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PARACONTROLLED QUASILINEAR SPDES

BY MARCO FURLAN AND MASSIMILIANO GUBINELLI
PSL-Université Paris-Dauphine and IAM & HCM, Universitdit Bonn

We introduce a nonlinear paracontrolled calculus and use it to renor-
malise a class of singular SPDEs including certain quasilinear variants of the
periodic two-dimensional parabolic Anderson model.

1. Introduction. We show how to renormalise a class of general quasilinear
equations of which one of the simplest examples is the following parabolic SPDE:

dpu(t, x) —a(u(t, x))Au(t, x) =&(x),
(D

w(0,x) =up(x), xe€T?1>0,

with a : R — [X, 1] for A > 0 a uniformly bounded C?3 diffusion coefficient, and
la® Lo <1 fork=0,...,3. We assume that & € €%~ 2(T?) with 2/3 <a < 1
where € %(T?) is the Besov space Bg‘o’oo(’]l‘z). This would apply, for example, to
the space white noise on T2. In this case, we only expect that u(¢, -) € ¢ (T?) and
the term a(u(¢, -))Au(t, -) is not well defined when 20 — 2 < 0. Equation (1) is
a quasilinear generalisation of the two-dimensional periodic parabolic Anderson
model (PAM). The linear parabolic Anderson model has a relatively straightfor-
ward treatment with the standard paracontrolled calculus by Gubinelli, Imkeller
and Perkowski (2015): the choice of a nonlinear variant of this model is moti-
vated by the intention of putting in evidence the main ideas of our technique in the
simplest possible setting, without being burdened in technicalities.

Let us remark from the beginning that the framework developed in this paper

allows us to deal as well with a class of equations of the form
az(u(t,x))du(t,x) —ay(u(t, x))Au(t, x)
2)
=E&(ax(u(t, x)), 1, x), xeT2t>0,

where ay, a, a3 are sufficiently smooth nondegenerate coefficients and £(z, t, x)
is a Gaussian process with covariance

E[(z, 1, 0)E(d, 1, )]
=F(z,2)Q(t -t ,x—x'), x,x' €Tt 2,7 R,
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with F a smooth function and Q a distribution of parabolic regularity p > —4/3.
This includes as a special case the space white noise discussed before, but we
could consider a time white noise with a regular dependence on the space variable,
or some noise which is mildly irregular in space and time.

Moreover, the scalar character of the equation or of the nonlinear diffusion co-
efficient will not play any specific role and we could consider vector-valued equa-
tions with general diffusion coefficients, provided the template problem (6) below
is uniformly parabolic.

For the sake of clarity and simplicity, we will discuss mainly the basic exam-
ple (1) since this contains already most of the technical difficulties. The fact that
one can handle models as general as (2) can be seen as a direct byproduct of the
techniques we will introduce below. Let us state one simple result that can be ob-
tained via the theory developed in this paper.

THEOREM 1.1. Fix2/3 <a < 1. Let £ € €%~ %(T?) be a space white noise
with zero average on the torus, ug € €% an initial condition and a : R — [A, 1]
for some A >0, a € C3(R) and ||a(k)||Loo <1VkeO,...,3. Let (§:,u0,¢)e>0 be a
family of smooth approximations of &, ug obtained by convolution with a rescaled
smoothing kernel and u. the classical solution to the Cauchy problem

a'(ug)
(3) Orlig _a(”a)Aus =58 +08—29 M(O) =UQ,e-

a(ue)
Then we can choose a sequence of constants (0¢)¢~0 and a random time T > 0
in such a way that the family of rv. (ug¢)e=o C 2 %(TZ) converges almost surely
as ¢ — 0 to a random element u € £ ‘%(TZ), where £ 5. is the parabolic space
C([0, T1,€%(T?)) N C*/%([0, T1, € °(T?)).

This element can be characterised as the solution to a paracontrolled singular
SPDE (see below for more details).

In order to devise a suitable formulation of equation (1) and obtain a theory with
u € ¢* we decompose the nonlinear diffusion term in the Lh.s. with the help of
Bony’s paraproduct Meyer (1980) and write

€)) oru—am) < Au=§&+ ®(u)
with
5 O(u) :=a(u)o Au—+au) > Au,

where <, > are standard paraproducts and o denotes the resonant product (see the
Appendix for the definitions). In (4), the 1.h.s. is always well defined, irrespectively
of the regularity of the function u, and the problem becomes that of controlling the
resonant product a(u) o Au appearing in the r.h.s. A key point of the analysis put
forward below is that this term can be expected to be of regularity 2o — 2 > o — 2,
better than the leading term £ € €2,
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Our approach can be described as follows. For an equation of the form
du —ar(u)Au = ar(u)§,

we consider at first a parametric “template” problem with constant coefficients 11,
n2,

(6) 00, t,x) —mAY(, t, x) =26 (t, x),

where now n = (11, n2) is a fixed vector in R2. A nonlinear paraproduct IT
will allow us to modulate the parametric solution () with the quantity a(u) =
(a1(u), ax(u)) in order to capture the most irregular part of the solution u itself.
As a consequence, the paracontrolled Ansatz

u =T (a(u), )+ u*

will define a regular remainder term u® which solves a standard PDE. With this
decomposition the resonant products appearing in equation (4) can be estimated
along the lines of the standard paracontrolled arguments introduced in Gubinelli,
Imkeller and Perkowski (2015), and all the arguments introduced there can be
extended in a straightforward manner to the quasilinear setting.

Recently Otto and Weber (2016) and Bailleul, Debussche and Hofmanovéa
(2016) investigated quasilinear SPDEs in the context of pathwise methods and
in a range of regularities compatible with the ones we will consider in this paper.

e Otto and Weber (2016) obtained a local well-posedness result for equations of
the form

du(t, x) —a(u(r, x))d2u(t, x) = f(u(t, x))E, x), (t,x) € T2,

where both space and time variables take values in a one-dimensional periodic
domain and their noise can be white in time but coloured in space, essentially
behaving like a distribution of parabolic regularity in (—4/3, 1). In order to do
that they introduce a specific notion of modelled function and related estimates.

e Bailleul, Debussche and Hofmanova (2016) obtain local well-posedness for the
generalised parabolic Anderson model equation

7 Qpu(t, x) —a(ut,x))Au(t, x) = g(u(t, x))&(x), t>0,x eT?.

The authors obtain the same result as the one presented in Section 6 of our work,
without the machinery of nonlinear paraproducts introduced here, but using only
the basic tools of paracontrolled analysis and some clever transformations.

Let us comment a bit on relations of our results with those contained in these two
papers.

e The parametric controlled Ansatz of Otto and Weber (2016) is the main source
of inspiration for the present work. We think that it is a very deep and funda-
mental observation which is quite orthogonal to the development of an alterna-
tive theory for singular SPDEs which is the main aim of their work. Our paper
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shows that this idea survives outside their specific methodology, in particular
that Safanov’s approach to Schauder estimates is not necessary to handle quasi-
linear equations, and a relatively straightforward extension of the paracontrolled
approach is sufficient to encompass in a compact manner the results on quasi-
linear equations contained in their paper.

e While the approach of Bailleul, Debussche and Hofmanové (2016) is more
straightforward than ours, it has fundamental limitations. In particular, we
remark that the generalisation of (7) to matrix-valued diffusion coefficients
(aij)i,j, namely to equations of the form

2

(®)  u(t,x) —ajj(u(t,x)) u(t,x)=g(u(t, x))§, t>0,xeT?,

0x;0x;
is out of reach of the techniques used in Bailleul, Debussche and Hofmanova
(2016), while can be treated directly in our framework and by Otto and Weber’s
approach.

e Another interesting observation we make in the present work is that the para-
metric Ansatz can pervade without problems all the coefficients of the equation.
In particular, we can allow very general noise terms whose law itself depends on
the solutions of the equation. This is one of the main novelties of this paper, not
present in other works on singular SPDEs. See equation (2) above and Section 7
below for a detailed explanation of this case.

e Let us mention that Otto and Weber’s parametric Ansatz has predecessors in
the theory of rough paths and in standard stochastic analysis. Nonlinear ver-
sions of rough paths have been considered by one of the authors in order to
study the Korteweg—de Vries equation [Gubinelli (2012)]. Nonlinear Young in-
tegrals were used by one of the authors in joint work with Catellier [Catellier
and Gubinelli (2016)] to study the the regularising properties of sample paths of
stochastic processes. See also the related work of Hu and L& (2017) on differen-
tial systems in Holder media. Relevant to this discussion of nonlinear variants
of rough paths is the work of Bailleul on rough flows [Bailleul (2015)] and
their application to homogenisation [Bailleul and Catellier (2017)]. By look-
ing at the composition f(g(x)) as the action of the distribution d4(,) on the
function f, nonlinear constructions can be linearised at the price of working
in infinite-dimensional spaces: this is the approach chosen by Kelly and Mel-
bourne to avoid nonlinear generalisations of rough path theory in their study of
homogenisation of a fast—slow system with random initial conditions [Kelly and
Melbourne (2017)]. It is also worth mentioning Kunita’s theory of semimartin-
gale vector fields [Kunita (1984)], which occupies a place in stochastic analysis
quite similar to that occupied by these recent developments in the landscape of
rough paths/paracontrolled distributions theories. A nonlinear generalisation of
the classic bilinear paraproducts already appeared in the notion of paracompo-
sition introduced by Alinhac [Bony (1991)].
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Usefulness of paraproducts in the analysis of nonlinear PDEs is by now
well established; see, for example, the seminal paper [Meyer (1980)], the early
review [Bony (1991)] and the recent books [Alinhac and Gérard (2007) and
Bahouri, Chemin and Danchin (2011)]. Let us mention also the interesting pa-
per [Hormander (1990)] where paradifferential operators allow to bypass the
Nash—Moser fix-point theorem in some applications where the loss of regular-
ity prevents straightforward use of standard Banach fix-point theorem. The main
observation in that paper is that, with the aid of paradifferential operators, it is
possible to identify a “corrected” problem for which standard Banach fix point
applies.

Paracontrolled calculus for singular SPDEs has been introduced by Gubinelli,
Imkeller and Perkowski (2015) [see also the lecture notes on Gubinelli and
Perkowski (2015)] and used to study various equations like the KPZ equa-
tion [Gubinelli and Perkowski (2017)], the dynamic <I>§ model [Catellier and
Chouk (2013)] in d = 3 and its global well-posedness [Mourrat and Weber (2017)],
the spectrum of the continuous Anderson Hamiltonian in d = 2 [Allez and Chouk
(2015)]. By using heat-semigroup techniques paracontrolled calculus has been ex-
tended to the manifold context by Bailleul and Bernicot (2016a).

Paracontrolled calculus is currently limited to “first-order” computations. This
limitation is also ubiquitous in the present work. Even if, in practice, this is not
a big issue, and the calculus is still able to deal with a large class of problems,
it makes the paracontrolled approach less appealing for a general theory of sin-
gular SPDEs. Let us remark that recently Bailleul and Bernicot (2016b) devel-
oped an higher order version of the paracontrolled calculus. However, apart from
these recent developments, whose impact is still to be assessed, the most general
theory for singular SPDEs has been developed in Friz and Hairer (2014), Hairer
(2014a, 2014b) under the name of regularity structures theory. Regularity struc-
tures are a vast generalisation of Lyons’ rough paths [Lyons (1998), Lyons, Caru-
ana and Lévy (2007), Lyons and Qian (2002)] which give effective tools to describe
nonlinear operations acting on certain spaces of distributions, their renormalisation
by subtraction of local singularities and their use to solve singular SPDEs. Reg-
ularity structures have been successfully applied to all the models mentioned so
far [Hairer (2013, 2014a)], to other models like the Sine—~Gordon model [Hairer
and Shen (2016)] (which however can also be handled via paracontrolled tech-
niques) and to study weak universality conjectures [Hairer and Quastel (2015),
Hairer and Xu (2016)]. In their current instantiation, it does not seem possible to
solve quasilinear SPDEs via regularity structures.

The results of the present paper hint to the fact that a nonlinear version of regu-
larity structures is conceivable, at least, in principle. Indeed one can imagine mod-
els depending on additional parameters and modelled distributions acting as eval-
uations of the parametric models at certain space-time dependent values of the
parameters. During the revision stage of the present article, Hairer and Gerencsér
uploaded a paper on the arXiv [Gerencsér and Hairer (2017)] in which they set up
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parameter-dependent regularity structures and the corresponding BPHZ models to
solve a wide range of quasilinear stochastic PDEs (in particular those with noise
regularity that is out of reach of standard first-order paracontrolled calculus).

The structure of the paper is the following. In Section 2, we introduce our ba-
sic tools: the nonlinear paraproduct decomposition and some related commutation
lemmas. In Section 3, we introduce the paracontrolled Ansatz which allows us
to transform the singular problem (1) into a well-behaved PDE. In Section 4, we
discuss a priori estimates, the uniqueness of the solution of the transformed PDE
and its continuity w.r.t. the random data and the initial condition. We also intro-
duce the algebraic structure which allows us to renormalise the model. Section 5
deals with the renormalisation of the stochastic data and the construction of the
enhanced noise associated to white noise. Section 6 deals with the extension of the
results to the more general equation (7). In Section 7, we develop a paracontrolled
structure for equation (2) and define its renormalised enhanced noise. Finally, in
the Appendix, we review some reference material on Besov spaces and linear para-
products, and prove some technical lemmas.

Notations. We will denote as €% := Bgo,oo(Tz) the Zygmund space of regu-
larity o € R on the torus T2. See the Appendix for the definition of the general
Besov spaces B;" 4 the Littlewoord—Paley operators (A;);>—1 and the basic prop-
erties thereof needed in this paper. If V is a Banach space and T > 0, we de-
note C7V the space of a-Holder functions in C7V := C([0, T']; V). We introduce

parabolic spaces .2 § 1= C;f/ 260N C7%“ with norm
©) 1£12g =1l e g0+ 1 fllcree.

Moreover, for convenience, we denote ¢’ § := C7%¢ *. We will avoid writing ex-
plicitly the time span 7" whenever this does not cause ambiguities. We will need
also spaces for functions of (1, ¢, x) where 7 is an additional parameter in [A, 1]
for A € (0, 1) which we denote C’; V with the norm

(10) IFlicky = sup sup [[97F(n. )]y,

n€[r,1]1n=0,....k
where V is a Banach space of functions on [0, T'] x T2: in our case V = €5 or
V=27%.

We will denote by K; ((y) = 2EK (21 (x — v)) the kernel of the Littlewood—
Paley operator A; and Q; ;(s) = Q;(t —s) = 22%i Q(22i (t — 5)) a smoothing kernel
at scale 2% in the time direction where Q is a smooth, positive function with com-
pact support in R and mass 1. We introduce also the shortcut P; , = K;j_1 x =

> j<i—1 Kix. Another notation shortcut widely used in this article is to write [, y

for integrals on T2 or R with respect to the measures dx and dy without specify-
ing the integration bounds, whenever this does not create ambiguity. Finally, we
will note 8 = f(t,x) — f(s,y) and 8; f§ = f(s, ) + T (f(t,x) — f (s, y)) for
T e]0,1].
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2. Nonlinear paraproducts. In this section, we introduce nonlinear para-
product and some related results that will be used in Section 3 to analyse equa-
tion (1).

Letg:[0,T] x T2 - R,and h : R x [0, T] x T2 — R be smooth functions. We
can decompose the composition #(g(-), -) via nonlinear paraproducts as follows.
Define

(11 H<(g,h)(t,X)i=Z/ Py x(NKg x(2h(gt, y), 1, 2),

qu Y,Z

k+1

(12) Mg W= Y / KD Kq xR (g(t, 1)1, 2),

k>—1g=k—1"7"*%

(13) Mg, M, x):=) | Kix@Pex(Mh(gt,2),1,y).
k=192

This gives a map
(gvh) g HO(gv h) = H<(gvh) + I—IO(gv h) + H>(g’ h)

that can be uniquely extended to

(14)

Mo: 65 xCoET —CL", pe,1),yeR, p+y >0,

thanks to the following bounds:

LEMMA 2.1 (Nonlinear paraproduct estimates). Let g € ‘5‘; for some p €
0,1), g € [x,1],and h € C; %} for any y € R. Then

IT<(g. Moy S Rl
HH>(g,h)H%;A<p+w Slglegslinliciey,
and
IT<(g1. ) = Mc(g2. W)
S llgr = g2llerrllfllcie s,
[T (o1, 1) =TT (82, M) g prcon

Sller = gallerr=(lgillgg + lg2llgp) 1kl 2oy

— h v
t g1 — g2l s linlicrey
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Moreover, if p + y > 0, we have also
1 h
LRERT
<
~ ||h||c7%<g; ||g||3¢’;,
||Ho(g1, h) — Is(g2, h)||<g/;+y
Slgr—galiere=(ligillyze + IIgzll(g;)llhllcgcg;
+lig1 = g2l Wl -

In particular, if p +y > 0 the composition [« (g, h) = h(g(-), -) is linear in h and
locally Lipshitz in g:

T (g, 1)

o
5 ||h||c%<g; ||g||<g/;,

T (g1, h) — T (g2, h)

(9224
z’)(T

Slgr = gllgn (1 + 111 llgs + g2l 1Rl cze -

PROOF. Due to the support properties of the Fourier transforms of the kernels
K, and Py, it is easy to see that

Pq,X(y)Kq,x(Z)h(g(ta ), t, Z)
y.z

has Fourier transform compactly supported in an annulus 29 4, and the same holds
for

Kk,x (Z) Pk,x (y)h(g(ta Z)v t’ y)a
v,z
while the resonant term

k+1

> Kix () Kg.x(2)h(g(t, y).1,2)
q=k—1 Yz

has Fourier transform supported in a ball of radius 2¢. This allows us to estimate
Besov norms of paraproducts via L° norms of Littlewood-Paley blocks in the
usual way.

Using the fact that

| Ak (g, ).t ) oo S 277 MMl ey

| Ach(g(t.y).1.) = Akh(g(e.¥). 1. )| o S 277 Il gy g llepn |y = 17
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and
|Akh(g1(t, ), 1, ) — Akh(ga(t, ¥), 2. )| poo S 2_yk||h||c%<g; g1 — g2llcpLe

we obtain the bounds on T1<(g, i), T1. (g, h), [1o(g, h), T1<(g1, h) — T1<(g2, h).
We proceed to estimate the term IT. (g1, #) — I1, (g2, h). We will use the following
notation for brevity:

1 1y
88, =g1(t,y) — g(t.z2) and 8:g,) :=ga(t,2) +T(g1(1,y) — &2(t, 2)).
Then

Kix () Pex(W[h(g1(t,2), 1, y) — h(g2(t, 2). 1, y)]‘
y,Z

f o Kix(2) Pex (D) [3yh(8:85%, 1, ¥)085° — dnh (8837 1, ¥)dgax]
y,Z,‘[G s

<

~

Kiox(2) Px ()21 (85 (8:83)% 1, ¥) (881 — 8837)883°

/y,z,te[O,l],UG[O,l]

4 f Kix (2) Pex (0)0nh(8:83%, 1, ¥) (8g5° — 8g5%)
v,2,7€[0,1]

— ok —
Sligt = g2llere=(lgilicyer +lIg2lcree) Ihllcacy e 2 32 277
qg<k—1

— ok —
+lg1 = g2llcrerlihlicicrer2™ Y 2779
g<k—1

With the same reasoning we can bound the norm of I1,(gy, 2) — [15(g2, h). U

We will need the following time-smoothed nonlinear paraproduct:
(15)  Malg, Dt x) =Y f 0:4(9) Pi ) (Dih(g(s, y). 1)) (x),
i Y

with Q € C2°(R) a kernel with total mass 1 as specified in the Introduction, and
Qi(s):= 2 Qi (t —s)). In (15), we use the convention that a continuous func-
tion ¢ — g(¢) on R, is extended to R by defining g(#) = g(0) for ¢+ < 0. This
preserves the Holder norms of index in [0, 1]. The modified nonlinear paraproduct
enjoys similar bounds to the regular one.

LEMMA 2.2. Letg e CrL™®, g e[, 1land h e C).L ] fory € (0,2). Then

Moreover, I1 (g, h) is linear in h and

% S ”h“C,ﬁf’; and ||l_[«(g,h)H$; 5 ”h”C,,f;'

[T« (g1, h) — T« (g2, h)||<g; Sller — gzllcTLOOthlc%;,

[T<Cgr. 1) = M2, W] 2 7 Slig1 = g2llere=litlicye -
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PROOF. The norm |[IT1«(g,h)|c;¢r can be treated in the same way as in
Lemma 2.1.
We estimate ||IT« (g, h)llcy/z(g0 as follows:
/%

| AT« (g. W) () — AT (g, h) (1) 1

[k ¥ /y 0 )P [Aih(g(s.3).1.2)

i~

< sup
X

- A,-h(g(s,y),tz»Z)]‘

+sup / Kin@ Y /y 100 ®) = Qin ()P Aih (5. 3).12.2)

i~j
St ) =hCo ) g po + 1t =0l Plhlic ey
The second inequality can be obtained easily with the same techniques used so far.

g

REMARK 2.3. Using the Fourier support properties of the kernel P, . (-) it
is easy to see that for every x € T2, ¢ > O: fy Py (y) = fy K_ix(y) =1 and
[y K4 x(y) = 0. Then for a constant function g(¢, x) = g, one can write

Me(g.h) =@ h)+ Y Ah(g.)
g=<0
and using the fact that the kernel Q has mass 1 we have I1 (g, h) =I1<(g, h).
2.1. Nonlinear commutator. The next technical ingredient is a commutator
lemma between the nonlinear paraproduct of (15) and the standard resonant prod-
uct. Since it will be needed below to analyse a term of the form IT_ (g, %) o
ATl (g, h), we will specialise our discussion to this specific structure. Notice that

in the following the various space-time operators act pointwise in the parameter 7,
in the sense that, for example,

(ho Ah)(n,t,x) = (h(n,t,-) o Ah(n,t,-))(x).

LEMMA 2.4. Define
A:C%([0,T1,T?) x C;C™([0, T1, T?) - C*([0, T, T?)
by

A(g. 1) = [Tw(g, ) 0 ATLc(g. h)] — M (g, h o Ah).
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Then forall p € (0,1),y <1 e&>0suchthat2y —2+p—e>0and g € [1, 1],
we have

|A(g. h)

%éy—2+p—£
<(1 , p
S+ lglp ) IAlG, ;.

|A(g1,h) — A(g2, )

<®02TV*2+P*9
2
Sligr — g2llerre(llg lze +llg2lle ;)Ilhllc%%

2
+ g1 = g2l 4 WAy,
As a consequence, A can be uniquely extended to a locally Lipshitz function
A :,,2”‘; X C%‘K? — %%‘V—Z—i—p—e.
PROOF. We can approximate I1 (g, i) o ATl (g, k) with its value for a fixed
g = g(t, z) to obtain
Ay A(g, h)(t,x)

= [ K@ (M(e(t,2), 1) 0 AT (801,20, 1)1, 2)
- / Ky x()Tlo(g. ho ARt )
16)  + / Kgx(@)(M<(g. 1) 0 A(T<(g. h) — TT(g(t. 2). h)))(t. 2)

(17) +fZKq,x(z)((1'I«(g,h) —T«(g(t,2),h)) o All«(g(t, 2), 1)) (2, 2).
We start considering the first two terms in the expression above. Note that

AjATI(g(t,2), h)(t,2) = AjTT(g(t, 2), Ah)(t, 2)
and that by Remark 2.3 Vi > 2

AT (g(t,2), h)(t,2) = Ajh(g(t,2), 1, ) (2).
This yields
(M« (g(t,2), h) o ATI«(g(,2), h))(t,2) — (g, h o Ah)(2, 2)
=Y AT (g(t,2), h)(t, 2)A;TI(g(t, 2), Ah)(t, 2)

i~j

- Z Alh(g(l” Z)v z, )(Z)AjAh(g(t9 Z)v f, )(Z)

i~j
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2 2
(18) ZAlA h(g(t,2),1,)(2) Y AiA¢Ah(g(t,2),1,-)(2)
qg=1 (=1

i~
Note that fixing the value of the function g in (18) makes it localised in Fourier
space, that is, 3ng € N such that Yk > ng:

/ka(z)ZAlA h(g(t. ). 1, (z)ZA1AZAh(g(t 0,1, )(2) =

g=1
and this last term can be easily bound in L> by ||A||? Thus, we add and

subtract to (18) the terms

Cyeh”

2 2
D AIAGh(g(1,x),1,°)(2) Y A1AAR(g(t, x),1,°)(2),

q:l =1

2 2
D AIAGh(g(1,2),1,)(2) Y A1AgAR(g(t, x), 1,-)(2)

q:l =1

and we are left estimating

2
[ K@ - M18gh(g (e, 22,1, )2)
z g=1

2
Z [AcAh(g(t, 2),1,-) — AgAh(g(t, x),t,)](2)
and

/ka(z)ZAl [Agh(g(t, 2),1,) — Agh(g(t, x), 1, )] 2)

g=1

2
Y AIAAR(g(, x), 1, ) (2).

=1
As already noted in the proof of Lemma 2.1, we have

lAgh(g(t, 2),1,-) — Arh(g(t, x), 1, )] Lo
S2 Nkl Iglgglz — %17,
| AcAR(g(t,2).1,) = AeAR(g(t, %), 1, ) | oo

2—y)L
287 Nkl ey N8l nlz — x1”
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and this, together with the estimation
[IKea@lle =51 5274,
Z

2 S :
_y - SUuminin
ce? g

up, we have seen that (18) can be bound in %’} by (1 + ||g||(g/7{) Ak and this

lepV o
cley

allows us to bound the terms above in L> with 27%°|| g||%;x; IA]l

. 2y —24p— .
gives a bound on %Ty TP for y < 1, ¢ > 0. The exact same reasoning can be

applied to (19) to obtain the same estimation.
Consider now (16) and (17). We obtain

/ZKq,x(z)[(n«(g, 1) — M« (g(t, 2), h)) 0 ATl (g(t, 2), h)](t. 2)
= [Kext 3 AjAT (0,0 W),

‘ i~jzq
(AT« (g, h)(t,2) — ATl «(g(t, 2), h)(2, 2)).

Using Lemma 2.2 we have

|AATT(8(2,2), h) (2, D] S22 lhll ¢, 7 -
Lemma 2.5 gives
|8i (M (g. h) = Mee(g (1. 2). M) (1. ] S 2777V gl 1Al ey

and thus (17) is bounded by 2~ (Gr+r—2-#)4q llgll & > ||h||2%y. We can easily bound
T

(16) in the same way, and this proves the first inequality.
The second result of this lemma can be obtained following the same reasoning
as above, noting that Vk, g > —1:

/ Kix (@[ Agh(1(t.2).1.)(@) — Agh(g1(t. x).1.-)(2)
+ Agh(g2(t,x),1,-)(z) — Agh(g2(t, 2), 1, ) (2)]
S27lIg1 — gallgs Al iy

+27% g1 = gallcrr=(lgillgn + g2l n) Al 2y

and using the estimations of Lemma 2.5.
The extension of A to .Z ’; X C%éf ; is standard [see, e.g., the proof of the
commutator lemma, Gubinelli, Imkeller and Perkowski (2015), Lemma 2.4]. O

LEMMA 2.5. Let us introduce the shortcut notation

0i (g, h)(t,2) == AT (g, h)(1,2) — A TI«(g(t, 2), h)(t, 2).
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Then, with the same assumptions of Lemma 2.4, we have

|91 (g (1.2 S 277 gl 2l i

and
|91 (g1, M) (2, 2) — i (82, M (2, 2)]
< 2(s—p—y)i”g1 _ g2||j/;”hllcr1]<g;
+2C077 gy — gallepre(lgill o + 821l )l
PROOF.

[AiTT« (g, h) — AT« (g(7,2), h)](t, 2)

-y f K; 2(¥) Qs (5) Pt (1) By Ach (8,852 1, ) (8L + 8512)

~ 'x’
k~i s, T

3 f IKi2(0) Ot () Petx ()|

k~i .’Ty

5,

—&)/2
N3n AxhllcrLolt = 5172 gl per o

+D | 1Kiz() Qe () Pee1,x |19 Akl cproely — 217 lgllog s
ki 70

s, T

SO oy (I8l copo + glle),

where we used the notation (ngzy =g(s,y)—g(,2), 8fg‘;zy =gt,2)+t(gls,y)—
g(t,z)) and Lemma A.5. This proves the first bound.

The second inequality can be obtained in the same way with the techniques
already used here and in Lemma 2.1. [J

2.2. Approximate paradifferential problem. In this section, we construct an
approximate solution to the equation
(20) (0 —g < Au=f, u(0,-) =0,

with data f € €Y% and g € Z’}, for some fixed p, y € (0, 1). The idea is to
obtain it via a certain class of paradifferential operators. We introduce the operator
£ acting on functions of (n, 7, x) by

21 (ZU)Yn,t,x):=0U,t,x) —nAU(n,t, x).

We will also use the notation ., := 9; — n1 A.
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Observe that if u does not depend on 1 we can define
(22) N«(g, ZL)u:=T<(g, L u)

and from Definition (11) with & = % u we obtain 1. (g, £ )u = d;u — g < Au.
We can describe the commutation between the differential operator .’ and the
paraproduct IT_ (g, -) via the following estimate.

LEMMA 2.6. Let pe (0,1),y eR. Let U € C,ZICK; and g € DQ”‘T’ such that
g € [A, 1]. Define

Vg, U):=Ri1+ R
with Ry and R> as in (25), (26). Then for every ¢ > 0,
(23) |w(e, U)”%,;H,H S+ ||g||CTL°°)||g”$/}||U||C7%(g;-
Moreover, ¥ (g, U) is linear in U and
[ (g1, U) = W(g2. U)] ,piv2e
T
Sller — gzllg;(l +lgille s + ||g2||g/71)||U||c%<g7;-

In particular, we have
24)  W(g,U)=T«(g, £ V) -T(g, £)«(g V) eCre 2=

whenever this expression makes sense.

PROOF.  We start considering g € C*°([0, T], T?) and U € CZC>([0, T], T?),
and prove (24) in this setting. Notice that 1« (g(t,y), Z ¢4,y U) = L U(g(t,
y)). As a consequence, we can estimate

N«(g, L2 Ut x) —T<(g, £ M« (g, U))(t, x)

=M«(g, LUt x)— Y / PexO)(Z gt AT« (8, U)) (1, X)
k y

— (g, L Ut x) — Z/ Pex () (3 AT (g, U)) (2, )
k VY

+ 3 [ Pt (A AT (g, )1, 2)
k7Y
=M«(g,Z2U—-09,U)t, x)

+ 3 [ st (AT (g AU 1, 2)
k7Y

+ 3 [ Pt (A8, (g 0]U) 0. 0)
Kk vy
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= ¥ [ Pea ) Bel3r, T, 9]0 1, 0)
k VY

with the commutators

[Aa M«(g, )]U =All«(g,U) —Tl«(g, AU),
[0, T (g, U = 8, AkTl (g, U) — AcTT<(2, B, U).

We have

Mg, £ U =000+ Y [ Paglt (8Tl <(g, AV, x)
kY
= Ry (1, x)

with the definition

Rt =3 o, Px()Kea@ Pic(y) Qi [0, )
25) R

—g(s,y)]AAU(g(s, ) 1. 2)

and

/ka@) 2t (A[A, T (g, )]U) (1, %)

y

_(Ak[ah «(g’)] )(I,X)]
= Ry(t, x)

with the definition

Ro(t, x) := Z/ Pix (D Kk x(2) Qi (5)g(t, AP (Y)AU(g(s,Y). 1, 2)
v, Y8

+ zz | PaIKer@ Qs y)

(26) VY8

X VP,-,Z(y YVA;U(g(s,y'),1,2)

Y[ PO Kex @0 ) P () AU (g5, ). 1.2).
k,i o

MEMAED)
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Indeed,
([9:, M<(g, H]U) (¢, x)

-y / 3 Qi) () P (AU (g5, ). 1. ).
i vy

([A, «(g. )]U) (@, x)

=> | Qii()AP () (AU(g(s,y). 1, x))
y,S

i

27)

+2Z/):’s Qi,t(s)vpi,x(y)(VAl.U(g(s’ y)’ t,X)).

This shows that (24) holds for smooth functions.
With the techniques used in Lemma 2.5, we can estimate

|AgRi(t, 0] S 3@ N8l oo + 278l )25 MU Ny
k~q

By the spectral support properties of the commutators, we have that
I[A, TT«(, -)]U\}%ﬂ)—z Slgles Ul
and
[ 8680 T8 MU Nl oo S2%H 7278l oz g0 U g
2 p—
+297 Mgl (Ul cripr -
This yields
1R2ll ¢y y+o-2-c S (T lglere=)liglz 21Ul gy

We have so far proved (23) and then (24) follows by continuity. The local Lipshitz
dependence on g can be obtained via similar computations. [

REMARK 2.7. If f does not depend on n we consider the parametric problem,

which is solved by

t
Uf(n,t)z/ 1879 £ ds.
0
Remark that

1
3nUf(77,f)=/ 1)t —s)Afds and
0

t
RUs(n. 1) = /0 1T — 5)P A f ds.
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We have, thanks to the well-known Schauder estimates of Lemma A.4 (since n >
A):

(29) Wsllcagr == sup  sup [32UDlgpr S IF 0.
ez n:O,l,Zne[k,l]” nYf zY ||<p;

We define then

30) u(t,x) =T«(g Us), x)

and observe that u(z, x) is an approximate solution of equation (20), indeed
=f—-WV(g, Uy

and the estimation in Lemma 2.6 together with the bound (29) yield immediately
the following inequality:

31) |W(g.Uy)

e < 1 _
e S8z g (1 1gler o)1 1l

3. Paracontrolled Ansatz. In order to give a meaning to the PDE in (4) with
initial condition ug € €%, our initial goal will be to get information on solutions
0 = 6(g) of the equation

30 —g< A0 =¢,

forafixed g € €%, 2/3 <a <1, g € [A, 1]. Using the results of Section 2.2, we
consider to this effect the parametric problem

(0 —nA)9(n, 1) =8,

for n € [A, 1]. We will consider the stationary solution of this problem which has
the form

(32) (7, x) =f0 5 ds = (—A) g

and in order for (32) to be well defined we impose that the noise £ has zero mean
on T? (this is a simplifying assumption which can be easily removed, e.g., at the
price of adding a linear term to the equation). We can control (32) by bounding its
Littlewood—Paley blocks with a Bernstein lemma for distributions with compactly
supported Fourier transform [Bahouri, Chemin and Danchin (2011), Lemma 2.1]
to obtain

(33) lezee = 1P 24y S llga-2.
We define now for every ¢ € [0, T']

0(t,x) :=M«(a(m), v).
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Thanks to Lemma 2.2, we have the bound [|0]| # « < 1P,z S €l ga—2. We
observe that this definition together with Lemma 2.6 gives

00 —a(u) < A0 =& —V(a(u), V)
with || W (a(u), 19)||(ng&_2_8 < ||a(u)||3g%||§||(go;_z. We expect then W (a(u), ¥) to
be bounded in ‘KZTO‘*%S for any & > 0. At this point let us introduce the Ansatz

(34) u=0+ut

REMARK 3.1. Notice that we are not making any assumption on the existence
of such u, which is the subject of Section 4. Our aim here is to find the equation
that a couple (u, u®) € €T x CKZT“ verifying (34) must solve, in order for u to solve

().
Observe that
du —a(u) < Au= (3, —a(u) < A0 + (3 —a(u) < A)u*
=&4 (8, —a(u) < A’ —¥(au),v).
It follows that u® must solve
(3 — a(u) < A’ = du) + ¥(au), ),
(35) : 1) o
ut(t=0)=uy:=uo— N«(a(ug),?)t=0)e¥

with ®(u) = a(u) o Au + a(u) > Au, and if we can make sense of the resonant
term a(u) o Au, it is reasonable to expect u®(z, -) € €% Vt € (0, T]. Indeed, take
Ut.=U o to be the solution of

(36) LU ) =@ —nANU* (=0,  U@n,t=0)=0

for some Q = Q(u?) to be determined and n € [A, 1]. Using again Lemma 2.6 as
shown in Remark 2.7 we have

(8 —a(u) < A «(a(), U*) = Q(u*) — ¥(a(u), U?).

For n € [A, 1], we define @,ug(n) = e”mug so that . (@,u(ﬁ)) =0, with & as
in (21).
We set

37) ub =T (a(), UP) + T (a(u), Pul).
Taking
O(u) := ®(u) + ¥(a(), ) + ¥(a(), U?) + ¥ (a(u), @ug)

we obtain that U* solves equation (36) if and only if u” solves equation (35). As
we will see, Q) (1) belongs to € 2*=2 vt € (0, T] but not uniformly as ¢t — 0.
However, it belongs to € %~ uniformly as t — 0.
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It remains to control the resonant term a(u) o Au appearing in @ (u). We have
a(u) o Au=a(u) o A8 +a(u) o Au®.

By paralinearisation (see Theorem A.8) a(u) = a’(u) < u + R,(u) with
1Ra () ll2e S 1+ [|ullZg . and then

a(u)o AO = (a'(u) < u) o A + Ry(u) o A6.

In order to use the commutator lemma (Lemma A.9), we can estimate a’(u), re-
calling that @ € (0, 1), as

la"Go

%Y S ||a”HL°°||”||‘K°T‘
and write
a(u)o A0 =a'(u)(uo AO) + C(a’(u), u, AB) + Ry(u) o A6.
Then Ansatz (34) gives
a(u) o A =d' (u) (0 o AB) +d' (u)(u* o AG) + C(d (), u, A8) + R,(u) o A6.
Summarising, we have
®(u) =a' )@ o AB) +a(u) > Au+ a' (u)(u” o AG)
+ C(d'(u), u, AB) + R, (1) o AB + a(u) o Au’.

Thanks to the nonlinear commutator (Lemma 2.4), we can decompose the resonant
term 6 o A6 to obtain

®(u) =a(u) > Au+d' (u)(u® o A8) + C(d' (), u, AB) + R, (u) o AO
+ad' W) A(a), 9) +d @) (a(m), ©2) + a(u) o Au
and A(a(u),®) € CrL™® if u € £ %. Here, we defined

(38)  ©a(n,x):=(® 0 AV, x) = ) A (1, )(X)A;[AD(n, )] (x).

i~]
Finally, recalling the decomposition of u” in two terms (37) we obtain
D (u) =a' () (a(), O2) + Dy (u) + P2(u),
where
@y (u) :=a(u) > Au+ C(d' (), u, AB) + Ry(u) o AG +d' (u) A(a(u), 9)
+d' ) (M« (au), U*) o AB) +a(u) o ATl «(a(u), U?),
@y (u) = a'(u) (M < (a (), Puf) o AO) +a(u) o ATl (au), P uf).
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Thanks to Lemma 2.1 the terms a’ (1)1 (a(u), ©2) and @ (u) can be estimated
in € ZT“_Z, provided ®; € C%‘f%"_z (see Section 5). On the other hand, the term

®,(u)(r) can be estimated in € 2%~2 only for strictly positive times 7 > 0 due to

the lack of regularity of the initial condition ug which a priori lives only in €*.

Note moreover that the specific form of ® allows us to deduce that if we replace
O, by ®, =0, — H with H € C%%ZTO‘_Z then this is equivalent to consider an
equation for u of the form

Qu(t,x) —a(u(t,x))Au(t, x) =&(x) —a'(u(t, x))H(a(u(t, x)), 1, x).

Let us resume this long discussion in the following theorem.

THEOREM 3.2. Assume that & € €% upe€? He C%%%. u e CIT‘KZ is the
classical solution to the equation

9 du(t, x) — a(u(t, x))Au(t, x) = £(x) —a'(u(t, x))H(a(u(t, x)), t, x),
u(0) = uo,
up to time T > 0 if
u=T(a(u),®+ U+ 2ul),

where ¥ is the solution to equation (32) and U* is the solution to the PDE
40) (3 —nAU () = F(u, U uf),  U'(n,00=0, nelr1]
with

F(u, U, up) =a' ) (a), ©2) + @1 () + do(u) + V(a(u), 9)

+ W (a(), UY) + W(a(u), P ul)

and ®y; =19 o AV — H.

DEFINITION 3.3. For any « € R we define X C C%%“ X C%%za—z the clo-
sure of the image of the map

(p,H) € C%‘gz X C%%O = Jp,H)=(p,poAp—H)c C%%z X C%‘KO

(in the topology of C%%“ X C?]nga—Z).

We call the elements in X* enhanced noises. In the next section, we will exploit
the space X'“ for 2/3 < «a < 1 to solve equations (40) and (34).
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4. Local well-posedness. The main result of this section is the local well-
posedness for equations (34) and (40) when (¢, ©;) € X* and ug € ¢* for 2/3 <
« < 1. This yields a unique solution to (39), thanks to Theorem 3.2.

THEOREM 4.1. Leto € (%, 1). Then for any (¥, ©3) € X* and ug € €“ there
exists a time T > 0 depending only on ||(9, ®3)||xe and |ug|lq up to which the
system of equations (34) and (40) has a unique solution (u, U%) € £ T xC %f 2T3
for all 6 < a such that 286 + o > 2. For any fixed T > 0, there exist a ball B; C
€ x XY such that the solution map

Do 9.0)€B > (W U)eZLIxCr Ly

is well defined and Lipshitz continuous in the data.
REMARK 4.2. The proof is based on a Picard fixed-point argument. In order to
have a contraction map on a small time interval [0, T'], we carry on our analysis of

U* in the space C ,ZI.Z 2T5 OC ,%.Z ZT"‘ and make use of the estimates of Lemma A.4
to obtain a factor 7¢ for some (small) € > 0.

THEOREM 4.1. LetGr =29 x C%éf 2T5. We introduce the map
U:(u,U)eGr ~ (Tu(u,U"),Ty:(u, U%) eGr
by
Ty (u, U) := T (au), ®) + T < (a(), Ty (u, UF)) + M« (a(u), P u)
and
(& — nA)Tys(u, U*) () = F(u, U?, uf)

with Iz (u, Un)(n)(O) =0, n € [, 1]. We will establish that this map is a con-
traction in the space Gr.
First we have to show that there exists a ball B C Gy such that I'(B) C B. We

have the bound ||«@M(ﬁ)||cl za < ||ug||%»¢;. It is easy to obtain, using the estimates
i
of Section 2 and Lemma A.4:

T
/ e[y () + W(a(w), ¥ + U + Puf)] ds
0

26
c2%

ST+ llullg ) (L+ 18l ga2) uglea (L + U2 2)

for some « > 0.
By the assumption that (9, ®;) € X“, we deduce that there exists M > 0 such
that ||®2||C2(K%a—2 < M. We have
1

/oT eI )T (aw), ©2)] ds

2y ¥

-4 2
ST (1 Nlullg ) 102 cag 202
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To bound the term @, (u), we observe that || taugnc%za < 12 ||u(n)||cga thanks to
Lemma A.4. This gives

T
| e, as e

STl ) (1 18 a2) |
C%D?T

and then I'ye (u, U %) is bounded in C %Z ZT‘S for T small enough. We have also

[T, U g S UElga + Jugl e + Ty, U, g

28—«
SElge + fuglga + T2 [Pys(, UR)| 22

and these bounds show that I'(B) € B. The contractivity of I'y:(u, U 1) can be
obtained in the same way. Now consider I';, (u, U ): we have

[Mw(a@), U) = M(a(u2), U)| » 4
2—a
ST (UF — Udlley o + ln — ol gy [0Sy )
while for the other terms in I';, (11, U lﬁ ) =Ty (uy, U2ﬁ ) we remark that

2
sup [lu.s —uo — uz.s + uol oo <15 uy — uz|

€/2 100t
s€[0,1] CionL

Then VO < ¢ < «, using Lemma 2.2 and Lemma A.5:
|TM«(a).9) — Me(a@2). ?)| ya < la@) —a@2)|c, = l1Pllcy ey

Sllur —uzllcpre € lga—

2
ST = uall oz oo NE Nl

2
ST ur —uzll g l€llgas.

With the same reasoning, we estimate
IM<(an), Zuf) = M« (a@2), Puj)| 4

< T8/2||u1 _MZHC;/ZLOOH‘@M(%”C%!Z‘;

2 f
ST |uy - usll 2« |lug ws
and then T' is a contraction for small times.

The uniqueness of the solution (1, U*) € & T X C,zl.,i” 2T‘3 and the Lipshitz con-
tinuity of the localised solution map X; can be proved along the same lines via
standard arguments. []
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5. Renormalisation. At this point, we want to construct an enhanced noise &
associated to the white noise £. Already in the standard setting of the generalised
PAM model with constant diffusion matrix, the construction of the enhancement
requires a renormalisation since the resonant product o A is not well defined.

Let ¥ € S(T?) be a cutoff function and let ¥, (x) = e =24 (x/¢). Then define a
regularised noise by & = ¥, % £ and let 9, = (—A)~'&,. Notice that

Hy(n) := E[ﬁs(rl, x) o A (n, x)] = E[ﬁa(n’ X) A (7, x)]
o Vek)* o
- k%\{o} k> 0

where

0 i= ~ |loge|

5 Ve (k)?
kezZ2\{0} k2

as ¢ — 0. Subtracting the diverging quantity H, to 9. o A, and then taking the
limit as ¢ — 0 delivers a finite result.

THEOREM 5.1. Take o <1 and let E; = (&, B2¢) := (&, Ve 0 AD, — Hy).
Then the family (E;): € X% converges a.s. and in L? to a random element & =
(€, E2) € X7,

PROOF. The proof is a mild modification of the proof for PAM [Gubinelli,
Imkeller and Perkowski (2015)]. In order to establish the required C%‘f:‘}“‘z reg-
ularity for E,, we follow the computations for the case where the diffusion coeffi-
cient is constant. We only have to discuss the additional regularity in the parameter
1. In order to do so, observe that

Eae(n) = Z[[Aiﬁe(n)Aj AV ()],
i~

where [-] denotes the Wick product with respect to the Gaussian structure of &.
Then we have

0y B2.e(m) =Y _[Aidy (M)A AD ()] + Y _[Ai%() A AdD: ()],
i~j i~j
and
082 =Y _[Ai79:A; AT (D] + D [Aide () A; AV ()]
i~j i~

+ 3 2[Ai8y9: () A; A8y ()],
i~



1120 M. FURLAN AND M. GUBINELLI

Now the computations relative to the regularities of these additional stochastic
objects are equivalent to those for the term =, . where one or two instances of
Ve (n) are replaced by Gaussian fields of similar regularities of the form 9,3, (n)

and 8%195 (n). A direct inspection of the proof contained in Gubinelli, Imkeller and
Perkowski (2015) allows us to deduce that we have almost sure € 2*~2 regularity
for these terms and also for random fields 8,’7’ 8y, for any finite n. This allows us
also to deduce that the random field is almost surely smooth in the parameter 7.
Similar computations allow to prove continuity in ¢ for & > 0. The rest of the proof

is standard. [

In conclusion, we see that in order to be able to use this convergence result we
need to modify our approximate PDE and consider instead

Orue —a(ug) Aug =& — a/(ue)He (a(us))

which gives the renormalised equation (3).

Our well-posedness results for the paracontrolled formulation of this equation
together with the convergence result of Theorem 5.1 allow to deduce that u, — u
iné€ (ST for any 2/3 < 6 < o < 1 and that the limiting process u satisfies a modified
version of eq. (1), namely

o —a(u) o Au==E, u(0) = ug,

where a(u) © Au denotes a renormalised diffusion term given by
41) a(u)o Au:=a(u) < Au+a' W)e(a(u), Ex) + D1(u) + P2(u).

6. Nonlinear source terms. Let us start by discussing the presence of a u
dependent r.h.s. in equation (1). We want to solve

du — ar(u)Au = ar(u)é,
where a; is a nonlinear diffusion coefficient as before and a> : R — R is an-
other bounded function with sufficiently many bounded derivatives. We rewrite
this equation as
N.(a(u), L )u=axu) <&+ay(u)oAu+ay(u)oé +ay(u) > Au+ax(u) > &,
where now a(u) = (a1 (u), a>(u)) is a vector valued nonlinearity. Since we do not
need u to depend on any parameter n = (11, n72), we have defined .Z as
L () =0 —nmA

and used the identity I« (a(u), £ )u = (8; — a1(u) < A)u, similar to what we
have done in (22).

Notice that the nonlinear paraproduct can be extended trivially to the vector
valued case in such a way that, for example,

M (g1, 82), B) (6, )= fy 1) P () (Aih((81(5. ). 8205, ). 1)) 0.
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As before, we make the Ansatz
u =T (a(u), )+ u*,
where now ¥ solves
Z v = (0 —mA)P () =né,

for n = (n1, M) € [A, 1] x [—L, L] where L is a large but fixed constant. The
bounded domain is important to be able to have uniform estimates and reuse the
estimates proved above in the simple situation of n = 1. The solution of this equa-
tion is

mn
m

o0
do)=m [ Meas=-Tale,
0

Observe that
M- (a(u), L )u="_(aw), L) «(a@), )+ N(a), L )u*
and recall that by Lemma 2.6
No(a(m), £ )« (a),?) =N(am), Z V) + ¥(a(u),?d).
Now
(Z9)m) =@ —mAI, t,x) =8,  n=.m) € 1]x[-L, L]
with E () (¢, x) = n2§(x) and then
N(a), Z0)=T«(a(m), ) =ax(u) <&.
In conclusion,
Mo(au), L) «(am), ) =ar(u) <&+ V(a(u), V)
and the equation for u* reads
M- (a(u), L u*) =aj(u) o Au+ay(u) o & + [ar(u) < & — ar(u) < &]
+ai(u) > Au+ay(u) =& —¥(a(u), ),

where now all the terms on the r.h.s. can be considered remainder terms. Let us just
remark that the commutation term a>(u#) < § — a»(u) < & can be handled easily
via Lemma A.10. Of course, the first two terms in the equation above require to be
treated as resonant terms. Note that modulo terms of order %%“72 (or E¥/2¢ 22
as defined in Lemma A.4) the terms aj (1) o Au + a(u) o § are equivalent to

aiw)e(a(u),® o AY) + as(u)(M«(au),¥) o &)
and that by computations similar to those of Lemma 2.4 one can prove that

(M (a(u),9) 0 &) = Te(a(), ¥ 0 &) + €372
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so the resonant terms are comparable to the sum of the two terms
a; W) (a(u), 9 o AY) + a(u)e(a(m), d o &)
which require renormalisation of the form
aywaxw)®*  ayaz(u)
aiw? T ar(u)
and the convergence follows with the same arguments of Section 5.
We remark that the structure of the second renormalisation term, which is due

to the r.h.s. in the equation, is the same of that found by Bailleul, Debussche and
Hofmanova in Bailleul, Debussche and Hofmanova (2016).

(42)

&

REMARK 6.1. Our approach works straightforwardly for equation (8), namely
dpu(t, x) — a;j(u(t, x))al%-u(t, x) =g(ut,x))§

with a : R — M»(R) such that }°; ;a(u);ijxix; > C|x|* Vx € R? for C > 0 and
82 R 92
ij *T Ox;ox; "

To see that, let a(u) := (a;j(u), g(w)) € R and n = (n;,j,ne) € R>. Let
Z () =0 — n;j a}j and E(n) := ng& with the uniform ellipticity condition

2 MijXiXj = Clx)?> Vx e R Ttis easy to verify that Lemma 2.6 and Lemma 2.4
hold within this setting, just considering nonlinear paraproducts for functions de-
pending on 5 parameters. We have then

u="Tx(a(),?+U"+ Qué)
with ¢ (n) stationary solution of .Z ¥ (n) = E(n), L@tu(ﬁ) = e"ija?/tug and U (),
which solves
LU ) =Mo((a),a' W), ©1) + Mo ((a), a'w)), ©2) + Q(u, U)
with Q(u, UP) € €2727¢, @1 € C;CL €2 =0 () 0 ;359 (1), ©2(n, 1) =
%(n) o n’gs and U*(r = 0) = 0. Note that we can write ¢ as
Ek)
nijkik;’

From the uniform ellipticity condition, we have |9 ckye S ||€]l4«, and Schauder
n

¥ (n) = o ”h‘ja,-2~ 3 _ 2
n)—ng A e JE dt, l?(k)—ng k € Z-\{0}.

estimates analogous to those of Lemma A.4 hold as well.
Now consider the renormalisation. We have

. i jmiikik
HE (1, 77/) = (0 (1. 77/)) — —77§ E : 1/fs(k)2 i,j ljk th 5
ke Z2V(0) (i, mijkik;)
Ve (k)2
H;(n.n') :=E(O2(n, 1)) = ngn, :
2( ) ( ( )) 8llg Z }Zi,j Th'jkikj

keZ2\{0
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The convergence of @] — H{, ®5 — Hj in C k- ©2=2(T2) can be obtained with
the techniques used in Gubinelli, Imkeller and Perkowski (2015), Section 5.2.

7. Full generality. Within the framework of the present work, we are actually
able to treat equations of the form (2), which if a3 takes values in [A, 1] for some
A > 01s just

(43) dpu(t, x) —ay(ut,x))Au(t,x) = &(ax(u(t, x)), x),
where £(72, x) is a Gaussian process with covariance
E[£ (2, ¥)& (712, )] = F (2, 12)8 (x — %),

where F' is a smooth covariance function. Let as before 2/3 < « < 1. In this case,
we can take as a parametric equation

g (77)19 = 81‘1?(775 t’x) - nlAﬂ(n’ tv-x) = S(WZ»X)

whose solution ¥ is a Gaussian process, smooth with respect to the variable
n = (1, n2) which we assume taking value in a compact subset of R? for which
n1 > X > 0 with fixed A. Letting a(u) = (a1 (u), ax(u)) we can rewrite the Lh.s. of
equation (43) in the form

O — ay(u)Au =T (a(u), L u)
and the r.h.s. as
E(ax(u(t, x)), x) =e(a(m), E),
where E(n, x) = £(12, x). Now we perform the paraproduct decomposition to get
M<(a(u), L u) —N<(a(), E) =To(a(m), E) + Ho(a(u), Du)
+ I, (a(u), E) + M, (a(u), Du).

We have introduced here the parametric differential operator ©(n) :=n1 A forn =

(1, m2)-
Let 2 ,(n) := e'M” as before, and invoke the paracontrolled Ansatz in the usual

form
u=T(a(u),d+U"+ ,@u(ﬁ)).
Using that
M. (a(u), & N(a),d +U* + 2uf))
=T (a), Z (® + U* + 2u}))
+ W (a), 9 + U + Puf)
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and observing that we can take .2 9 = E and that . & ug =0 to get
«(a@w), LU = F(u,U"),
where
F(u, Uﬁ) =Tl.(a(u), E) + Mo(a(u), Du) + My (a(u), E) + I (a(u), Du)
+[M<(a(), E) — M<(a), E)] — ¥(a), ¥ + U + Puf)
which is solved by U* satisfying
L U* = F(u, U%).

Indeed T (a(u), F(u, U%) = F(u, U%), since F(u, U?) does not depend on the
additional parameter. Remark that the term 1< (a(u), E) — [1«(a(u), E), which
does not appear in the simpler case, can be treated with Lemma A.11.

It remains now to discuss the handling of the resonant products under the para-
controlled assumption, namely I1,(a(u), E) and I1,(a(u), Du). The next lemma
is a paralinearisation result adapted to our nonlinear context.

LEMMA 7.1. Assume that u € Cf’; and Z € C%%; then if y +2p > 0 we have

C(u, 2) :=To(a(), Z) —uo N ((a),d W), DZ) e €},
where DZ((n,n'), t,x) =Y, 0,0y, Z(n, 1, x).

PROOF.
I, (a(u), Z)(t, x)

=Z Ki,x(y)Kj,x(z)Z(a(u(t,y)),t,z)

i~j
=> f Kix (DK x (@) Prz(2")Ki () Z(a(u(t, y)), 1, 7))
i~jk y,z/'/
Z,2
=3 [ KK @ P K )
i~jk y,z/'/
2,2

x [Z(a(u(t,y)),t,2) — Z(a(u(t,Z")). 1,2)]
=Y [ KWK @ Pl Kie ()

i~jk*y 2
z, 7"

<[ Sttt Do ztatute )]
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+ Y [ KWK @ P Kis )
i~j v
kN‘] Z,Z”

x O((8uy))02Z(a(u(t, y)).1,7)
and observe that the first term is equal to u o T1<((a(u), a’ (1)), DZ) while the

second term can be easily estimated in %;Hp . O

Using this result and Lemma A.11, we can expand in the same way as done for
Lemma 2.4 to obtain

M, (a(u), E) = u o N<((a(m),d (), DE) + €3>
=M< (a(u), ®) o T<((a(u),a ), DE) + € 3*~*
= [ ((a(u), d'(u)), ¥ o DE) + €372,
Similarly, noting that
< ((a(u),d (w)), (DD)u)
=T ((a),d W), (DD« (a(u), 9)) + €3>
=T ((a(), d' w)), (DD)Y) + €32,

where (DD)(n,7n) = n/lA, we have by a straightforward generalisation of
Lemma 2.4:

Mo(a(u), L u) =uo N ((a),a ), (DD)u) + € 32>
= (a(), ) o T<((a(u),d' W), (DD)Y) + €32
= Mo ((a(u), d' W), o (DD)Y) + €322,
Finally, the equation for U* reads
LU =To((a), d' ), o DE+ 9 o (DD)Y) + €372,

This can be solved essentially as we did in the simpler context. We see that the
general enhancement has the form

(£,9 0 DE + 9 o (DD)V)
which of course will require renormalisation like we did before. In particular,
(9 0o DE+ 0 0 (DDYD) (1, 1) = O () © 033, & (12, ) + ¥ () 0 17 AP (1)

- _%(A”é(nz, ) 0 9,62, -)

+ %(A—‘s(nz, D) 0 (2, ),
1
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where we used that n1 A9 (n) = —&(n7, -). Now observe that

E[(A™ & (2, ) 0 & (2, )] = — F (02, m2) 0
and that

E[(A™"& (12, ) 0 3pp&: (12, )] = — (@01 F) (2, 12) 0%

with 01 F denoting the derivative with respect to the first entry.
In the end, the renormalised enhanced noise is obtained as the limit in X'¢ of
(e, E2,e) where

Ere(n,m) = —%(A”Se(nz, ) 0 dn,Ee (M2, )

- %(A_lée(nz, )) 0 &e(n. ) — He(n. 1)
1

with
Uk i
Hy(n,n') = 21 F)(m. m2)0e — =% F (2, m2) .
m m
We remark that if we take F (12, 72) = 127> we obtain again the situation treated
in Section 6. Indeed in this case
_aywax(w) a; (w)ax(u)*

H<>((a(u), a'(u)), He) = T(M)O's W%

which coincides with (42).

REMARK 7.2. Consider the more general equation (2), where the noise de-
pends explicitly on time, for example, with a covariance

E[E(m. t, x)E(n'. ', x")] = F(n,n")Q(t —1', x —x)

with F a smooth function and Q a distribution of parabolic regularity p > —4/3.
First note that the coefficient ai(u#) € [A, 1] in front of the time derivative can be
eliminated trivially by dividing.

In order to handle the time dependence of the noise, the framework of this paper
will still apply, provided we consider space-time paraproducts instead of paraprod-
ucts which act only on the space variable. This can be done exactly following the
lines of the paper Gubinelli, Imkeller and Perkowski (2015), where time paraprod-
ucts are employed in the paracontrolled approach to solutions to SDE driven by
Gaussian signals.

The constraint of regularity p > —4/3 does allow to treat a noise which is white
in time and smooth in space, but not a space-time white noise. It is well known that
the first-order paracontrolled approach on which the present paper is based does
not allow to treat this kind of irregular signals in full generality.
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APPENDIX: BESOV SPACES AND LINEAR PARAPRODUCTS

In this Appendix, we collect some classical results from harmonic analysis
needed in the paper. For a gentle introduction to Littlewood—Paley theory and
Besov spaces, see the recent monograph [Bahouri, Chemin and Danchin (2011)],
where most of our results are taken from. There the case of tempered distri-
butions on R? is considered. The Schauder estimates for the heat semigroup
(Lemma A.4) are classical and can be found in Gubinelli, Imkeller and Perkowski
(2015), Gubinelli and Perkowski (2015).

Fix d € N and denote by T = R/ (27 Z))? the d-dimensional torus. We focus
here on distributions and SPDEs on the torus, but everything in this Appendix ap-
plies mutatis-mutandis on the full space R?; see Gubinelli, Imkeller and Perkowski
(2015). The space of distributions 2’ = 2’ (T9) is defined as the set of linear maps
f from C® = C*® (T4, C) to C, such that there exist k € N and C > 0 with

(f.0)] =

f(@)]=C sup ||3M‘P||ch(1rd)
lul<k

for all ¢ € C*®. In particular, the Fourier transform .% f : Z¢ — C, .Z f(k) =

(f, e~ %), is defined forall f € 2, and it satisfies |.# f (k)| < |P(k)| for asuitable

polynomial P. We will also write f (k) =.% f (k). Conversely, if (g(k));czq is at

most of polynomial growth, then its inverse Fourier transform

Flg=@n)" Y )
kezd

defines a distribution, and we have .Z ~1.Z f = f as well as % .Z ~lg = g. To see
this, it suffices to note that the Fourier transform of ¢ € C* decays faster than any
rational function (we say that it is of rapid decay). Indeed, for u € Ng we have
lktg (k)| = |7 (04 g) (k)| < 10% gl 1 (qa) for all k € Z4. As a consequence, we get
the Parseval formula (f, @) = 27)~% ¥ f(k)% for f € 2’ and ¢ € C*°.

Linear maps on 2’ can be defined by duality: if A : C*° — C* is such
that for all k € N there exists n € N and C > 0 with SUp|, <k 10" (A@) || Lo <
C supy, <, 10 ||, then we set (*Af, ¢) = (f, Ap). Differential operators are de-
fined by (34 f, @) = (—=D)IHI( f, 9%¢). If ¢ : Z¢ — C grows at most polynomially,
then it defines a Fourier multiplier

o) f =F YoF [),

which gives us a distribution ¢(D) f € 2’ forevery f € 9'.
Littlewood-Paley blocks give a decomposition of any distribution on 2’ into
an infinite series of smooth functions.

DEFINITION A.1. A dyadic partition of unity consists of two nonnegative ra-
dial functions x, p € C®(R?, R), where p is supported in a ball Z = {|x| < c}
and p is supported in an annulus &/ = {a < |x| < b} for suitable a, b, ¢ > 0, such
that:
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L x+Yjs0p@Q/)=1and
2. xp(2=7)y=0for j>1and p27")p(277-) =0 for all i, j > 0 with |i —
jl>1.

We will often write p—j = x and p; = p(27/-) for j > 0.

Dyadic partitions of unity exist [Bahouri, Chemin and Danchin (2011)]. The
reason for considering smooth partitions rather than indicator functions is that in-
dicator functions do not have good Fourier properties. We fix a dyadic partition of
unity (x, p) and define the dyadic blocks

Ajf=piDf=F ;). j=-L
We also use the notation
Sif= Y Aif
i<j—1

and notice that

Ajf(x):ij,x(y)f(y)dy,

S; f(x) = / Pix(0f()dy

with Kj (y) =29 K2/ (x — y)), Pj.xc(y) = X —;_1 Kix(), K radial with zero
mean.

Every dyadic block has a compactly supported Fourier transform and, therefore,
it belongs to C*. It is easy to see that f =} ;- 1 A;f =lim;_ S; f for all
fea'.

For @ € R, the Holder-Besov space ¢'“ is given by % = BZ oo(Td, R), where
for p, g €[1, o] we define

o o d
B = B (1%, F)
/ o q Va
={rea isin, = (X @1a7107) " <o),
Jj=-1

with the usual interpretation as £°° norm in case g = oo. Then B _ is a Banach
space and while the norm ||-|| B2, depends on (x, p), the space By, , does not, and
any other dyadic partition of unity corresponds to an equivalent norm.

If @ € (0,00) \ N, then €% is the space of |« times differentiable functions
whose partial derivatives of order |« ] are (o — [o¢])-Holder continuous [see p. 99
of Bahouri, Chemin and Danchin (2011)]. Note, however, that for k € N the space
¥ is strictly larger than C¥, the space of k times continuously differentiable func-
tions.

The following lemma gives useful characterisation of Besov regularity for func-
tions that can be decomposed into pieces which are localised in Fourier space.
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LEMMA A.2. 1. Let &/ be an annulus, let o € R, and let (uj) be a se-

quence of smooth functions such that % uj has its support in 2J of , and such that
llujllpee S277% forall j. Then

u= Y u;j€?” and |ulla S sup {27¥lu;x}.

j=>— 1 Jj=—1

2. Let % be a ball, let o > 0, and let (u;) be a sequence of smooth functions
such that F u; has its support in 2/ %, and such that lujlizee S27 I forall j.
Then

u= Z uj €€® and |ulle < sup {2j“||uj||Loo}.

jz=—1 jz=1

The Bernstein inequalities of the next lemma are extremely useful when dealing
with functions with compactly supported Fourier transform.

LEMMA A.3. Let &/ be an annulus and let # be a ball. For any k € Ny,
A>0,and 1 < p < g < oo we have that
(1) ifu € LP is such that supp(F u) C AR, then

ktd(—

1
max [ 8 ul|, Sk A ")||u||LP;

neN?:|u|=k
(ii) if u € LP is such that supp(F u) C Ao/ , then

A < ul, .
lle S max  [3%ul,,

We recall some standard heat kernel estimations [see Bahouri, Chemin and
Danchin (2011), Chapter 2, and Gubinelli, Imkeller and Perkowski (2015),
Gubinelli and Perkowski (2015)].

LEMMA A.4 (Schauder estimates). Let V; = fot eNt=98y ds and P ,ug =
ey, with n > ,. We define 2L and C,’;XOT‘, C’;CK‘; for k € N as in (9), (10)
and introduce the norm

I0llggga = sup 1°Ju(t, )| ga-
tel0,T]

Then for any y € [0, 1) and a € R:

sup 17 |Villcigeas S sup 1" Pllullgan VB €0, D),
te[0,T] t€[0,T]

IVlggpos ST Il VB[O, D),

IVl i a28 S TP Ivllgsga—2  ¥B€[0,1), V5 €0, B],

C"f
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=y
<75t )
IIVIIC;;,g; ST IIUIIg;w
Voely —2,y),¥8€[0,(p—y)/2+1],
_a=p
|I9”zuollc{;w St 2 luollgs VB <a,

-5 B—a s
||<‘9‘Zzuo—<@suo||c1,;<ga S0t =512 luollge

Vi#£seRY, B<a+2,8€[0,1—(B8—a)/2]
We need the following interpolation lemma.

LEMMA A.5. Lety €(0,2),0<e <y andue L. Then

||M||C;/2—e/2Loo Slullgy.

PROOF.

Uy — Ug|| oo Ajuy — Ajug|| oo Ajuy — Ajug|| oo
up Ll y/;”—s/z SSHP[Z 120t y/;—;yz Z” — y/é—;llz
st |t — 5] s#ilic, 1t—sl = lt—s]

1/2

and choosing 277! < |t — 5|/ <27 we obtain

| Aius — Ajug| o )
E . < lu E t —s|/
. |t — S|7/2_8/2 ~ ” |IC;/2(€0 . | | s
i<n i<n

| Ajur — Ajugll Lo i
< yin—(y+e)n
) [t — 5|72/ ~”””%§22 2

i>n i>n

and this yields the result. [

Terms of the type [la(u(t, x))|l0 with a : R — R cannot be estimated directly
with their Holder norm. In the following lemma, we prove some bounds used in
Section 4.

LEMMA A.6. Letac€ Cg uniformly bounded and u € £ =€¢5 N Cg/Z‘ﬁo,
then

la@] £ g Slallze + @'l oo (Il garzgo + lulleg)
[ el ol
ST lullzs +lulyq,

latu) —a@2)] 4o S lur —uzllz g (14 lurlley + luzllpy)’,

laGuy) —atu2)| 4o < llur —uallgo (1+ lurlleg + lluzlleg).
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PrROOF. The bound on ||a(u)||(,gﬂo; is trivial. We estimate ||a(u;) —a(us)|l40 as

[ Kixt@latutt, ) - aluts. )]

. / 1z _
/z,te[o,l] K (z)a' (Scuis)[u(t, 2) —u(s, 2)]

< / Kin@ 3 [Aju(t, 2) — Ajus, 2)] K- (w)a' (5%
z,w,t€[0,1]

J<k~i

_|_

/ Kix(x) Y [Aju(t,2) — Ajuls, 2)]Ki - (w)a' (8-ull)
z,w,7€[0,1] k< j~i

+

/ Kix(2) Z [Aju(t,z) — Aju(s, 2)]Ki o (w)a (S-ulm)|.
z,w,t€[0,1] ke~ i

If Kk > —1, we have

| KcwiaGeis) = [ Kicwla'Geatty) = a' 6o

and then the first term above becomes

/ K@ Y [Au.)

JSk~i

— Aju(s, 2)] Ky o (w)a" (8 (8-uf); ) [Sui? — suiY]
S|l = uslipo 3 [ [Keatwllw = 21" ullg
JSk~i 7Y

Si27a" | ool — ugllgollullops .

The second term is

/ clo.1] Kix ()Y [Ajult,) — Aju(s, )](2) Py (w)d (8:uly)

j~i

S, llur — us||<g°“ Pj,z(w)a/((stug%)”Loo 5 [l — Ms”saﬂo

@'l e

The third term can be estimated as the first one when k > —1. Otherwise, we
just bound it as

f [0.1] Kix(2) D [Aju(t,) = Aju(s, V(2K -1 . (w)a' (:uly)
Z,w,Te(V, JSN

S lluy = ugligola’] oo
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For the three terms together, we have the bound
lau) —aug)| o S llur —usligo(fa’| o + @] oo lullze).
With the same technique, we obtain

|a(ur) — a(ua)| o0 Sla'| ool — 2]l carzqp0
+ Ha””Loo”Ml - M2||Ct;/2%)o||”1 - ”2”%‘%

- la" | o lher =l ool — w2l

and this gives the second estimate. The third one can be obtained easily. [

A.1. Bony’s paraproduct. In terms of Littlewood—Paley blocks, the product
of two smooth functions fg can be decomposed as

fe=) D AifAjg=f<g+f>g+fog,
jz—li=—1
where the paraproducts f < g and f > g and the resonant product f o g are
defined as

j=2
f<g=g>f:= Z Z AifAjg and fog:= Z AifAjg.
jz—li=—1 li—jl<1

We will often use the shortcuts »-;; for }>-;_; <y and > ;<; for 3 ;. Of
course, the decomposition depends on the dyadic partition of unity used to define
the blocks A, and also on the particular choice of the pairs (i, j) in the diagonal
part. The choice of taking all (i, j) with |i — j| <1 into the diagonal part corre-
sponds to property 2 of Definition A.1 (definition of dyadic partitions of unity).

Bony’s crucial observation [Bony (1981), Meyer (1980)] is that the paraproduct
f < g (and thus f > g) is always a well-defined distribution. Heuristically, f < g
behaves at large frequencies like g (and thus retains the same regularity), and f
provides only a frequency modulation of g. The only difficulty in constructing fg
for arbitrary distributions lies in handling the resonant product f o g. The basic
result about these bilinear operations is given by the following estimates.

THEOREM A.7 (Paraproduct estimates). For any B € R and f,g € ', we
have

(44) I =<glige Sp I fllLeliglss

and for a < 0, furthermore,

(45) If < gllgats Sa.p I flleellglege.
For o+ B > 0, we have

(46) If ogllgats Sapllfllealigles.
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Bony proved also a basic paralinearisation result, soon after improved by
Meyer. We give here a particular version suited to our purposes.

THEOREM A.8. Leta € (0,1), f € (€9 and F € C3(R¥; R) then
Re(f):=F(f)=F'(f)< fec™
with
IRE(H) g2 S NFlle2(1+ 11 fllge)
Moreover, the map f +— Rp(f) is locally Lipshitz and

IRECH) = RE(H) | p2a SUFles (L1 fllga + 11 Fllwe)* 1 F = Fliga.

The additional key ingredient at the core of the paracontrolled approach
is a commutation result proved in Gubinelli, Imkeller and Perkowski (2015),
Lemma 2.4:

LEMMA A.9. Assume that o, B,y € R are suchthata + B +y > 0and B +
y < 0. Then for f, g, h € C*, the trilinear operator

C(f.g.h):=((f<g oh)— f(goh)

allows for the bound

(47) IC(f. g, W gy SIS llgeliglzslhlier,

and can thus be uniquely extended to a bounded trilinear operator

C:Cx€¢Pxe® — ¢htv.

We will need the following two lemmas to compare standard and time-smoothed
paraproducts. The first one has essentially the same proof as Gubinelli, Imkeller
and Perkowski (2015), Lemma 5.1.

LEMMA A.10. Let p €(0,2), y € R. Then for every ¢ > 0 we have the bound
lg < —g <hllgpir—e S gl corgollhlisy -
The second lemma has a standard proof.

LEMMA A.11. Let g € .,2”;, h e C}}CKJ} with p € (0,1), y € R. We have,
Ve >0,

[T, 1) = g, e S gl s Wl
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