=0 27T Oy |,

~

where we used that 6 > 0.
The estimate for v € L* follows from the same arguments. O

Remark 45. If the support of .Zu has a “hole” at 0, that is if there exists
a ball % centered at 0 such that Zu is supported outside of £, then the
estimates of Lemma 44 hold uniformly in € > 0 and not just for € € (0, 1].
This is an immediate consequence of the proof above.

As an application, we derive the smoothing properties of the heat kernel
generated by the fractional Laplacian.

Lemma 46. Let 0 € (0,1], let —(—A)? be the fractional Laplacian with peri-

odic boundary conditions on T¢, and let (Py);>0 be the semigroup generated
by —(—A)?. Then for allT>0,t€(0,T], «€R, § 20, and u €.’ we have

1Peullars Srt=*/Culla and  [[Pevlls Srt0 7 |v]ze.
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If Fu is supported outside of a ball centered at 0, then these estimates are
uniform in t >0 and not just in t € (0,T].

|2Cf

Proof. The semigroup is given by P, = ¢ (t'/(2?) D) with o(z) = e~ |?
Now ¢ and its derivatives decay faster than any rational function at co. For
o <1, Fp is the density of a symmetric 2 o-stable random variable, and
therefore in L!. For o > 1 it is easily shown that (1+ |- |¢*+1).#¢ is bounded,
and therefore in L'. Thus, the estimates follow from Lemma 44. O

Lemma 47. Let 0 and (P;)i>0 be as in Lemma 6. Let « € R, § €0, 1],
and let u€ €%. Then we have for all t >0

1(Ps = 1d) wl|poe S/ |u 5.

Proof. For the uniform estimate of (P, — Id) u, we write P, — Id as

convolution operator: if ¢(z)=e"1*I*" and K(2)=F ¢, then

— o T —
|(Pt—1d)u(x)|='t 4@ )/K(W_@f{)) (uly) ~u(z) dy
— o m_ 7
S )/K<t1/—<zi>y—xﬁ||u|gdy5tﬁ“2 el

where we identified €” with the space of Holder continuous functions. [J

Based on Lemma 46 and Lemma 47, we derive the following Schauder
estimates:

Lemma 48. Let 0 and (Py);>0 be as in Lemma /6. Assume that ve Cr% P
for some BER and T >0. Letting V(t) = ngt_s’U(S) ds, we have

NV O)llp+20 S sup (s7]v(s)lls) (34)

s€[0,t
for allv€1[0,1) and all t€[0,T]. If 0< B+20 <1, then we also have

IVIlggp+a/en e S sup [lo(s)]ls. (35)
s€[0,t]

Proof. Consider A,V for some ¢ >0 and let 6 € [0,¢/2]. We decompose the
integral into two parts:

5

avi- | P (B 0)(s) ds— [
s)ds.

P (@y0) (=5 ds+ [ P (8y0) (-
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Letting M =supse(o,¢ (s7[|v(s)||), we estimate the first term by

/ B, v (-

5 5
s)ds g/ 279 v (t — s)|pds <279 M/ (t —
0 0

s)"7ds

Lo

5/t dS
:M2—‘15t1—7/ <M 279876,
o (1—s)7

using [1— (1 —6/¢)1=7| <J/t in the last step. On the other side, we can use
Lemma 46 to estimate the second term for € >0 by

¢ ¢
’/ Py (Agv) (t—s)ds §/ s—1mema(B+20(14) |y (t — 5)||pd s

) L §
ds

t
< M 9—4q(B+20(1+¢)) ___as _
~ 1 s site(t —s)7

s

1
M 2—4(B+20(14€)) y—e—~ - —°
6/t81+€ (1—s)7

< M 9—a(B+20(1+e)) t= §—¢ -
M 2 9(5+20) (9020 )= 1.
If 27929 < t /2, we can take § = 27929 to obtain |[|A; V(¢)|lL= <
Mt=7279(B+20) If 2-420 5 ¢ /2 we have ||A, V(t)|[pe <M 279917 <
Mt=727908+29) and the first claim follows.

As for the second claim, note that for 0 <s <t <T we have
t
V() — V(s) = (Pr_o—Td) V(s) +/ Prvo(r)dr,
S
and therefore we can apply Lemma 47 to obtain

V(&) =V ($)lleeSI (Pr—s = 1d) V(s)|| e~ + /stIPt—rv(T) e dr

t
St = s|BFDCONV(8)||arn + / lo(r) lpd r <p [t —

s|BFD/C9) sup || v(r)]|s,
re(0,t]

where we used that (8 + 2) € (0, 1) and that |t — s| < T. This yields the

second claim. O

When dealing with RDEs, the convolution with the (fractional) heat
kernel has a natural correspondence in the integral map.
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Lemma 49. Let u€ €*~Y(R) for some a € (0,1). Then there exists a unique
U €6 5:(R) such that DU =u and U(0)=0. This antiderivative U satisfies

U@)=U(s) St —sl*ulla—r (36)

for all s,t €R with |s —t|< 1. We will use the notation U(t) = fgu(s) ds to
denote this map, which is an extension of the usual definite integral. If the
support of u is contained in [=T,T] for some T >0, then U € €% and

U lla S T[]l a—1-

Proof. The second statement about compactly supported w follows from
the first statement by identifying €% with the space of bounded Holder
continuous functions.

As for the first statement, we define
t

Ut)y=">_ / Aju(s)ds.
j>-170

If we can show (36), then U is indeed in 4. and therefore in particular in
.#’. Since the derivative D is a continuous operator on .#’, we then conclude
that DU =3, Aju=u. Let therefore s,t € R with |s —t|<1. We have

/tAj u(r)dr

S

<P ufla—s]t - s).

If >0, then Aju=DD~!(A;u), where D! is the Fourier multiplier with
symbol 1/(¢z), and therefore

= [D7" Ay u(t) = DTN A u(s)] £ 277 |4y ulle 3

~

1 A u(r) d

277 ufla—1,

where we used the Bernstein inequality, Lemma 40. If jo is such that 2770 <
|t —s| < 27701 then we use the first estimate for j < jo and the second
estimate for j > jo, and obtain

|U(t)—U(s)|<'Z /Aj u(r) d r

S 2 fufls
J>Jjo
SOt — |+ 270 [uf|o -1 [t — 5] Jufla—1.

S D Y Nullany [t~ s +

Jj<Jjo

Uniqueness is easy since every distribution with zero derivative is a constant
function. O
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7 Some more commutator estimates

When applying the scaling argument to solve equations, we need to control
the resonant product of the rescaled data. This can be done by relying on
the following commutator estimate.

Lemma 50. Let a, BER and f,g€ .. Then we have uniformly in A € (0,1]

[Ax (f o 9) = (Ax f) o (Axg)llats S max {X**7 1} f[lallg]ls.

and thus Ay (-o-) — (Ax-) o (A -) extends to a bounded bilinear operator
from €% x €5 to €15,

Proof. We have Ay A;=A, p;j(D)=p; (A"1D) A, for all j >—1. Let k€N
and X' € (1/2,1] be such that A=\"27%. Then

A (f o g = YA (A f A g+
li—jl<1
i,7<k
> p@TFENTID) AN fp (277 HENTID) A g. (37)
li—jl<1
i,j>k

The first sum is spectrally supported in a ball centered at zero (which is
independent of k), and therefore

Do A (A S A 9lasss D 27 llallglls S max {x*FP

li—j|<1 li—j|<1
i,j<k i,j<k
1H fllallglls-

The second sum is the resonant paraproduct (Ay f 6 Ay g) with respect to

the dyadic partition of unity (x ()\'71 ), p()\’fl -)), except that the sum only
starts in ¢, j=1. By Lemma 14 we can therefore bound

S o p@FFNTID) AN fp 7P NTID) Ay g — (Ay f) o
i—j]|<1
|z‘,jjik'

(Axg)la+sS[ fllallglls =

Next, we prove that it is possible to “pull the time integral inside the
paraproduct”:

Lemma 51. Let o, 3 € (0,1) with a + < 1. Let u € €%(R, R**") and
vEEP(R,R"). Then

/t(“ < 0pv)(r)dr —u(s) (v(t) —v(s))| St = 5| Jluflalv]s,
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for all s,t € R with |t — s| <1, where we write fstf( dr—fo Ydr —

fosf(r)dr

Proof. Fix s,t € R with |s —¢| <1. We can rewrite

[w=<amm ar—us @0 = o) = 3 [ 151 u) -
u(s)] Or Aju(r)dr.

We will use two different estimates, one for large j and one for small j. First
note that

[, u(r) -

u(s)] Or Aju(r)dr

<

S

[ u(r) -

Si_1u(s)] O Aju(r)dr

[Ism e -

u(s)] Or Aju(r)dr|.

+

Now |S;_1u(r) —Sj_1u(s)| S|r—s|¥||ulla, and therefore

t
t .
§(/ lr = s|* 2200 4 » 4

[Sj-1 u(r) —
t . B
/ 2—w2ﬂ<lﬁ>dr)|u||a||v||ﬁ

<2900 ¢ — s|tte 4 9i(1—a—p) it —

s)lullallv]s.
On the other side, it follows from integration by parts that

Lt[Sjl u(r) -
lt[Sj—l u(r) -

u(s)] Or Aju(r)dr
Si_1u(s)] Or Aju(r)dr

S

u(s)] 0p Aju(r)dr

<

+

/s [Sj—1u(s) —u(s)] 0 Aju(r)dr
Sj-1 U(t) = Sj—1 u(s) Aj v(@)] +
/8 Si—1u(r)Aju(r)dr
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1S5 uls) — uls)) (& o(t) -
A,0(3))

St — | 279 4 [t = s|*+Pe 20
27D ullaJo ],

for all € € [0, + ), where for the middle term we applied Lemma 49, which
gives us

t
[ 0085 vu(r) Ay 0tr) dr| Sl = 5[ 10,51 u(r) Ay0(r) a1
s
< -
st =E 200 0,5,y u(r) Ay ()
Sle= sl 8225 ulla ol

Let now jo € N be such that 2770 < |t — s| < 2770+1 We use estimate (51)
for j < jo and (51) for j > jo to obtain

< Z (2j(1*ﬂ) |t — 5|1+a +

~

/t(u < O v)(r)dr — u(s) (v(t) — v(s))

21020 |t —s])ullallvlls

J<Jo

+ > (t—s|*2778 4|t —s|otB-e 2ot
(et ) 1o
2775 PN [ullallv il

~ flullallvll [t — 5|7,

where we used that o+ 6 < 1. O
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