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Abstract. This paper is concerned with quasi-linear parabolic equations driven by an additive forc-
ing £ € C*2, in the full subcritical regime & € (0, 1). We are inspired by Hairer’s regularity
structures, however we work with a more parsimonious model indexed by multi-indices rather than
trees. This allows us to capture additional symmetries which play a crucial role in our analysis.
Assuming bounds on this model, which is modified in agreement with the concept of algebraic
renormalization, we prove local a priori estimates on solutions to the quasi-linear equations modi-
fied by the corresponding counter-terms.
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1. Introduction

In this article, we study the quasi-linear parabolic partial differential equation

du —a(u)Au = &, (1.1)

i=1
is sufficiently smooth and uniformly elliptic. In line with the pathwise approach to
stochastic analysis of Lyons [28], the external forcing & is deterministic and viewed as

where u = u(t, x) for (f,x) e R x R4, A = Zd agi, and the coefficient field u — a(u)
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a realization of a singular noise' which a.s. belongs to the (negative) parabolic Holder
space C =2 For o € (0, 00), the PDE (1.1) is subcritical in the sense of Hairer [20].
A standard reference point is space-time white noise, which is included in this regime if
d = 1, but marginally fails if d = 2. For « > 0 the solution to (1.1) should behave on
small scales like the solution to the linear equation where a is replaced by a constant,
which belongs to C% by Schauder theory. Hence, we expect the same regularity for u, but
the following difficulty arises: for & € (0, 1), there is no canonical definition of a (1) Au as
a limit of smooth approximations. Indeed, the usual power counting heuristic fails since
u € C%implies a(u) € C* and Au € C? 2 buta +a —2 < 0. More concretely, one can
carry out explicit calculations with Gaussian noise to see that products of this type often
require re-centering by suitable counter-terms, divergent as the smooth regularization is
released. As a result, (1.1) is not expected to be well-posed in the traditional PDE sense
and a similar re-centering will be needed for the nonlinearity a (1) Au, which amounts to
adjusting the equation (1.1) with certain counter-terms, known as a renormalization.

There is now an extensive literature on renormalized stochastic PDEs following the
development of regularity structures [19, 20] and paracontrolled calculus [18], the main
applications of these seminal works being to semi-linear equations; see e.g. [22]. The
quasi-linear case was first considered in [31] and soon after in [5, 14] in the case of
a > 2/3. The case o > 2 /5, which in one space dimension includes the case of space-time
white noise, was investigated in [15, 16].> An alternative approach to this regime inspired
by [5] appeared in [7]. See also [32] for a treatment of the initial value problem using
the methods of [31] (in the regime o > 2/3). The regime o > 1 corresponds to spatially
colored noise, which has been studied in the articles [23,24], and in the series of papers
[1-3]. We also mention the articles [12, 13,25] where singular quasi-linear SPDEs arise
naturally in some relevant physical models. Finally, we mention the interesting recent
work [9] which explores the quasi-linear generalized KPZ equation driven by space-time
white noise, providing sufficient conditions for global well-posedness and a large class of
examples.

In our prior work [30], we developed two key analytic tools (see Section 4.1) which
applied to arbitrary o > 0, but applied them in the more restricted regime « > 1/2. In
fact, in [30] we considered a more general problem of developing a well-posedness the-
ory for the linear problem with rough coefficients.® In the present article, we do not use
linear well-posedness theory to treat the nonlinear problem (1.1). Instead, we shift our
perspective and analyze the nonlinear problem directly. Our main result is an a priori

"More precisely, we think of & as a realization of a singular noise with a small regularization
in space-time and hence make the qualitative assumption that £ is smooth throughout the paper.
Crucially, all quantitative estimates on the solution depend only on the C%~2-norm of £ and higher
order analogues of the corresponding model; see Assumption | below.

2 A number of aspects of this paper also work for arbitrary « > 0, but the authors did not identify
the renormalized PDE in the full subcritical regime.

3Extending the linear theory developed in [30] to arbitrary o > 0 remains an interesting and
challenging open problem.
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bound on smooth solutions to a renormalized version of (1.1). We provide a framework
that applies to all subcritical regularities & > 0 and all space dimensions d . The aforemen-
tioned shift in perspective comes with the following merit. Rather than arguing entirely
within the class of modelled distributions (which would be forced upon us if we had to
pass through e.g. a contraction mapping principle), we show that any solution to the renor-
malized equation admits a local description under the mere assumption of local smallness
of the supremum norm.

The main inputs for our Main Theorem are two structural assumptions on the driver &
that would not hold for an arbitrary £ € C%~2, but are nonetheless very reasonable for
realizations of a large class of stationary space-time random fields. On the basis of the
approach introduced in this paper, the construction and the stochastic estimates of the
renormalized model, which this paper takes as an input, have been carried out in [27], and
we will comment on how the results of [27] connect to the present work below Assump-
tions 1 and 2. However, in the spirit of regularity structures, both papers are logically
independent: based on purely deterministic arguments, this paper establishes uniform
interior regularity estimates for the renormalized equation. Taken together, both papers
demonstrate the viability of the approach to regularity structures proposed in this paper.
In particular, both papers are written in such a way that they can be read independently.

We now state these assumptions and motivate them with the theory of regularity struc-
tures. Inspired by [20], we rely on a triplet (A, T, G) consisting of a space of homogeneities
A C R, an abstract (linear) model space T, and a structure group G C Aut(T), in the sense
of Hairer [21, Definition 3.1]. For the black box approach to semi-linear equations devel-
oped in [8, 10, 11], each 7 € T is a decorated rooted tree (or forest). A natural attempt
to merge the semi-linear machinery with the parametric rough path approach employed
in [31], as advocated in [16, 30], would be to utilize trees depending on one or more
parameters. In the present work, we proceed in a rather different way by using a much
smaller vector space T, which is essentially indexed by multi-indices.

We motivate the form of the triplet (A, T, G) and its grading here by introducing our
twist on Hairer’s notion of a centered model, which we view as a parameterization of the
solution manifold for a renormalized version of (1.1). In fact, it is possible to motivate the
algebraic objects that appear in this article, including both the hierarchy of PDEs deter-
mining the model and the action of the structure group, as arising from searching for a
formal series solution to (1.1), as we discuss in Section 1.1 below. In order to explain the
role of multi-indices played in our analysis, we now give a slightly different motivation
in line with the rough path perspective where the ensemble of all nonlinearities a is con-
sidered simultaneously. Thinking of £ as being fixed, we are interested in the analytical
properties of the mapping

a — ulal,

where we denote by u[a] the solution to (1.1) with nonlinearity a. This gives rise to a
solution manifold which has an important invariance:

ula] + v = ufa(- —v)] forallv € R; (1.2)
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In words, if u solves (1.1), u + v solves (1.1) with a replaced by its shifted version
a(- — v). In the case of a driven ODE like d;u = a(u)§, this implies that modulo additive
constants, the solution manifold is parameterized by a. Hence in the ODE case

1 d*a
Zk = F W
provide a complete set of coordinates for the solution manifold modulo constants. Think-
ing of u as u[(zx )k>o] in abstract variables (zx)x>o We obtain u[a] upon choosing zx = zx
for all k > 0. In our PDE case of (1.1), the coordinates (1.3) are insufficient. A natural
ansatz is to enrich them by a linear jet at some fixed base point x,* which as in (1.3) we
somewhat arbitrarily fix to be the origin. We choose the jet to be z, - x with

(0) fork € Ny (1.3)

Zy i= “Vyu(0)”; (1.4)

in view of the invariance (1.2) we deliberately drop the constant jet ©(0). As is common in
the theory of rough paths and regularity structures, we will need to re-interpret (1.4) as a
Gubinelli derivative (see (1.20)); hence the quotation marks. Since the coordinate ag := zg
will play a slightly different role in our considerations (in contrast to the other coordinates
zx and (zr)r>1, we need arbitrary high powers in the ellipicity zo if we want to describe
the solution u to a finite order of precision in terms of a series expansion), we often
make the distinction and write u[zy, (zx)x>1: ao]. Formally, Taylor’s formula suggests
that the general solution u can be recovered from its partial derivatives with respect to z =
(zx» 21,22, ...), which are parameterized by the countable set’ N(‘f x c9o(Np) of multi-
indices B = (Bx, B(1), B(2),...). An algebraically convenient way to analyze objects
labelled by multi-indices is via formal power series. Therefore we introduce the model
space T as the space of formal power series in infinitely many abstract variables, the
coefficients of which are (complex) analytic functions of a single parameter ag. More
precisely, each T € T is identified with a formal power series

Zrﬁzﬂ,
B

where B = (Bx. (1), B(2)....) is a multi-index, z# := 2 [Trz, zf(k), and each coef-
ficient g is a function of a single parameter a¢ from a disc Dy in the right complex
half-plane containing a (real) interval I = [A, A™!] for some fixed ellipticity parameter®
A €(0,1).

4Throughout the paper we use the shorthand notation x := (¢, x), y := (s, ¥), and z := (r, z)
for space-time points.

SHere co(No) := {8 : N — Ny : supp 8 is finite} is the space of all Ng-valued sequences of
finite support.

STt turns out to be enough to consider functions of a single parameter rather than several param-
eters since we perform estimates directly on the nonlinear problem rather than attempt to develop a
theory for the linear problem with rough coefficients, as in [30].
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Another, rather minor, difference from standard regularity structures lies in the fact
that we adopt a dual perspective. In the setting of Hairer, the abstract model space would
actually correspond to T* rather than T and the correspondence between the abstract space
of symbols in T* and the concrete space-time distributions is specified through a lin-
ear map I, : T* — S’(R4*1). We alternatively view I, as a T-valued distribution. For
notational reasons, it is convenient to distinguish functions in the local description of u,
denoted I, from distributions in the description of” a(u) Au, denoted IT,, which takes
values in the slightly smaller space T_— where polynomials are excluded; see Section 2.1.
The IT can be thought of as an enhancement of the noise, in the sense that for any base
point x, we have Il ; = & — go where 0 denotes the multi-index with all components
being zero, and where we can allow for a constant gq to ensure that certain ensemble or
space-time averages of the noise vanish. Similarly, Ty can be viewed as an enhancement
of the classical polynomials, in the sense that

PIIi(y) = zx - (y — X), (1.5)

where P is the projection onto the polynomial sector; see Section 2.1.

To each multi-index § one can associate a homogeneity | 8] € (0, o0) which is dictated
by the inherent scaling of (1.1) (see (2.3)). This naturally generates a set of homogeneities
A and a grading of T in terms of subspaces T|g| which consist of those elements of homo-
geneity |8, i.e., of € T such that t,, = 0 for |y| # |8|. These subspaces come with their
norms. More specifically, we fix a sequence {D|g|}g|<2 of discs, where all D g| have the
same center as Dt and are such that

I & Dig & Dy & Dy for |y < |Bl,

and set
Iellrig := sup  sup |7y (ao)l. (1.6)
lyI=IBlao€Dp
Observe that elements in T are (complex) analytic functions® in ag, so that in view of
Cauchy’s integral formula derivatives with respect to aq are conveniently estimated on a
marginally larger disc by the function itself; whence the nested form of the D\g,’s.

‘We now turn to our first assumption on the noise. For this we introduce an anisotropic
distance. Anisotropy in the directions of time and space is due to the parabolic operator
d; — A and its mapping properties on the scale of Holder spaces (i.e., Schauder theory),
which imposes its intrinsic (Carnot—Carathéodory) metric given by

dx,y) = It —s|+ |x—y| 1.7)

"More accurately, the components of ITy provide a local description of the renormalized non-
linearity a(u)Au + h(u).

8We remark that we could avoid the use of complex methods altogether by monitoring the
number of derivatives with respect to ag more thoroughly in terms of (real) vector-valued C k_
spaces; this approach was used in [30].



F. Otto, J. Sauer, S. A. Smith, H. Weber 6

We shall use the shorthand notation disty := dist(x, dD) for the parabolic distance of x
from the boundary of a domain D.

Assumption 1. For all x € B;(0) C R4 T, there exist smooth functions T : R4T1 — T
and T : R4+ — T_ satisfying the compatibility conditions (1.5) and’

if =0,
(0 —aogA)Ilyg = {E B ,fﬁ (1.8)
O, ifp#0.
Furthermore,
sup sup dist?)* d =1l (y, x) | TTx(y)||r,,, < o0. (1.9)

|Bl<2 y#x€B; (0)CRI+!
where (B) € N is defined"’ in (2.2).

Assumption 2 concerns the group G, which is a subgroup of the linear endomorphisms
of T, together with a re-expansion map I'yx € G associated to each pair of base points
x,y € R4*1. This is essentially the structure group in the language of [21, Section 4.2],
with the caveat that due to our dual perspective mentioned above, the transformation
I'yx € G corresponds to the adjoint of the corresponding quantity in [20]. Keeping in
mind that elements of T are essentially functions of an ellipticity parameter a¢ and the
abstract variables z, it turns out that elements of G have an elegant formulation as dif-
ferential operators in these variables. They lead to a parameterization of G by 7 e T
and T e 79 (with rél) = O unless |B| > 1) by an exponential formula; see (2.7) in Sec-
tion 2.3. Also see the recent work [26], where G is shown to arise from a Hopf algebra in
the context of our more parsimonious model. In Section 1.1, we give a simple motivation
for the definition of the structure group I'yx based on Taylor’s formula and on a formal
series solution to the PDE.

Assumption 2. For all x,y € B1(0) there exist ty(,?) e Tand ry(,p e T4 with (ry(i)),g =0
unless |B| > 1 such that for T'yx € G defined by (2.7),

TywIly = My — Q. inparticular < = My(y), (1.10)
sup sup  dist{Ple g 1718l (y, X)”Ty(;)”T\Bl < 00. (1.11)

|B1€(1,2) y#x€B1(0)
Furthermore, there exists g € T with gg = 0 for Bx # 0 such that for all x € R4+1,
I, (x) = §(x)1 —q, (1.12)

where 1 is the unit element in T defined by 1(z) = 1.

9We may even allow for slightly more flexibility in identity (1.8) by demanding only that it
holds up to an affine function y — Px(y), by which we mean Px(y) = po + p1 - (y — x) for some
po €T, p1 € T4,

10We mention that () can be interpreted as the number of appearances of the noise in a tree.
In particular, (8) € N (see (2.2) and (1.17)). Moreover, for |8| < 2, the number () is completely
determined by | 8] (see Section 2.2).
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To measure the size of the model, we define

[TI] := sup sup sup  dist!P1e gmIBl(y, x)||ry(,’(”)||T|B‘, (1.13)
m=0,1 (B)=1,|B|€(m,2) y#x€B1(0)

which is finite provided Assumptions | and 2 hold. We emphasize that these assumptions
are well-justified by the results in [27], as we will explain more precisely at the end of
Section 1.2. The most subtle point of our assumption is hidden in (1.12): the innocent
looking ¢ € T is in fact a collection of functions of a¢ that determine the counter-term A
in the renormalized equation as we show below. In the application, one should think of ¢
as deterministic but divergent as the regularization (through mollification of £) vanishes,
while the model (I1y, IT{, I'yx) is random but stays bounded. Loosely speaking, ¢ is what
has to be subtracted from IT in order for the latter to stay bounded.'' The important
structural assumption is that ¢ is independent of the base point x and is not affected by
adjoining polynomials, by which we mean that it does not depend on the variable zy.
In order to be self-contained, we argue below in Section 1.2 that these two structural
assumptions and (1.12) are realistic.

We denote by || - || the supremum norm. We use d for dimension, A for an elliptic-
ity constant, and o € (n%l, %) for the Holder exponent of the solution u. A constant is
said to be universal if it depends only on d, n, and A. The notation A < B indicates an
inequality that holds up to a universal constant. The symbols V and A indicate max and
min, respectively.

Main Theorem. Let o € (n%l, %)for somen € N, A > 0and a € C"(R) satisfy A <
a < A1 together with ||a® || < A= for 1 <k <n. Let & satisfy Assumptions | and 2 for
some q € T. There exists a universal constant ¢ > 0 and a function h : R — R depending
only on a and q such that all smooth solutions u : R4T! — R to the renormalized PDE

du —a()Au + h(u) =& on B;(0) c R4*! (1.14)

with ||u|| < e satisfy forall r € (0,1) and all X,y € B1_,(0) with X #y the interior Holder
bound

réfu(y) —u)| < (lul + MDA v [I)d*(y. x). (1.15)

The Main Theorem holds in the full subcritical regime « € (0, 1) and provides bounds
on u which are independent of the possibly divergent constants hidden in the counter-
term u — h(u), which is local and identified explicitly; see (1.18) below. En route to
(1.15) we establish a much stronger bound in the flavor of controlled rough paths, which
plays the role of a higher regularity theory in the setting of singular SPDEs; see (1.19)
below. The most substantial difference from our prior work [30] is that we need to iden-
tify a suitable algebraic structure to support our local description of u, which becomes

" Using a re-expansion property of T~ (see (4.33)), it is possible to verify that Iy is character-
ized by TI{ (x).
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increasingly refined as the parameter o approaches zero. This algebraic machinery is a
central ingredient that must be combined in a rather delicate way with the analytical tools
developed in [30]. Our approach is self-contained and we believe our methods are quite
robust, potentially adding a valuable alternative perspective even in the context of semi-
linear equations.

The renormalization of a(u)Au involves counter-terms which are products of deriva-
tives of u — a(u) with “renormalization constants” that depend on the forcing &. It will
follow from the proof of the Main Theorem that these “renormalization constants” are col-
lected precisely in g € T appearing in Assumption 2 through (1.8) (see also Section 1.2,
where we argue why this form of renormalization is to be expected). To be more specific,
we encode the products of derivatives of a by introducing

1 dka

0= (5 0).

and use the following shorthand notation: for 8 = (B, B’) we write

da(w)? = H(H W(v)) , (1.16)
k>1
and introduce a scaled norm of such a multi-index as follows:
|Bls = D _kB(K). (1.17)
k>1

We will show that the renormalization & : R — R appearing in the Main Theorem is given
by

n—1
h) =) da@)qp(a(v)). (118)
1Bls=0
where we recall that ¢ € T depends on a variable ag by the definition of T.
Estimate (1.15) is only the lowest of a whole hierarchy of estimates resembling the
controlled rough path condition in [17, Definition 1]. In fact, we will show that the func-

tions Il describe the solution close to x € R4+ o any order ¥ < 2, in the sense that for
allr € (0,1) and all x,y € B;_,(0),

rlu(y) —u) — Y v ®)dax)? T (y: a(u(x)))
|Bl<k

< (Jull + (MDA v M) d (v, %), (1.19)
where the Gubinelli derivative v is given by

v(x) == Vux) - Y da(u(x))? VI,g(x; a(u(x))). (1.20)
1BI<1

Here Il (y; ao) denotes the coefficient of zP in TI,(y) € T evaluated at aq.
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Since the first version of this work appeared on arXiv, there have been some further
developments in this direction. In particular, the paper [6] studies renormalization of a
class of quasi-linear SPDEs containing (1.1), focusing on the initial value problem for
small times. An advantage of [0] is that the authors are able to provide an existence and
uniqueness theory for the SPDE. However, the result in [6] is conditional on the existence
and continuity properties of a suitable model. The model involves heat kernels which are
not translation invariant and have limited regularity near the initial time, which rules out
a direct application of the results of [11], so presently the hypotheses in [6] have not been
verified.

The approach in [6] has a number of similarities with this paper and our previous
work [30]. The main departure from our methodology is that the “freezing in” of the
quasi-linear term a(u)Au is performed globally, with respect to a reference function
approximating the initial condition (similar to [5], which implements this with paracon-
trolled calculus). This allows the authors to apply Hairer’s analytic results [19] to close
a fixed point argument in a space of modelled distributions and then recover the counter-
terms by modifying the arguments of [4]. The choice of reference function has some
collateral damage in terms of the form of counter-terms in the renormalized equation,
which the authors can mitigate on a case by case basis. The arguments in [6] are an
instance of the traditional bottom-up approach to singular SPDEs via a tree-based model.

By contrast, our work introduces a new regularity structure and a top-down method-
ology. In particular, we show that by indexing the local expansion more efficiently and
defining the right structure group, the correct counter-terms in the PDE appear automat-
ically. This viewpoint is not limited to quasi-linear equations, and leads to a particularly
transparent simplification in settings like KPZ or ®* where one can index the model (and
corresponding local expansion) simply by powers of the coupling constant and polyno-
mials. Finally, we mention that it does not seem clear how to apply the approach of [6]
on a reference domain of a fixed size, which is the setup of our main result. In fact, in
order to achieve this in the present work, even for solutions small in the supremum norm,
we require more refined estimates on the solution (closer to what is needed for global
bounds), which is a key reason why we do not attempt to apply directly the results of [19]
as in the approach of [6].

1.1. A formal series expansion for the solution

In this section, we motivate our algebraic objects and local expansion by a formal analysis
of the PDE (1.1) without renormalization. The discussion below is completely formal, as
it involves manipulating formal power series which are not expected to converge. Let us
freeze in the coefficients at a base point x and rewrite (1.1) as

(0: —aoA)u = (a(u) —ao)Au + &, (1.21)
where ag := a(u(x)). Our goal is to find a formal series solution to (1.21) of the form

u—ux) = f(x).ﬁx. (1.22)
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We will demand that T > 7 + f(X).t is linear and has the morphism property: foro, 7 € T,

J®).(01) = (f(x).0)(f(x).7).

as well as f(x).zx = %a(k) (u(x)). Similar to ITy, one should think of I1, as a T-valued
function, the hat being used to distinguish the two since at this stage there will be no
renormalization. Our goal is to show that formally, u satisfies (1.21) provided that the
coefficients of Il satisfy a certain hierarchy of PDEs; see (1.26) below. In the next
section, we will explain that by adjusting this hierarchy slightly via a suitable renormal-
ization, we are led to a definition of I1x which has been shown in [27] to satisfy the bounds
imposed in the present work. We now turn to the calculation. First note that considering
the left-hand side of (1.21), by linearity we clearly see that for u satisfying (1.22),

(0; —aoA)u = f(x).(9; — agA)Tly. (1.23)

Furthermore, turning to the right-hand side of (1.21) and applying A to (1.22) together
with Taylor’s formula, we get

(a(u) —ag)Au =Y kl!a“‘)(u(x))(u —u(x)* f(x). ATy

k>1
= > (f®).z)(f(®).TF fx). AT = f(x). )z [IEATT,,  (1.24)
k>1 k>1
where we have used the morphism property in the last step. Note also that for 1 € T being
the constant power series with value 1, we have f(x).1 = 1 for any x € R?*+!. Hence,
matching the terms we see that (1.1) holds provided that
(0 —ao ATy = Yz TIEATI, + £1. (1.25)
k>1
At the level of components, recalling the componentwise definition of multiplication of
power series, this reads
(at _QOA)Hxﬂ = H;ﬁa
where
3 if B =0,
Mg = Z Z Hyp, -~ Tlyp, Allgg, ., if B #0. (1.26)
k=1 B1+-+PB+1+ex=B

Note that the sum in k is effectively finite due to the appearance of e in the second sum.
Here e is a multi-index with 1 in component k and zero in all other components. Note
that with this definition, the identity (1.24) turns into

(a(u) —ap)Au + & = f(x).T1 . (1.27)

The similarity between (1.22) and (1.27) is effectively the reason why it suffices to use a
single index set for both the positive and the negative model simultaneously.

Remark 1. A simple way to achieve the properties of t = f(x).t demanded above is as
follows. Define the linear form T 3 t +— f(x).t by evaluating the formal power series 7,
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by settlng the abstract variables z to be (an a priori unknown function) z, = v(x) and

Zr = kl, j 2 (u(x)). That is, writing T = 7(zx, (zx)k>1; do) We introduce

. 1 dka ] 128
F.7 = r(v(x),(ﬁ W(”(X)))kzl’”(“(")))' (1.28)

Note that this is in line with the motivation given for our model space T (see (1.3) and
(1.4)), where now we use a general base point x rather than fixing the origin arbitrarily.
We remark again that this definition is only formal, as the evaluation of a formal power
series is unlikely to converge. Ignoring this issue, we see that such a form f(x) clearly
has the morphism property ( f(x).0)(f(x).7) = f(x).(ct). We also emphasize that this
reasoning shows that evaluation is the driving principle behind the definition of modelled
distributions: it takes elements from the abstract model space to concrete objects.

We now turn our attention to the structure group 7 f'yxr and claim that its definition
arises naturally from demanding that the modelled distribution f(x) has the following
(formal) covariance property:

f@y).r = f(x).Iyxt (1.29)

for all x,y € R4*! and all 7 € T. Before deriving the action of Ty, we start by giving a
motivation for (1.29) based on demanding the consistency of the local expansion (1.22)
across two different base points, together with the re-expansion property (1.10). In fact,
for two points X,y € R4+ using the relation (1.22) first at y and then at x yields

F).I0y = u—u(y) = u —u® — uy) —ux) = f(x).(I1 — Ik(y))
= f(x).TyI1y, (1.30)

where we have used (1.10) in the last step. The reader acquainted with regularity structures
will notice that Hairer’s definition of a modelled distribution f is a quantification of the
defect in (1.29) for x and y close together. Since f describes a formally exact solution u,
it is reasonable to expect an identity rather than an inequality.

We will now use (1.29) and the definition (1.28) to deduce the action of fyx on z;.
We take the time to spell this calculation out explicitly since the manipulation is generally
very similar to the key ideas carried out in the proof of the Continuity Lemma, a core
point of the present work. Applying Taylor’s formula yields

1 . 1
1(y)z =ﬁaU)(u(y))=I;J—(u(y)—u(x))k ,( —i a® (u(x)).

Inserting (1.22) and using the morphism property of f, we deduce

W= 30 500 )

Py (k= j)!

=3 (5w tmr rwa = r00. (4wt

k>j k>j
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Since f(x) is linear, we see that ensuring (1.29) amounts to defining

~ k\ ~ .
Pyzj = Z(j)nx()')k_jzk~ (1.31)

k>j

1.2. The renormalized model

Accepting that some form of counter-term in (1.1) is necessary, we aim to choose it in
a minimally intrusive way. This is in line with the axiomatic approach common in the
physics community; see also [27]. In particular, we ask that it is scalingwise lower order
and respects the symmetries of the SPDE and its solution manifold, which then restricts
the possible functional dependence. Hence in view of [8], the appropriate ansatz for a
counter-term in equation (1.1) is

diu —a(u)Au + h(u) + H(u) - Vu = £. (1.32)

The ansatz (1.32) is thus parameterized by the nonlinearities & and H that one postulates
to be deterministic, i.e., dependent only on the law but not the realizations of £. In making
the ansatz (1.32), we have in mind a £ whose law is invariant under shifts of space-time
and implicitly use symmetry as follows. As the original nonlinear operator u +— d,u —
a(u)Au does not depend explicitly on space-time, we may assume that the same is true
for h and H. There is a further symmetry-related reduction: we demand that if the law
of £ is invariant under the spatial reflection x; — —x; fori € {1,...,d}, then the same is
true for the solution u. Since u + 0;u — a(u) Au commutes with spatial reflection, this
requires H = 0. Hence (1.32) collapses to (1.14).

In fact, there is a final, but crucial symmetry observation related to the (functional)
dependence of the function i = hfa](u) of u € R on the nonlinearity a. For this, recall
that the solution manifold has the important shift invariance (1.2). By our principle of
minimal intrusiveness regarding the symmetries of the SPDE we therefore assume the
following covariance under shifts

hla(- 4+ v)]|(u) = hla](u + v). (1.33)

This implies that /4 is determined by a functional ¢ = k[-](0) on the space of nonlinearities
via

hla](v) = qla(- + v)]. (1.34)

At least heuristically, there is a one-to-one correspondence between functionals a +— t[a]
and S := {tr € T : t independent of z, }. In particular, (1.34) can be recast for fixed a as

h(v) = g(v).q, veR, (1.35)

where S 5 t — g(v).t acts via g(v).t = t[a(- + v)]. On the one hand, (1.35) is a non-
truncated version of (1.18), as can be seen via (1.3), (1.16) and
1 d*a(- +v) 1 dka

k' duk 0) = 0 W(v) for k € Np.



A priori bounds for quasi-linear SPDEs in the full subcritical regime 13

On the other hand, Taylor’s formula gives, for x € Rd+1,

1 1
h() = 3 5 = @) @) lumuwh = 3 1 0 = @) @) lu=urw g 4

k>0 k>0
1
=D 1 —u) g @®).(DYq,
k>0

where the derivation D© is the infinitesimal generator of shifts on the algebra T deter-
mined via d,g.1 = g.D @t for all T € T. We remark that D© is given by (2.9) as
shown in Lemma 2 below. Furthermore, by (1.28) we formally deduce that g(u(x)).t =
tla(- + u(x))] = f(x).t for t € S. Using (1.22) and the morphism property of f(x), we
therefore expect
h(w) = kZ ST ).(00)og = (9. kZ LTS DOy,
>0 >0

Following the same steps as in Section 1.1, we see that if we demand

(0 —ao M)y = Yz TEATT, - ) %Hf(D(O))kq +E1 = TI.
k>1 k>0
then u given by (1.22) is formally a solution to the renormalized equation (1.14). In par-
ticular, keeping in mind that T (x) = 0, we expect (1.12).
Now that we have finished motivating our assumptions, we comment on the precise
connection with the work [27] where the model is constructed. Note that in [27], the letter
¢ is used in place of our ¢q. In particular,

e analytical dependence on the parameter a¢ of all relevant objects as imposed by the
definition of T is obtained in [27, Remark 2.7];

e (1.5) corresponds to [27, (2.21)] in the relevant case B € {0, 1};

e (1.8) corresponds to [27, (2.35)], where we spell out explicitly the component corre-
sponding to 8 = 0. Indeed, the (8 = 0)-component of [27, (2.18)] reads I1, = § — qo,
which is (1.8) up to a constant go which we can allow for in view of the footnote
to (1.8);

e (1.9) corresponds to [27, (2.36)];

o the explicit form of elements in G postulated in (2.7) corresponds to [27, (2.44)];

e (1.10) corresponds to [27, (2.61)];

e (1.11) corresponds to [27, (2.55)];

e (1.12) corresponds to evaluating [27, (2.18)] at the base point x and observing that the

sums collapse due to [27, (2.36)] in the form of I1,g(x) = 0.
2. Model space and structure group

In this section, we introduce the algebraic framework which underlies our local expansion
for the solution and is used to quantify our assumptions on the forcing £. For a multi-index
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a = (ay,...,ag) we use the standard notation
a
al:=ail---ag!, Jal:=ar+...+ag, x%:=x7"xj?,

with the convention that 0° = 1.

2.1. The model space

Recall the definition of the model space T as the linear space of formal power series
Zﬁ rﬂzﬂ in the abstract variables z = (zy, 21,22,...) € RY x RN, Tt will be important
that T forms an algebra with unit element 1 defined via 1(z) := 1, and given o, t € T the
product ot is identified with its coefficients via

(o1)p = Z 0B, T8, - 2.1
Bi+B2=8

A special role is played by the monomials zy, {z;};>1, and in addition we define zy :=
ap1. It will be convenient to separate the polynomial sector T of T from the rest, that is,
we write

T=T®T-
with
T:={r eT:7g, p)=0unless By #0,5 =0},
T_:={r eT:1@,,0 = 0forall 8, # 0}.

We denote the projection of T onto T by P. Notice that in particular 1 € T_, which should
be compared with the § = 0 constraint of (1.8), and we warn the reader that we are
departing from the notational convention in [20].

2.2. Homogeneities

We now define a grading of T by assigning a homogeneity to each elementary mono-
mial z#, or equivalently to each multi-index 8. Specifically, recalling (1.17) we define an
integer-valued function 8 +— (B) by

(B) :==|Bls + 1g,=0. (2.2)

and use this to define the homogeneity

1Bl := (Bl + |Bxl. (23)

Remark 2. We emphasize that we are not making any departures from the traditional
homogeneity counting in regularity structures. For example, for 85 € Ng with |Bx] =1
we have |(By,0)| = 1 to be compatible with (1.5) and |0| = « which should be compared
with the 8 = 0 constraint of (1.8), keeping in mind § € C%~2,
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Remark 3. The definition can also be motivated by a scaling argument. Indeed, observe
that the C*~2-norm of £ is invariant under the scaling & (x) é (x) := AY2E(X), X :=
(A72¢,A71x). Such scaling leaves (1.1) invariant if we define 7 (x) := A%u(X) and @ (v) =
a(A™%v). In view of (1.3) and (1.4), this leads to the rescaled coordinates Z given by

7= (A% 1z, A7 %2, A72%2,, . ..). Thus, for the partial derivatives l:[,g of u with respect

|

to z we have
I:Iﬁ(x) _ a§ﬂ|z=0ﬁ(X) — patadis kﬁ(k)+(lf(¥)\ﬁx\af|Z=0u(i) _ )Llﬂ‘l'[,g ),
which is exactly corresponding to (2.2) in the relevant case |8 | = 0, 1.

This assignment of homogeneities naturally generates a finite set of homogeneities
A:={|B] <2} C Noa + Np.

The reader should keep in mind that the least element of A is «, the homogeneity of the
multi-index B = 0 (see Remark 2). A distinguished role will also be played by [o~! ], the
least homogeneity in A larger than 1. Moreover, if 8 and y are such that |8| = |y| € A,
then the choice of o implies that |B|s = |y|s, () = (y), and Bx = yx. The notion of
homogeneity leads to a grading on T as follows: for each § € A we define

Ts:={teT:1g =0if |B| # §}, Tss = U T8l
1B1=8

and analogously T g. It will be important to keep in mind how the multiplication of power
series in the sense of (2.1) interacts with the grading resulting from the definition (2.3).
The reader should be careful to note that although |81 + B2|s = |B1ls + |B2[s, in most
cases of interest in this article, |81 + 82| # |81| + |B2]|- This is easily seen by considering
B1 = B> = 0. For the typical cases that interest us, the two sides differ by «, and for
convenience we record this in the following lemma.

Lemma 1. Let By, B> be multi-indices.
(1) The following identity holds:

+ —a if |Bix||B2,x| =0,
Bt g = |18+ 182 Brxl - [Ba.x] o
[B1] + |B2| else.
(2) The following implication holds:
o €Txp
= 0T € Tx 18,4821~ C T8, |VIBsl- (2.5)
T € Tx g

Moreover, if |B1,x| - |B2,x| =0, then

o €T,

= 0T € Tig|+(ps|—a- (2.6)
TETm}
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Proof. To see the identity (2.4), notice that

1B1 + B2l = a(|B1ls + [Bals + 18, c+85 c=0) + [B1.x| + |B2.x]
= [B1l + |B2| + a(lﬁ]‘x‘i’ﬂlx:o - 1/31,x=0 - 1/32.;(=0)'
Hence, if at least one of B x, B2 x is zero, then |81 + B2]| = |B1] + | B2| — @ and otherwise
all indicator functions above vanish and |81 + B2| = |B1| + |B2|. This establishes (2.4).
We now turn to the implication (2.5) and suppose 6 € Txg,|, T € T>|g,|- We now argue
that (o7), =0if |y| <|B1| + |B2| — . Indeed, keeping in mind (2.1), if y; + y» =y, then
by (2.4) we have |y1| + |y2| < |y| + @ < |B1] + |B2|. Hence, |y;| < |B;| for at least one of
i = 1,2, which implies that o, T, = 0, yielding the claim. The inclusion Tx g, |+|8;|—a C
T>|8,|v|8,| follows immediately since all homogeneities in A are at least «. To show (2.6),
leto € Tig,|, T € T|g,| and consider (0'T),, where y = y; + y». Then (07),, = 0 unless

[y1l = |B1l and |y2| = [B2], and hence |y1 x| - [y2,x| = |B1,x| - |B2,x| = 0. Thus, by (2.4)
we have |y| = |y1| + |y2| —a = |B1] + |B2| — . "

2.3. The structure group

We now define a subgroup G of the linear endomorphisms I' of T. Namely, each T" is
required to be of the “exponential” form

1
r= 5% mr(k’a)D(k’“), (2.7)
ka0

where (@, t(D) e T x T¢.'2 Here, we have used the notation
&) = Ok Wya apg pEa) .= (pOYk(pMya (2.8)
with the linear operators D@ and D™ given by

o0
DO =204+ Y (k + Dzpp10y. DV =V, (2.9)
k=1

These are “derivations” in the sense that they satisfy
D(zo) = (Dt)o + t(Do) forallt,0 €T, (2.10)
in particular D1 = 0. It will be convenient to record their value on the linear monomials

(recall zg = ap1):

{D“’)zj = (j + 1)zj41 for j € Ny, (2.11)

D©Wz, =0,

12 At this stage, 7O (D are arbitrary since we are describing a generic group element. Given

base points X,y we write rsg,?),r&) for the specific choices leading to the group element T'yx

described in Assumption 2.
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and for 0 # a € N¢,

DMWYz, =0 if j € Ny,
( (1))a {1 ’ ’ (2.12)
(DW)z§ = a1,
In particular, if we set 't := (I't!,..., Tt?) e T fort = (¢!, ..., %) € T¢introduce,
then we have
k )
I'zj = Z( .)(T(O))k_jzk for j >0, (2.13)
k>j J
Tzy =z + V. (2.14)

By a short calculation using the binomial formula and (2.10), it follows that I is an algebra
morphism, that is, for o, T € T we have

I'(otr) = To)T7), T1=1. (2.15)

Remark 4. The reader might wonder where the definition (2.7) based on (2.9) comes
from. We first note that the relation (2.13) is consistent with our heuristic expectation
(1.31). In fact, we could equivalently define I" by starting with (2.13)—(2.14) and extend-
ing to the rest of T by demanding (2.15). However, the rather explicit expression (2.9)
is useful in the proof of the Continuity Lemma, where the starting point is a general
r € T. To motivate the D© operator, note that we could alternatively define it by starting
with (2.11) and extending to a general t by demanding (2.10). Furthermore, (2.11) has a
simple interpretation: thinking of z; as a placeholder for %a(-i )(u) (see (1.3)), the D@
operator simply corresponds to differentiation in u. This will be important in the proof of
Corollary 1.

We mention that the set G of all I" given in the form (2.7), where (1(0), r(l)) runs
through T x T4, forms a subgroup of the endomorphisms of T. In particular, every I' € G
is invertible. In the present work, we do not need these properties and hence refer the
reader'? to [26], where the group structure is established in a more general situation.

Since the coefficients g are analytic in ag, we may estimate higher derivatives with
respect to ag on D)g| by lower ones on a larger set, and hence it follows from the definition
of the operators D@ and DM in (2.9) and (2.8), and from the nestedness of the discs Dg,
that for |y| € A, k € Ny and |a| < 1 with |y| + u(k,a) € A, we have

DED T Tk, e, q) = ka + |al(a — 1),
IDEY ey i) < el (2.16)

where the implicit constant is universal (indeed, it does not depend on the specific k € Ny
since there are only finitely many k that fulfill the proviso).

13We mention for the convenience of the reader two basic transformation rules: if (r(O), r(l))
generates I, then (—I" ! 1@ _p-1 ‘L'(l)) generates I' 1 If additionally (r(o),, 1(1)/) generates I/,
then (‘[(0) + Fr(o),, D 4 I"r(l)/) generates I'T" (see [26, Proposition 5.1 (iii)]).
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2.4. Linear forms on (u,v) space

We define a family of linear forms parameterized by R x R which will be used to quan-
tify our estimates on the solution u (see (3.3)). Namely, for each (u#,v) € R x R? we
define

glu,v).t:= Zvﬂxda(u)ﬂ/rﬂ(a(u)) 2.17)
B

for all = € T which have at most finitely many nonzero coefficients tg. We will often omit
the dependence of g on (u, v) and simply use the shorthand notation g.7. We will make
extensive use of the fact that 7 — g.t is an algebra morphism, that is,

g.(ot) = (g.0)(g.7), (2.18)
which can be seen from recalling (2.1) and writing
g.(or) =Y vPdaw)f Y op (a(u))tp, (@)
B Bi+B2=8

= Y vhuvPrxdau)bidau)Paop, (a(u), (a() = (3.0)(g.7).
B1.B2

A further property of g is the interaction between differentiation in (u, v) space and appli-
cation of the operators D% ysed in the definition of G (see (2.8)).

Lemma 2. Forallk > 0anda € Ng,
¥ (g.t) = g.D*I g, (2.19)

Proof. Note that it suffices to show (2.19) for the special cases k = 1,a = 0and k = 0,
|a| = 1 which read

d,(g.1) = g.D7, 3%g.t) = g (DM for |a] = 1. (2.20)

The general case then follows by iteration. To establish (2.20) we start with monomials
and then use the morphism property (2.18) to extend to a general 7. Indeed, note that for
monomials z, and z;, j > 0, we have

aUt) ()

0u(g.zj) = T

. @.11)
= +Dgziq1 = gDz,
@.11)
0u(g.zx) = v =0 "= g'D(O)Zx,
as well as

)
av’)(u) (2.12)
39%(g.zj) = 95 T =0"="g.(DM)z,

2.12)

0%(g.2%) = 09 = g.(DW)az2,
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Since D© is a derivation (see (2.10)), and since t + g.t is a morphism, if (2.20) holds
for given t, ©/, applying the product rule gives
du(g.77) = 0u(g.78.7') = (dug.1)(g.7) + (8.7)(0ug.7)
(2.20)
=" (g.0P1)(g.7) + (2.0)(g.D V)
— g.((D(O)‘L’)T/ + T(D(O)‘E/)) (2é()) gD(O) (TT/).

Similarly, 9%(g.77’) = g.(DM)%(z7’) for |a] = 1. This shows (2.20) for all T € T}y that
are polynomial in ag, and hence by density for all T € T,,|. ]

2.5. Projections

For each B we define the projection Pg : T — Tg| via

T = Ztﬂz‘g = Pgt = rﬂzﬁ,
B

and for each n > 0, we define the projection O, := Z|B|<n Pg : T Toy,de.

T = Zrﬁzﬁ = Oyt = Z rﬂzﬂ. 2.21)
B 1Bl<n

We will need a variation of the exponential formula (2.7) for the composition of a group
element with a projection onto homogeneities below a given level. This will be employed
in the proof of Corollary 1, which is the starting point for the proof of the Graded Continu-
ity Lemma. In preparation for truncating the infinite summation in (2.7), it is convenient
to introduce the following notation: for |a| = 0,1 and ¥ € R,

K(k,|a]) := [@ " (k + |a])] = [e " a|] - 1. (2.22)
Throughout the article, we will often use the abbreviation K(]al).

Lemma 3. Ler 1) > 0 and let T € G be associated with (1@, 1MV € T x (T=1)%. For each
T €Ty with|y| € Aand |y| <n,

K(n—lyl.lal) 1

0, Ft=0, Y > —rkopka; (2.23)
k=0

k'a!
lal=0,1

(see (2.22)).

Proof. We apply O on both sides of (2.7) and our goal is to truncate the summation
in k, |a|. Observe that for € T},| with |y| € A we have |yx| € {0, 1} and therefore
DD = if la| > 2 (see (2.9)). Note that due to the structure of the set of homo-
geneities, T € T¢ implies tM € T¢ a—11q Which together with (t©)* € T, implies
via (2.5) that % ¢ T>(1+alle—! ])e- Combining this with Dk ¢ Tiy|+ka+lal(@—1)
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(see (2.16), (2.5)) shows that t*®pkar ¢ Ts|y|+ka+lal(fa—11a—1) and therefore
0, ®® D& ) = 0 provided that k > a~!(n — |y| + |a|) — |a|[e~'] and hence for
k= K(m—lylla)) + 1. u

Next we introduce a truncated version of g, denoted g, via

Tot gpr:=g.0,7 = Z g.Pgr. (2.24)
1Bl<n

We also need a variant of the morphism property (2.18) for g, with € (0, 2). Let us first
consider a special case and let 0, v € T with t € T|,| for some |y| < 1. Then by (2.4),

glor) = > > vPrtbrgaPithiog (a(u))ts, (a(u)

|Bl<n B1+B2=8

= Z vﬁz-xda(u)ﬁéfﬂz(a(u)) Z vﬂ‘vxda(u)ﬂiaﬂl(a(u))
[B21=lyI |B1l<n+a—|y|

= (&nta—Iy|-0)(&y-T). (2.25)

Note that the right-hand side is generally not the same as (g5.0)(g5.7), but instead
involves a truncation at a (potentially) lower level 7 + o — |y| < 1. More generally, we
find that for any 0,7 € T,

€n-(07) = ) (&nta-iy-0)(g-PyT), (2.26)

lyl<n

which follows from g;.(oc7) = g,.(0 Q,7) (see the inclusion (2.5)) by decomposing the
projection (2.21) and applying (2.25). We now combine Lemma 2, Lemma 3, and (2.25)
to obtain the following corollary, for which we recall the definition of w(k, a) in (2.16).

Corollary 1. Let n € (0,2), t € T)y| for |y| <n, and g be given by (2.17). For all
u,u’ € R, v,V € R, there exist some u®, u! € R between u and w’ such that

g’ V)t —gn(u,v).I't
K(lal)

1
=2 2 W((”'—”)k(”'—V)“—gn+a—|y|—u(k,a)(uvV)-f(k’“))g(u,V)-D(k’“)t
la|=0,1 k=1—|a] "~

p>

la]=0,1

K(|1a|)' 4 —u)K(la‘)(v’ — v)a(g(ulal, v)—g(u, v)).D(K(laD’a)r.

Proof. Since t € T, for |y| < n, we have g, (u’,v").t = g(u’,v’).7 and hence

g/ V)t —gyu.v). Tt = (g V) — g, v)).t — gy(u.v).Tt—7).  (2.27)

We will analyze the first term using Taylor’s theorem and (2.19), while for the second term
we will appeal to Lemma 3. Since 1 and |y| are fixed throughout the proof, we will simply
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write K(|al|) instead of K(n — |y/|, |a|). Indeed, for the second term in (2.27) applying g
on both sides of (2.23) (see (2.24)) we find

K(|al) 1
_ ) = (k,a) 1y (k,a)
gr=0= > > rogn @D
|a]=0,1 k=1—|a|
K(|al) 1

= D D poSntetylouten T Vg D6V (2.28)
la|=0,1k=1—]a|] =~

In the second equality, we have used (2.25) and Dk ¢ Tiyl+ute,a) (see (2.16)). We
have also used the fact that g,.D®t = ¢ D&z due to |y| + u(k,a) < 5 for k <
K(|a]), which is a consequence of the inequality K(|a|) < a™'(n — |y| + |a|) — |a
(see (2.22)).

For the first term in (2.27), we write

(g V) —gu,v)).t = (g@' v) — g, v)).T + (g’ V) —g@' v).t (229

and analyze both terms separately. By Taylor’s formula in u to order K(0) and (2.19),
there exists a u® € R between u and u’ such that

K(0)
(g(u/, v) — g(u, v)).r = Z E(“/ _ u)kg(u, v).D(k’O)r
k=1 "
+ K(o)v(”/_”)K(O)(g(uo,V)—g(u,V)).D(K(O)’O)r. (2.30)

For the second term in (2.29), we first use 05g = O for |a| > 1 to write
(g(u’, V') — g, v)).r = Z V=0 5g, v).T = Z W —-v)g, ).DOD 7,
lal=1 lal=1

Now Taylor’s formula in u to order K(1) and (2.19) yield au! € R between u and u’ such
that

K(1)

(' V) — g/ v)e =Y S0 =) —u)gu,v). D%

la|=1 k=0
+ 2.

lal=1

K(ll)' (U/ _ V)a(u . u’)K(l)(g(ul, 1}) _ g(u’ U)).D(K(l)’a)‘[_ 2.31)

Combining the identities (2.27)—(2.31) completes the proof. ]

Remark 5. In the above, we have used 1 < 2 in our appeal to (2.25). We remark that
Corollary 1 continues to hold if we relax this assumptionton < 1 + [a~]eand 7 € T_.
Recall that in the derivation of (2.25), this ensures that there is no contribution of the
form og, (a(u))tg, (a(u)) where both By x # 0 and B, , # 0, so the application of (2.4)
is valid.
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In our main application of the previous lemma, we will need to further simplify the
quantity
@ = (' =) = gyraiylutka) @, v).TEY (232)
in order to relate it to the semi-norms (3.3) defined in the next section. This is accom-
plished with the following lemma.

Lemmad. Letk € (0,2), J e N, uy, e Rand vy, € Tform € {1,...,J}. The following
identity holds:

J J
(1_[ um) — g (t1 7)) = (U1 — &.T1) 1_[ Um

m=1 m=2

J J
+ Z Z(Uj —gx+a—|,3|-fj)( l_[ Mm>g-Pﬂ(fl e Tgio1). (2.33)
|1Bl<k j=2 m=j+1
Proof. We give a proof by induction on J. For J = 1, the claim follows immediately,
noting that by convention the empty sum is zero and the empty product is 1. To provide
some additional intuition, let us also consider the case J = 2 (the reader can also skip
directly to the case of general J below). Using (2.26),

Ui — e (T172) = (11 — Ze. U2 + Uz (8eT) — Y (Zeta—ipl-T2)(8-PpT1)
1Bl<k

= (U1 — gk-T)u2 + Z (U2 — Geta—|p|-T2)(g-PpT1),
|Bl<k

which is precisely (2.33). We now proceed to the general inductive proof. Let J > 1 be
such that the statement is true for J — 1. We multiply the induction hypothesis by u s
resulting in

J

J
(TT um) —wsgetere ) = 1 = gerr) [] tm
m=2

m=1

J-1 J
+ Z Z(uj —g:c+a—|ﬂ|~fj)( l_[ Mm)goPﬂ(Tl'“fj—l)- (2.34)

IBl<k j=2 m=j+1
Now we further analyze the LHS of the equality above and write

wrge(t1---ty1) = Y uyg.Pp(i-- 1)
|Bl<k
= Z Uy — Gk+a—|p-Ts)8-Pp(t1---Ty—1) + Z g-Pg(t1-- t7—1)(&k+a—18]-TJ)-
|Bl<k |Bl<k

The first term is now incorporated in the RHS of (2.34) to give the contribution from
j = J, and it only remains to argue that the second term simplifies via

g (t1++-1y) = Z g-Pg(t1--t7-1)(8k+a—1B]-TJ)s
|Bl<k

which follows immediately from (2.26). ]
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Remark 6. Let us explain how we intend to apply Lemma 4 in the context of Corollary 1.
We claim that for |a] = 0, 1 and any « € (0, 2),

W =k =) = ge(u, v). 1%

— ((u/ _ u)l—lal(v/ _ U)a _ gk(u’ U)_(I(O))l—la\(T(l))a)(u/ _ u)k-i-la\—l

k+lal
+ Z (v —u — getaip(u, v).r(o)) Z (' — u)k'Hal_jg.Pﬂr(j_l_lal’a). (2.35)
|Bl<k Jj=2

Indeed, for |a] = 0, 1 this follows from Lemma 4 with J = k + |a|, u; =
' — w7l — e o = @@yl ) and y,, = w' —u, 7, = 1@ for m =
2, ..., J. The identity above makes it easy to estimate the LHS in terms of the semi-
norms (3.3) defined below.

3. Modelled distributions

Let D C R4t be a bounded, open, convex domain. Given functions u : D — R, v =
v1,...,v9): D —> R4, and a cut-off value n > 0, recalling (2.17), (2.21) we define a
map f : D — T* via

Fr®0.7 1= g, v(x)).Qy. 3.1)

An important consequence of truncating f; at a finite level 7 is the loss of the covariance
property (1.29), which has to be replaced by a corresponding continuity property. To quan-
tify this type of continuity of f;, with respect to the base point x € D in the case of a finite
cut-off level n > 0, we take inspiration from [20, Definition 3.7] and define the quantity'*
Il /1I| to be the minimal M > O such thatforallt € T_,x € D andy € B% dist, (%)

dist? | ()1 = fy(0) Tyt < M Y d" Py dist? ellr,. (B.2)
|Bl<n

where we recall the shorthand notation disty := dist(x, dD) for the parabolic distance of x
from the boundary of D."> By analogy to (4.7), we seek to control u and v through the
(weighted) nonlinear quantities

[ulc and [v], (3.3)

4For ease of notation we do not explicitly state the dependence of ||| ||, [u]y and [u]/ﬂ on D.

150n a first reading, we would advise the reader to ignore the factor of disty and think of y € D
in the definitions (3.2) and (3.3). Many of the core ideas in the paper are largely unrelated to this
additional weight. In fact, the weights could be completely avoided if one restricted attention to
solutions to (1.14) which are space-time periodic, though in general due to the renormalization
these may be difficult to construct even with smooth noise.
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where

N _ (0)
[u]e := sup {dist§ @) u(gi)(y X];K(X)'Tyx | :xeD,ye Bdistx(x)}, k> 0.

() — v (X) — fe(X). 1)
d*=1(y,x)

[v], := sup {dist§ :xeD,ye Bédistx(x)}, K> 1.
This control relaxes the formal identity (1.22) and draws on the ideas of (controlled) rough
paths developed in [17,28]. Observe that both quantities depend not only on u and v, but
also on £ and the nonlinearity a via f. Note that [u], is just a weighted a-Holder semi-
norm of u, while for higher values of «, the quantity [u], is nonlinear in u. Similarly,
[v]’ra_l]a is a weighted ([a~!]a — 1)-Holder norm of v, while for higher values of «,
nonlinear effects come into play. We additionally introduce

[v]|] := sup disty [v(x)]. (3.4)
x€D
The following lemma is at the core of the article. It can be understood as control on the
semi-norm defined via (3.2) in terms of (3.3)—(3.4) in a way that scales optimally with
respect to u and v. This lemma is crucial in order to meet the requirements of reconstruc-
tion and integration; see Propositions 1 and 2 which we will recall in Section 4 below.

Continuity Lemma. Letu : D — R and v : D — R? be smooth functions and define
fovia 3.1y withn < 1+ o~ ]a. Assume that ||u| + §%[T1] < 1 for some § € (0,1/2).
Then

I fralll < Luly + ] + 677

Remark 7. The assumption that |u|| 4+ §*[I1] < 1 is purely for convenience. In fact, the
two main inputs for the Continuity Lemma are the Graded Continuity Lemma, which
gives a more general bound on the above semi-norm, together with interpolation inequal-
ities (see Lemma 5), and neither requires this assumption, but it slightly simplifies the
combined output.

3.1. Graded Continuity Lemma

We start by analyzing for each |y| < n the optimal M, ,| such that (3.2) holds for all
T € T) N T—. We refer to this as the Graded Continuity Lemma, since the estimate for
M, |, involves the semi-norms (3.3) for variable «, compared to the Continuity Lemma
which involves only the semi-norm of order 7.

Graded Continuity Lemma. Let n < 1 + [~ ]a. Forall T € T, N T_ with |y| <,
xe Dandy € B%dmx(x),

dist?™ " | £, ()T — f®).Tyxt] S My d " ¥y 0)ll2]l7,,,. (3.5)
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where

n=(a = =)
My ST+ 7+ sup [ule © + (0D

a<k<n—(y)a

— (V)
+ L=t sup ()T (3.6)

fa=a<k<n—(y)a

Proof. Without loss of generality, we may assume that ||z ||y, = 1. For brevity, we will
write K(|a|) for K(n — |y], |a]). We apply Corollary 1, taking into account Remark 5,
with u” = u(y),u = u(x), v’ = v(y),v = v(x), and I' = T'yx to obtain

f?}(Y)‘T - fn(X)-FyxT

K(lal)
1
=2 2 W((”(Y)_“(X))k(V(Y)—V(X))“—fn+a—|y|—u(k,a)(x).ry(:]f’a))
la|=0,1k=1—|a|
x f(x).D%V7 (3.7)
1
T2 Kaap @ —u@) P om —ve)
la|=0,1 x (g™ v(x)) — £(x)).DElDDL (38

for some intermediary point u® with |u® — u(x)| < |u(y) — u(x)|. We will start by arguing
the following bound, which is used in estimating both (3.7) and (3.8): for all |a| < 1 and
1 <k <K(a)+1,

| f®).DEV7] < |lg(-,v(x).DEV ]| o,
||v||/1)1/x|(1—|ﬂ|)

disty

S@1- lyx|=0,|a|=1)( (3.9

The first inequality is immediate. For the second, notice that if |y,| = 0 and |a| = 1, then
g(-,v(x)). D& =0 since D&Y7 = 0 (see (2.12)). The other cases follow easily from
the definitions (2.17) and (3.1), taking into account the convention ||a (-) lcomw) < 1 for
m < n, (2.16), and the normalization |||t = 1.

We now turn to estimating (3.8). By (3.9), and using for § € [0, 1] and |a| < 1 the
(standard Holder space) interpolation inequality

g, v(x)).DEIDD 7| s )
< g (. v(x). DEIDO 7| o) + g v(x)). DEIDD 7| 0
< g v().DEWDD 7| gy + (g (- v(x)). DEDFLO 7|
||l)||/ [yx1(1—|al)
')

disty

S (- llyx|=0,|a|=1)(

setting § = n—lyol+\a| — ("_lyolﬂa‘} + 1 €0, 1] (see (2.22)), we can bound each summand
of (3.8) by
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Ju(y) —u @) <1V —u@) v y) — v g, vx)). DEID D 5,
< (1= 1y j=0,aj=)d "7 (y, x) dist{V =7 [u]g’l(n—\y|)+|al(a’1—fa*11)
X (] fgm19g) (w171

< g7l (v, %) dist,((”)“_"
e 11—yl / n—{yia
< (e« Lyemt (1D 4 1y (] miqg) o),

where we have used Young’s inequality in the last step, keeping in mind (2.3).

Now we turn to the estimate for (3.7): for the (k, a) summand we bound f(x).D®® ¢
with (3.9) and estimate the other part of the product using identity (2.35) with k = n +
o — |y| — u(k, a). Note that due to (3.9), we are free to exclude the case |a| = 1, |yx| =0,
so that our assumption 7 < 1 4+ |@~! | ensures k < 2. We therefore obtain

() — u®) ) —vE)* = frraiyi-wwco X500
= (@) —u@)'" MO E) —vE)* = frra-yi-pkao ®)-E) @)%
x (u(y) —ux)Ftle=1(3.10)

+ > @(y) = u(X) = fot2a—tyl-ute.a-1g1(%).15")
|Bl<n+a—ly|—u(k,a)
k+|al - .
x 3 () —u@) T ). Pprd TN @)
j=2

We insert the above identity into (3.7) and then estimate the resulting contribution, tak-
ing into account (3.9). The contribution from (3.10) for k > 1 — |a] is estimated by the
quantity d "1 (y, x) dist{*~" multiplied by

ly1- k+|al—

(1= 1y i=o.ja=1) (] ta—iy—ute.w (V1D WY oy ) a1
n—la e
< [ula + [u n+a—|yl—ka

- _n—={r)a__
+ 1y =1 (W ID™™ 7 4+ 1y =1 (W] ) 4 270) @000,

where the RHS is a consequence of Young’s inequality. Note that n + « — |y| — ka <
n — (y)e, simply using k > 0if |y,| = 1and k > 1if |y,| = 0, so the above is contained
in My |y

The contribution to (3.7) from (3.11) is estimated similarly, but requires the following
additional estimate:

|0 Pprd =71k

i1 N
< d|ﬁ\+(j—2)a—\a|(y’ X) dist;lﬂl_(j_z)a { [H]{_2(||V|/|/1)‘ﬂ' ‘v 1Bl # 1, (3.12)
(T {lwll}, 1Bl = 1.
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which follows from (1.13), (2.1), and (2.4). In the case |8| = 1, the improved exponent
on [I1] is a consequence of (1.5). Indeed, if |a| = 1, then the left-hand side vanishes by
Assumption 2, while if |a| = 0, Assumption | implies via (1.5) that the factor of [IT]/ !
in (3.12) can be replaced by [I1]7~2 since 81 + -+ + Bj—1 = B and |B| = 1 implies that
|Bi| = 1foronei € {l,...,j —1}and By =Oforallk #i.

Applying (3.12), the contribution to (3.7) from a summand in (3.11) with |y| + |8]| +
wulk,a) < n+2a,|B| # 1 is estimated by 47~ 17I(y, x) dist,((”m_77 multiplied by

(1 = 1y =0.Jal=1) [U] g+ 20—y |—1B1—peCh.cy ]~ H 18 ([ || ) 1Bl H vl A=l ppp/ =1

n—a _ n=a G—D—{y)x)
Fa—Ty[—[Bl—u(k.a) - ey v
Slule A 1y e fymipl i nien T (=W 4 () TFE=—2e

where we have used Young’s inequality. Notice that for 8 satisfying the constraints above
G=DO=)a) —)a

we have () > 1, so that again Young’s inequality yields [I1] THE—Da <1+m" &

Finally, if | 8] = 1 so that () = 0, the same estimate holds by the same argument, simply

accounting for the change in the exponent of [I1] resulting from the second case in (3.12).
(]

3.2. Interpolation inequalities

The final ingredient to pass from the graded continuity lemma to the continuity lemma is
interpolation inequalities.

Lemma 5. Let D C R? be a domain. Let u : D — R be a smooth function and define
v:D — Rvia(1.20). Letow <k <n < 2. Forall § € (0,1/2) we have
[l S [l (lull + 8% [T /7 + ([lul| + 8* [T v [TT]/*)¥, (3.13)
115 < el (ell + 8D 4 (ull + $*IDE™ v MY Gl4)
k=1 —/n— _ 1 el
e < () =T dvlly + 877" + (v} + 8*[MPE~" v [[M@)<~", (3.15)

where we assume 1 > 1 for (3.14), and k > 1 for (3.15). The implicit constants are uni-
versal and independent of §.

Proof. We start with the following claim: for any R € (0, 1) the following inequalities
hold:

[ule < ulpR"™ + (ull + R*[ODR™ + v} R*™ + [H]|v[|;R*T*7%,  (3.16)
vy < [ulpR7™ + (Jull + R¥IDR™ + [M]|lv ]|} R®. (3.17)
e S W R + (Ivll} + R¥IIDR' ™ + [I]|lv]|; R* . (3.18)

We recall in advance that ||r,g,))||Tw| < distLﬂ”[H](%g))'ﬂ‘ for all B € A, and hence in
particular |v(x)| ||r,g))||7“3| < ||v||’1[H](dd(ixT;z))|’3‘ (see (3.4)). The reader should also keep
in mind that by convention |da(u)?| < 1 for all B € A. To show (3.16), pick R € (0, 1)
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and x,y € D withy € By, (X). Notice that for ey > g

disty
dist, \*
( ) () —u®) — fe®).7)|
d(x,y)
SR ull+[m > R4 Ry + [mvlly Y R
a<|Bl<k 1<|Bl<k
1P1=0 Brl=1
On the other hand, for %g) < R,
disty \* ©
(d(xy)) (@) =) = fe ()71l
dist, \* diste \©
< X _ _ 0) X L0
= () 1 =09 = 0021+ (G5 ) 10— o521
SR"_K[u]n-}-[H] Z R‘ﬂl_K_i_[H]”v”l Z Rlﬂl K'.
k<|Bl<n K<|Bl<n
18x1=0 [Bxl=1

Combining the two observations and using R/8! < R® for || > 0 and R#! < R* for
|B| > 1,|Bx| = 1, we obtain (3.16). The bound (3.18) follows by an analogous argument.

To show (3.17), given x € D and 1 <i <d, lety := x + Rdistye; € D, so that
dy) — R Applying this, we find with dist [v(x)| < [[v]} that

disty

R disty |v; (x)| = |vi (x)(y — x)i]
<) —u® — £ Q el + 11 Y R4 Y ()l R

a<|Bl<n 1+a<|Bl<n
|Bx|=0 [BxI=1

< [uly R + |lull + R*[M] + [T [lv ]|} R' .
Taking the supremum over 1 <i < d and dividing by R yields (3.17).

Recall that § € (0, 1/2) has been fixed in advance. We now claim that there is a uni-
versal € > 0 such that for any R satisfying

R <4, R*[I] <e, (3.19)
the following inequalities hold:
[ule < [ulpR"™ + (lull + §*[IHR™, (3.20)
iy < ulp R + (Jull + 8*[THR, (3.21)
Wle S DI R"™ + (v} 4+ 8*[MDR' . (3.22)

Indeed, it is clear from (3.17) that a sufficiently small and universal € can be chosen to
obtain (3.21). Now (3.20) and (3.22) follow in virtue of (3.19) by inserting (3.21) into
(3.16) and (3.18).
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We would like to choose R to balance the two terms in (3.20) and (3.21). In both cases
this corresponds to choosing R7 = (|lu|| + 8“[H])[u];1. If (3.19) holds with this choice
of R, then we obtain the (homogeneous) interpolation inequalities

(e < [l (el + 8D 7, vy S Tuly" (lael] 4 8] =47,
which imply (3.13) and (3.14). If instead (3.19) fails, then it follows that
[uly < (]l + 8*[MD[E™" v (7 [IIN™*] < (Ju]l + 8* [~ v [I]V*)7. (3.23)

In this case, we apply (3.21) and (3.20) with R = § A (e[IT1]™")1/® ~ § A [TI]71/*, which
satisfies (3.19) by design, then we insert (3.23). This yields

vl5 5 (lell + 8* AR S v [TV + R < (ul] + 8* [T v [T1]/9),
which implies (3.14). Similarly, we obtain
(e < (lull + 8*[MHE" v [TV,

which implies (3.13). This completes the proof of the estimates on [u], and [v]].

The proof of (3.15) follows a similar argument. To balance terms in (3.22), we would
need to choose R~ = (|[v[|} + 8*[T)[v],". If (3.19) holds with this choice of R, we
find . o

e < (ll; + 8* [T 7= ([v];) =1,

which implies (3.15). Otherwise, we find that

Wy < (vlly + 8 mpE" v ey,
so that choosing again R & 8§ A [IT]~1/® leads us to

Wle < (Il + 8% M@ v /ey,

which implies (3.15). ]

3.3. Proof of the Continuity Lemma

In light of the Graded Continuity Lemma (applied with n 4+ « in place of ), it suffices to
show that for all |y| < n 4+ « with (y) > 1 (since T € T_ N T};,| implies (y) > 1) we have

Mytay < [uly + V], +877. (3.24)
We will make use of the following interpolation inequalities:
bl S Dl + 87 vl S By + 870 Dl S (uly v D) 875 (3.29)

The first two follow immediately from (3.13)—(3.14) in light of our assumption that
lul| + §*[I1] < 1. We now argue the third inequality, keeping in mind « > 1. Indeed,
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inserting the second inequality in (3.25) into (3.15) and using §*[I1] < 1 < §~! we find

Dl < ([V];)%([u]}/” + 67T 4 (]l + 615D
< (uly v D) 4 (] =181 4 u]b/ms= €D 4 5%

which implies the claim via Young’s inequality applied to the second and third terms.
In particular, from (3.25) it follows that for any exponent p < n,

12+ (IV1)? + (WP < Tuly + ], + 877, (3.26)

Hence, using (3.6) followed by (3.26) with p = n— ({y) — ) < n, we obtain (3.24).

4. Jets and proof of the main theorem

In this section, we present the two main analytic ingredients required for our method,
reconstruction and integration in the language of [20], then show how to apply them to
deduce our main result. The general strategy is to prove (1.19), from which the (weaker)
bound (1.15) easily follows by our interpolation inequalities (see (3.13)). Hence, our main
focus is on estimating the [u]; and [v];, semi-norms, which we view abstractly as a semi-
norm on a specific jet of smooth functions. By a jet, we mean a family of functions
Uy : D — R indexed by a base point x € D C R4*+!. These are used to describe the
remainder that appears in the formal identities (1.22) and (1.27) when the linear form
f(x) is replaced by its truncated version f; (x). More precisely, given u satisfying (1.14)
and v defined by (1.20), we define

U i=u —u(x) — fr(x).I1x,
Fyi= (a() —a(@(x)Au + & — h(u) — fy+a(®).I15, .1

where 1 € (1,2) will be chosen sufficiently close to 2 depending on how close « is to 0
(see (4.27)). Our goal is then to estimate dist] d ~"(y, x)|Ux(y)|, which is done using
Proposition 2, a generalization of classical Schauder theory to jets.

To describe the input for Proposition 2, let us fix our notational conventions for con-
volutions: we say that p is a symmetric convolution kernel if it is a Schwartz function
with integral 1 satisfying p(¢, x) = p(¢, —x). For a fixed p, we use A > 0 to denote
a convolution parameter and write (-), for the convolution with p,, where p, (¢, x) :=
A~@+2) p(A72¢, A7 1x). Specifically, given a (regular) tempered distribution F and a ker-
nel p, we define F) (x) := fR,H] F(y)p)(x —y) dy, and omit the specific kernel from the
notation. '

The most important input for Proposition 2 is (4.10) below, which requires for each
base point x € D control on dist? A>~7|(3; — a(u(x)) A)Uyxa (x)|, the natural extension

1611 the notation of Hairer [20], F(x) = (F, p,’}).
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of the C"2 semi-norm applied to the jet {(d; — a(u(x))A)Uy}x. At this point, the com-
patibility between Ilx and II, in the form of (1.8) becomes important, as it leads to
compatibility between Uy and Fx up to a correction. Specifically, it follows from (1.8)
and (1.14) that

(0 —a(ux)A)Ux = Fx + (f(X) = fr+a(x).T15. (4.2)

The second term on the right-hand side is straightforward to estimate to order n — 2 since it
only involves H;ﬂ for || = n, and we can easily combine (1.8) and (1.9) for this purpose
(see (4.35)). Hence, our main task is to estimate dist? A2~"| Fy; (x)| below, which is where
Proposition | comes into play. The main input for Proposition 1 is (4.8), which requires a
bound on | Fy, (y) — Fy.(y)| in terms of a sum of terms of the form d*! (y, x) 42 where
K1 4 k2 = § > 0. It follows immediately from the definition (4.1) that

Fau(y) — Fyu(y) = (a(u(y)) —a@x) Aup(y) + frt+a(¥)-Iy, () = frta (%) T, (v).
(4.3)

This identity needs to be further rearranged: for instance, the first term could at best be
bounded by [u]2d%(y, x)u* 2, but adding the exponents gives 2o —2 < 0 for a < 1.
Fortunately, there are many cancellations between the above quantities, and we establish
that in the following way. We start by arguing the following change of base point for the
negative model

M =TIy + )z M(y)* ATl (4.4)

k>1

Inserting this above we find that

Feu(y) — Fyu(y) = (fﬂ+0t(y)'id - fn+a(X).Fyx)H;
T (@) — X)) M) = 3 frra). @ T AT,

k>1
The first term is exactly tailored to the modelled distribution norm (3.2) and leads to a
sum of terms of the form ||| f5+«|ll [MT]d "+~ 1Bl(y, x)u/81=2, which explains the role of
the Continuity Lemma. The second contribution above is precisely the truncated version
of (1.24). We show below that by a Taylor expansion and further application of Lemma 4
(similar to the proof of the Graded Continuity Lemma), this quantity can be estimated by

a sum of terms, the ones of highest order taking the form [u]:%d”“‘"ﬂ'(y, x)ulfl=2,
where o < k < 5. This suggests applying Proposition 1 with § = n + o — 2 provided
that n > 2 — «. The output from reconstruction is of order n + o — 2, which in particular
implies control of order n — 2. If we take the above estimates as an input for integration,
we would find

n+o
[uly + DT, S (uly + DI+ >0 [l + Lot (4.5)

a=K=n

where the first term comes from the Continuity Lemma. Unfortunately, even with the
help of our interpolation inequalities, this estimate does not close without an additional a
priori smallness constraint on [u], and [IT]. For typical perturbative results, this is usually
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achieved via a continuity argument or exploiting an additional small factor of the time
interval. However, our main result is of a different character and takes for granted only
the rather weak input: smallness of ||u||. To improve on (4.5), we need to be more careful
in passing from the 1 + o« — 2 output from reconstruction to the n — 2 input required for
integration. Namely, in Lemma 7 we interpolate between the (optimal) n + o —2 > 0
description (on small scales) with a rather coarse o — 2 bound (on large scales) to obtain
an n — 2 < 0 description where the quantities on the right-hand side of (4.5) are effectively
raised to the power ——, allowing us to apply our interpolation inequalities and buckle

n+a’
under smallness of ||u||.

4.1. Approximation by jets

We are interested in jets that are uniformly locally bounded, which we monitor using the
quantity

[Ullo := sup{|Ux(y)| : x € D, y € By, (X)}, (4.6)
where we recall the shorthand notation disty := dist(x, dD) for the distance of x from the

boundary of D. Moreover, we measure higher regularity of order n > 0 via the weighted
quantities

Ux
(U], := sup {dist;’ % :xeD,ye Bdistx(x)},
. _1Us(¥)]
[U]/W (= sup {dlst:‘{7 m X e D, y € B%distx(x) . (47)

The second definition is used to monitor jets related to analogues of Gubinelli derivatives,
which explains the subscript 7 despite U being measured against 7~ (y, x). It also hints
to why the supremum over y is taken over a smaller ball. The definition (4.7) is designed
to be compatible with (3.3) (for a specific choice of jet).

We first cite a local reconstruction assertion, which can be found in essentially this
form in [29]; it is a local version of the reconstruction theorem in [3 1], both being inspired
by related results in [20].

Proposition 1 (Reconstruction). Let § > 0 and K C (—00, 8) finite. There is a symmetric
convolution kernel p with supp p C B1(0) with the following property. Fixz. € D and A €
(0, 1) with A < dist,. Assume that for a jet of smooth functions { Fy}x such that F,(z) = 0,
there is C > 0 such that for all n € (0,A) and X,y € By_,,(z),

|Fau(y) = Fu)] < C Y d* ™ (y, 0. (4.8)
K€eK
Then
|Fa(z)] S CAS, 4.9)

where the implicit constant depends only on 1, K, and the dimension d.

The following proposition on integration of jets is a local variant of [30, Lemma 5]
and extends [29, Lemma 2.11]. Within the proof of the Main Theorem, the output of
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Proposition 1 will be used as an input of Proposition 2. At first glance, the conditions of
Proposition 2 appear to be stronger than expected, compared to integration lemmas from
multi-level Schauder theory that are used in semi-linear contexts, as we have to include the
continuity condition (4.11). However, we emphasize that condition (4.10) is rather weak:
It does not rely at all on regularity information of the coefficient field a relative to the
base point or the convolution scale. This condition alone cannot therefore suffice to give a
result that is applicable to quasi-linear equations. Proposition 2 can thus be understood as
providing a surprisingly weak supplementary condition to (4.10), namely the three-point
continuity (4.11), which is sufficient to conclude the regularity statement (4.12).

Proposition 2 (Integration). Let A € (0,1), n € (1,2) and let A C (0, n) be finite. Consider
a jet of smooth functions {Uy}x on D such that for all x € D we have Uy(x) = 0 and
Vyly=xUx(y) = 0, and assume that [U]; < co. Let p be a symmetric convolution kernel

with compact support in B1(0), and let the following two conditions be satisfied for some
M > 0:

(1) Forally € D and A € (0, ; disty),

inf dist] |(3; — aoA) Uy (y) — col < MA"2, (4.10)

ao,co

where the infimum is taken over all ag € I := [A, A™'] and all constants cy € R.

(2) (Three-point continuity) Forallx € D,y € B 1 disty (x),z€ B 1 disty (y),
dist! [Ux(z) = Us(y) — Uy(2) = x(y) - (z = »)| < M Y d"*(y,x)d"(z.y)

KEA

(4.11)
for some jet {yx}x with yx : D — R%.

Then
[Uly + ], <M + |[Ullo. (4.12)

Here the implicit constant in (4.12) depends only on A, n, A, the dimension d and the
convolution kernel p.

Proof. Step 1. We claim that for all x € D, and all A € (0, {; disty) and R € (0, 3 disty)
with A < 1R,

dist’  inf N (85 — aoA)Uss — collBry < MA*2(A + R)"™2, (4.13)
a 0E

0€l,c

where || - [|ar denotes the supremum norm restricted to a subset M C R4+, To this end,
we let x, y satisfy d(y, x) < R and write

(0r —aoA)(Uxa — Uya)(y)

= /(UX(Z) — Ux(y) — Uy(2) — »x(y) - (z — »))(3: — aoA)pa(y — 2) dz.
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Using the three-point continuity condition (4.11), which is valid since R, A < % disty, we
find that

dist} |(05 — aoA)(Ua — Uya) ()]

MY [ ad @@ - adpy - Dl S MY RTG 414)

KEA KEA

To pass from (4.14) to (4.13) we use the triangle inequality and Young’s inequality
together with (4.10) and note that disty < 2 as a consequence of disty > disty —R and

disty
R < ] disty.

Step 2. We claim that for all base points x € D and scales A € (0, 11—0 disty) and R, L €
(0, 1 disty) with A, R < 3L,

disty \ ", R\*™" L°M |, _
() 1o~ e < (7)) W0+ Staa e e @iy

where the infimum is taken over all affine functions £, by which we mean functions of the
form £(y) = ¢ + v - (y — x) for some ¢ € R and v € R¥. To see this we define for ag € I
and cg that are near optimal in the estimate (4.13), a decomposition Uy, = u<(-) + u=(-)
by setting u~ to be the (decaying) solution to

(s —aoA)us = I(BL(x)) (95 —aoA)Uxy — co) ,
where I(By (x)) is the characteristic function of By (x). Observe that on By (x),
(05 —apA)u< = cog. (4.16)
By standard estimates for the heat equation and (4.13) we have
lus18, 0 < L2135 —aoA)Ugi — collp, o < L> disty” MA*T2(A + L)"™%, (4.17)
together with
s, V2Ju<llpee < L™ lu<llp, 0 (4.18)

where we have used R < %L. In fact, (4.18) is slightly nonstandard due to the presence
of a constant cg on the right-hand side of (4.16). However, this can be reduced to the case
co = 0 as observed in [31, Lemma 3.6]. Next we define a concrete affine function via
L<(y) :=u<(xX) + Vu<(x) - (y — x) and observe that Taylor’s formula, (4.18) and R < L
give

lu<c —lllBrey S R*N0su<llBrey + RV u<||Brx)

@.18) £ R\ 2 R\ 2
(7)) nelmo = (7 ) 10 laro + - lay o
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Combining this observation with (4.17) gives

U = €<llBre) < u>lBrx) + i< —€<llBRrx)
R 2
< a 1UxallB ) + llu> B, )

R)? . _ _
< (Z) U llB, oo + L*disty? MA*72(A + L)',
which implies (4.15), since

| 1 1 -
TrlUalse = 77 I0lB 0 = WHUX“BZL(X) =< dist," [U],

by the definition of [U],, the constraints on A, L and the fact that Uy (x) = 0 by assump-
tion.

Step 3. We claim that for all base points x € D and all scales A, R € (0, %distx),
dist? [|Uxa—UsllBreo < [UlpA” + M Y RTA%. (4.19)
KEA

Fory € Br(x) we write

(Ut — Up)(y) = / (Us(@) — Uy(y))pa (¥ — 2) d.

By the symmetry of the convolution kernel under the involution x — —x, we have in
particular ['v-(y —x)pp(y —z)dz =0 forany v € R4, so that we may rewrite the above
identity as

(Ug. - U)(y) = / Uy(@)pa(y — 2) dz

4 / (Un(@) — Us(y) — Uy(2) — (y) - (2 — 1)) pa(y — 2) dz.

By the choice of R, the triangle inequality and the definition of disty, we find that y €
BRr(x) implies %distx < disty. Hence, by the choice of A and since the support of p is
contained in B;(0), we have d(z,y) < %distX < disty, so that z € By, (y). Thus, the
definition (4.7) of [U], and (4.11) give

(Ui — U0 ()] < dists™ U], / 472 9)|oa(y.2)| dz
+ dist,” M Z d"*(x,y) / d*(z,y)|pa(y, )| dz.
KEA

This implies by virtue of the scaling properties p; and once more %distX < disty the
desired

dist! [(U—U) ()| 5 [U, A7 + M Y d"*(y,%)A".

KEA
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Step 4. We claim the norm equivalence

[Uy ~ [[U]ly, (4.20)
where we have set
[[Ully ;= sup dist] sup R™7inf||Ux —£|Brx)- 4.21)
x€B1(0) Re(0,disty) ¢

and where ~ means that both inequalities with < and 2 are true. Here, the infimum is
taken over all affine functions £. We first argue that these £ may be chosen to be indepen-
dent of R, thatis, forallx € D,

inf sup  RUx— g < disty” [UT]y =: C. (4.22)
£ Re(0,disty)
where we denote the right-hand side momentarily by C for better readability. Indeed, let
Lr(y) = cr + vr - (y — x) be (near) optimal in (4.21). Then by definition of [[U]], and
the triangle inequality,
R7"lag — LRlBreoy S C.

This implies R~ V|v,p — vg| + R7"|car — cr| < C. Since n > 1, telescoping gives
R~ D)yp —vp/|+ R7"|cg —cgr| < C forall R’ < R and thus the existence of v € R¢
and ¢ € R such that

R D)yp —v| + R7"|cg —c| S C,

so that £(y) := ¢ 4+ v - (y — x) satisfies
R7"€R —Ll|Brx) < C.

Hence we may pass from (4.21) to (4.22) by the triangle inequality.
It is clear from (4.22) and the assumptions on U that necessarily for any x € D the
optimal £ must be of the form £(y) = 0. Thus

d(y.x)\"
6] = (01 @23)
1Sty
fory € Biyig, (x), which establishes the nontrivial direction of (4.20).
Step 5. We now give the estimate of [U]; in (4.12), that is, we will show
[Uly <M + |Ullo. 4.24)

Combining Steps 2 and 3, by the triangle inequality we obtain, for each base point x € D

and all scales A € (0, 15 disty), R, L € (0, 1 disty) with A, R < 1L,

disty " . R\*" (Y
(%) wrio - tew s w0n((7) + (%))

LM
o ATPAAH L)+ MY RTFAS
KEA

_I_
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Now we link the scales L and A to R by introducing a small ¢ € (0, %) and choosing
L= %R and A = eR. Then for all R € (0, 5 disty) we have

disty \” . _ _ 4
( R ) 112f||Ux—€||BR(X) < U2 "+8”)+M(8” 4 g2t "—i—Ze").

KEA

Since for R € [£ disty, disty) we have, by the definition (4.6) of ||U [|o,

dist, \ 7 . . .
=) inf U = Lo < &MU l3eco < &7 1U o
Step 4 implies

[Uly SINUlloe™ + [Uly (&7 + ") + M Y (6777 +65). (4.25)

KEA

Taking into account 1 € (0, 2) and using the qualitative property that [U], < oo, we may
choose ¢ small enough to ensure (4.24).

Step 6. Finally, we show the full estimate (4.12). Forx € D andy € B 1 disty (x) choose
z:=y+d(y,x)e; foreachi € {1,...,d}. Observe that (z — y); = d(z,y) = d(y,X), so
that in particularz € B 1 disty (y). Using

d(z,x) < d(y,x) + d(z,y) = 2d(y, x) < disty (4.26)

and 1 disty < disty, we see z € Buig, (X) N Buisy, (y). Hence, the definition (4.7) of [U],
and the triangle inequality yield

disty |Ux(z) — Ux(y) — Uy(2)| < [U]y(d"(z,x) + d"(y.x) + d"(z,y)) < [U]yd"(y,x),
where in the last step we have used (4.26) again. We now combine this with the three-
point continuity condition (4.11) and the triangle inequality, using again d(z,y) = d(y, x)
to the effect of
disty [yx(y) - (z = »)| S (M + [U])d " (y.%).
Noting |yx(y) - (z — y)| = |yix(¥)|d(y, x) we have, together with (4.24),
dist) [yix(0| < (M + [Ull0)d"™" (v, %).
Since i € {1,...,d} was arbitrary, this yields
VI, <M +Ulo.

which together with (4.24) implies (4.12). [

4.2. Application of reconstruction

We now need to place a constraint on the height of 1. A lower bound is required for
reconstruction and an upper bound is required to use the Continuity Lemma. We will
additionally need an upper bound in terms of n € N. More specifically, recalling that
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n € N is defined such that ne < 2 < (n + 1) we select 1 subject to
2—a <n<min{na, 1+ [a a} <2. (4.27)
Lemma 6. Forally € D and ) € (0, 1 disty),

dist? ™ | Fyp (y)| S MATT*72, (4.28)
where
~ n+o
M= sup [ule® + (Il fyrelll + 1V [T7)I] + (u]Ip7He.

a<k<n

Proof. We divide the proof into three steps. In Step 1 we show an identity for the differ-
ence of Fy and Fy. This identity is used in Step 2 to obtain an estimate which we recognize
as the input (4.8) of Proposition 1. In Step 3 we apply Proposition 1 and obtain (4.28).

Step 1. In this step, we show that for all x,y € D there is u* € R between u(x) and u(y)
with

Fy— Fy = (fyra(¥)id = fo1a(x).0p0 Ty (4.29)

T _1),(61(” D) —a" D @) uly) —ux)"' Au (4.30)

+ Z —a““(u(x))((u(y) —ux)KAu — f_k—1)a (X). T () ATLL).

(4.31)

By definition (4.1), keeping in mind that a(#)Au + § — h(u) is independent of the base
point X,

Fo— Fy = (a@() — a@x))Au + faa®).T = frra®.0y.  (432)
Furthermore, we claim that
My = TyITy + sz(fy@)k ATl,. (4.33)
k>1

To see this, write the compatibility condition (1.8) in the form IT; = 0.1y — 2o Ally,
then apply T'yx on both sides and use the morphism property, the j = 0 item of (2.13),
and the re-expansion property (1.10). In light of (4.33) and ryx = Ilk(y), we obtain

fn+¢x(Y)~Hy_ — fota(x).TI
= fora )Ty = fyra(®).TuIly =Y fria(®). (2 M (y)* ATL),
k>1
and thus inserting (4.33) into (4.32) reveals
Fx—Fy = fn+ot(Y)'Hy_ - fn+a(x).Fnyy_

n—1

F @) — @A~ Y e @i0) fy- a9 (M@ ATL),

k=1
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where we have also applied (2.25) in the form of Remark 5 to k :=n 4+ «, 0 : =z, €
Tk+1)e N T— and 7 := I1,(y)* ATl,, relying on Jote-Zk = %a(k)(u(x)) fork <n-—1
and f;+q.zx = 0 otherwise since n + @ < (n 4+ 1)a by assumption (4.27) (see (1.16)),
(2.17) and (3.1). Hence applying Taylor’s formula in u to order n — 1 to the term a (u(y)) —
a(u(x)) yields the claimed identity.

Step 2. In this step we show that forallx € D,y € B% dis,, ¥ and 0 < p < % disty

dist/* | Fyu(y) — Fpu| s M Y a7t Py xyulfl=2, (4.34)
[Bl<n+a

We mention in passing that
1 dist, < disty, < 3 dist

which we will use multiple times without further mention. Indeed, for the first inequality,
note that for all z € dD using the triangle inequality and y € B 1 disty (x) gives disty <

d(z,x) <d(z,y) + % disty, which implies the claim by taking the infimum in z. The
second inequality is argued in a similar way.

We now apply the convolution kernel (-),, to the identity from Step 1, evaluate at y,
and estimate each contribution. For (4.29) we first observe that (1.9) combined with (1.8)
implies due to supp p C B;(0) and u < % disty < disty, that

dist{®* |15, (1) 1, < dist? f ITLy (@) 11,535 — A)pruy — 2) dz
< [[ulf=2, (4.35)

Now we use the definition (3.2) together with (4.35) to obtain

dist? ™ |(fy+a(®)-Tyx = frra(¥)id) 5, (¥)]

S Y0 el Py, x) dist??® | TI5, () 17,
[Bl<n+ta

< Y W ralll [T By, P12,
IBl<n+a

which is contained in the right-hand side of (4.34).
Next we estimate (4.30). First note that (4.35) implies

dist® |Au, (y)| < [ulgpn® 2. (4.36)

Since u* is between u(x) and u(y), our assumption ||a|cn S 1 withé :=n/a—(n—1) €
(0, 1] (see (4.27)), implies

dist? T (@™ @*) — a" D ) u(y) — u )" Ay
< distT [u(y) — u @™ A )] < D™ d(y.0ue 2,

which is contained in the right-hand side of (4.34).
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Finally, we estimate (4.31). For this, it is enough to show that for k € {1,...,n— 1},

dist? ™ [ (y) — u(®)* Aup(¥) = fr—e—1a ®).(Mx @) ATl (¥))]
sm Y Pl xulfl @37)
[Bl<n+ta

We apply Lemma 4 with g := f(x),k :=n—(k —Da €(0,2), J =k +1,u; = Auy,(y),
71 := Ally,(y) and u, = u(y) — u(x) as well as 7, := Ix(y) form € {2,...,k + 1}.
Then for |B]| < n — (k — 1)a, we have

Ao () (1Y) = () = fr—(e=1)a(0)-(ATT () M (y)")

= (Auy(y) = fr——1)a (). AT, () (u(y) — u(x))<! (4.38)
k+1

Y S —u® — fymge-2yapl @) @ (y) — u )+

[Bl<n—(k—1)a j=2
x f(x).Pg (ATl (y)TIk(y)’72).  (4.39)

To estimate (4.38), we notice that for any k = 1 — (k — 1),
disty |Auy(y) — fie (x).ATlxu (Y)]
(1.10)
< distf / |(u(z) —u(x) — f,c(x).tz(,?))ApM(y —1z)|dz
Sl [ 2 Ap(y - D] da 5 D@ 330 + 0

where we have used z € Byig, (X) since supp p C B1(0) and d(z,x) < t + d(y,x) < disty.
Hence, the contribution of (4.38) to M is

nte nta
]yl S 1= D + [)a®

The estimate for (4.39) follows directly from the definition (3.3) together with the bound

distfITU=22 | £(x). Pg (AL, (y) [Tx(y)’ 2)|

- VAP BL# L,
< d(y, x)/fI+~2e (v lIpPT .
(v,x) {(“‘)H/l)ﬂx[n]j_zljz?,, 8] = 1.

The argument is entirely analogous to the proof of (3.12) for |a| = 0, but also taking into
account that AT, € T_ and hence PgAIl, = 0 if || = 1 (which explains the 1;53).
Hence, the contribution to M from a summand in (4.39) with (8) > 1 is

1] y— k-1 (] ([ ) A1)/ !
—Dn+a)

____nto nto =Dt
S B T+ Bk (el o [
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Note that the exponent of [I1] satisfies

nta (G-Dh+e) nta
T G+{B) -2«

Indeed, the upper bound follows from () > 1, and the lower uses the constraint || <
n— (k — 1)a followed by 2 < j §k+1toget% >(J —1)# > %.The
case |B| = 1, for which () = 0, is treated in an identical way, simply taking into account

the change in the exponent of [I1].

Step 3. In this step we will obtain (4.28) as a consequence of Proposition 1 and the esti-
mate (4.34). We first argue that Fyx(x) = 0 for all x € B;(0). To show this, note that

n—1

fora®).q = Y da@x)? qpa@(x))) = h@(x)). (4.40)

[8’s=0
Indeed, since gg = O unless By = 0, (3.1) gives
frra®).g =Y da@(x)? qp(a@(x))).
IBl<n+a

Bx=0
and for B with B, = 0, (2.3), (4.27) and na < 2 < n + & imply
0<|fls<n-1 < a<|fl<n+a.
Together with I1 (x) = £(x)1 — g (see (1.12)), (4.40) yields
F(x) =0.
Our last step is to use (4.34) to obtain (4.8), so that (4.9) turns into the desired output
| Fpa(z)| < dist, ) pppn+e—2

forz € B1(0) and A € (0, % dist,). Note that we have simply relabelled y as z in comparison
to (4.28). To do so, we use Proposition 1 and now fixz € D and A € (0, é dist,). We need
to argue that for any u € (0,A) andx,y € B,_,(2),

| Fau(y) = Fyu ()] S M dist; 79y ="+ (y, x)u 2,

KEA

To apply (4.34), we need to show thatx,y € B,_,(z) and A < %distZ implyy € B% disty (x).
Indeed, first note that d(y,x) < d(x,z) + d(y,z) <2(A — u) < % dist,. Furthermore,
since dist, < disty + d(z,X) < disty + A < disty +§ dist,, we have %distZ < disty so that
combining the two yields d(y, x) < % disty. Hence, (4.34) is applicable, and since our
argument also showed that dist, < disty, we may change the factor of dist’ ™ to dist? ™,
which completes the proof. ]
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4.3. Negative interpolation

We now use interpolation, the argument and notation being similar to the proof of
Lemma 5.

Lemma 7. Let u : R — R be a smooth function and define v : R — R via (1.20).
Assume 0 < § < % and let M € R be defined as in Lemma 6. For each x € D and A €
(0. L disty),

dist? A" inf |(3; — agA)Uy; (X) — col

ap€l, co
< ()l + 8N 7 (M + [uly) e + (Jull + $*[MNES~" v [T]V)7.  (4.41)
Proof. Letx € D and 1 € (0, £ disty), and set R := A/disty.

Small scale bounds: We will first argue that

dist? A" inf |(3; — agA)Uy; (X) — col

ap€l, co

SMRE [T 7 (IR 442)
n=lBl<n+e

To prove it, note that

(0 —a®)A)Ux = Fx = (fy+a(®) = f(x)).T1, + Lo,

where the £y := f;(X).Px is active only if Py from (the footnote of) Assumption 1 is
nonzero. We now apply (), on both sides and evaluate at y = x. By (4.28) and the con-
straint on A we have

dist? A277| Fy; (x)| < dist;* MA® = M R®.
Furthermore, using (4.35) we have

dist) 127 (fyva = S0l (0] Y7 (PR,
n=lBl<nta

Since a(u(x)) € I and £y(x) € R, this completes the proof of (4.42).

Large scale bounds: We now turn to the large scale estimate and in this case we write

(0 —ax)A) Ui = (0 — a(u(x))A)uy — f(x).(9; — aoA) Ty,

which implies via the triangle inequality
dist? A>™" inf (3, — apA) Uy (X) — co
ap€l,coeR

S R 4[] Y (vl R (4.43)
|Bl<n
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Hence, combining (4.42) and (4.43) we obtain

dist? A*™"  inf ® [(0; — apA)Ugy (X) — col

aopel,coe

SMR* + [ul| R+ M) > (IvlpPfRPET. (4.44)
[Bl<n+a

If R < 1 satisfies (3.19), we may use (2.33) to obtain

dist? A>™™  inf (3, — apA)Uya (X) — co

aop€l,coeR

< (M + [ul))R* + (Jlull + 8*[IR™".  (4.45)

To complete the proof, we argue similarly to the proof of Lemma 5. Namely, balancing the
terms leads us to define R via R"™* = (||u|| + §*[TI])(M + [u],)~ L. If (3.19) is satisfied
with this choice of R, then we obtain

dist? 277 inf |(8, — aoA)Uxa (x) = col < (Jue| + 8 [T 75 (M + [u],) 7,

ao€l, co
which implies (4.41). If (3.19) fails, then we find

M + [u]y S (Jull + 8 [T~ v [V,
so that choosing R & § A [IT]~'/¢, (4.45) leads to

dist A2 inf |3 — a0 ) Ui (9) = col S (] + 8*[TI (" v [TI] V)",

ap€l,coeR

which again implies (4.41). ]

4.4. Application of integration

We will now use Proposition 2 in order to transform the output (4.28) of Lemma 6 into a
bound on the solution u to the renormalized equation (1.14).

Lemma 8. Let u be a smooth solution to (1.14) and define v as in (1.20). For n satisfying
(4.27)and § € (0,1/2),
o~ N
[uly + V] < (ull + 8% [Ty e M e+ (([vllf + (Il A7 1ID[T]
+ (lull + 82 [ADE™" v |[I]*)". (4.46)
Proof. Recall that the jet in Proposition 2 is required to be centered to first order in the
sense that Uy (x) = V,,|y=xUx(y) = 0. For the specific choice (4.1), we find that Uy(x) =0

since Iyg(x) = 0 for |B| < 2 (see (1.9)). Let us now explain how the choice of v in (1.19)
ensures V, |y—xUx(y) = 0. Indeed, note that

VU (y) = Vu(y) — f(x).VII(y) = Vu(y) - f(x).V(id - P)I1x(y) —v(x),  (4.47)
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where we recall that id — P is the projection of T onto T_, (see Section 2.1) and we have
used VPII, = z, (see (1.5)) together with f;,(x).zx = v(x) (see (3.1)). Furthermore, since
VI4g(x) = 0 for |B] > 1 (see (1.9)), we may use the definition of f;, (see (3.1)) to write

v(x) = Vu(x) — f1(x).VIIk(x) = Vu(x) — f,(x).V(id — P)I1(x),
and conclude that Vy |,—xUx(y) vanishes.

Step 1. 1In this step, we establish the three-point continuity condition: for all x € B;(0),
y € B%dislx(x) andz € B%dislx(y),

dist] |Uy(z) — Ux(y) — Uy(z) — x(y) - (z = )]
S )0 ANME Py, xd" @y, 4.48)

a<|B|l<n—a

where yx(y) is defined by

¥x(¥) = (f(X).Tyx — f5(y).id)zx. (4.49)

To establish (4.48), use (1.10) to write I1x(z) — I1,(y) = I'yxI1y(z), so that

Ux(2z) — Ux(y) — Uy(2) — »x(y) - (2 = )
= fn(®).(Hx(2) — x(y) — fo(¥)-Iy(2) — yx(¥) - (z = y)
= fn(®).TyxIly(2) = f(¥).Ty(2) — yx(y) - (2 = »)
= (fn(®).T'yx — fo(y).id)(id — P)ITy(z),

where we have used PIly(z) := z, - (z — y) (see (1.5)). Since disty < 2 disty, we find by
(3.2) that

dist{ [Ux(z) — Ux(y) — Uy(2) — yx(y) - (z = y)|

n—a
< DAl . x) dist?) || d — P T 17,4,
[Bl=a

1.9 1—%
S ANy, x)d Pl y).
[Bl=a
which yields (4.48).

Step 2. We may apply Proposition 2 to the jet y — Uy(y), as we have verified (4.10) in
Lemma 7 and (4.11) in Step 2, where the set A N (0, n] plays the role of A. Moreover,
Ux(x) = V,|y=xUx(y) = 0 as observed at the beginning of the proof.

Observe that for x € B1(0) and y € Big, (X) we have

u(y) —u®) — f,0.29 =" u(y) —u®) — f,).0(y) = Ux(y)
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and thus by (1.9) and d(x,y) < disty < 1 and the definition of ||U || in (4.6),
1U1lo < llull + [T1] + [jv ]} [T1].
Moreover, the definition of yx(y) in Step 2, (2.14) and f;;.zx = v (see (3.1)) imply
v(y) —v() = f0).5%) = —1),

Therefore, as a result of the steps above, and taking into account that §~1 v [IT]/* > 1,
and also using Young’s inequality, the output (4.12) implies (4.46). ]

4.5. Proof of the Main Theorem

The main step is to prove that for 7 satisfying (4.27), there exists a universal € > 0 such
that if ||Jul| < e, then
[uly < (el + [T v [I]7). (4.50)

We will choose € later in the proof, but we mention already that we will apply Lemma 5,
Lemma 8 and the Continuity Lemma with § := 1 A (e[TT]71)!/*, so we may assume
throughout that

Jul| +8*[I1] <2 < 1. (4.51)

We will make use of the following interpolation inequalities:
e Sy, G S )™ Dl S (udy v VI + 675, (4.52)

which follow from (3.13)—(3.14) and (4.51). Indeed, for the first two inequalities, notice
that we have dropped the second term on the RHS of each of (3.13)—(3.14), which is
possible since if the second term dominates the first term on the RHS (3.13)—(3.14), then

[uly < (el + 8*[MADE™" v AV < (flull + [TI(L v [T]7),

which is precisely (4.50). The third inequality in (4.52) was already justified in the proof
of (3.25).
Our plan is to deduce (4.50) from (4.46), so we need to control M. We claim that

~ ate nta
M < ul,” + () 7+ [ (4.53)
In light of (4.52),
nta nta
sup [ule -+ (IvIID" + [ v [T]7) < [ul,” + 11877
a<k=n

Furthermore, by the Continuity Lemma and Young’s inequality

nte nro nro
I fotell M) S (uly + I + 87D < uly " + ([V]',,)% + )75 + [~

which completes the proof of (4.53).
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We now consider the remaining contributions to (4.46). Using again the Continuity
Lemma, Young’s inequality, and (4.52) we find that

LAl + I IDIT] S (dy—a + W]y—g + 8777 + fuly/ "]
—a —1
< ([uly + Wlyo) 7 [T + €"[uly + € [T1]7°T + 67"[M1]
< e ([uly + [vl;) + 877
We now insert the above estimates into (4.46), taking into account (4.51) and Young’s
inequality to obtain
_o _n_ — —
[uly + V], < (€% +emo)([uly + [v];) + [T + (JJull + $*[IT]))6 7"
_o _n_
S (em%@ + ema)([uly + [v]) + (Jull + ) v [IT1]7/%).
Choosing € sufficiently small (and universal), we obtain (4.50).
We now combine (4.50) with interpolation to conclude the main estimate (1.15).
Namely, using (3.13) with § = 1/2, we obtain
[l < Tl (ell + (D=7 + (] + [TID(A v [TI]%)
< (hull + MDA v [TI]9).

Ifx,y € B;—(0) with r € (0, 1), then disty > r. Hence, if y € Big, (X), the above estimate
with ¥ = « implies (1.15), and if y ¢ Buig, (X), then d(y, x) > disty > r and hence

réu(y) —u)| < rélull < llulld®(y.x).

which is also contained in the right-hand side of (1.15). We conclude by arguing the more
general claim (1.19) by essentially the same argument. No changes are required if ¥ < 1,
and if k € (1,2) we use the fact that by (3.14) (with « playing the role of 1) and Young’s
inequality,

Ivl5 S Bl + (el + [ADA v [I]V),

which implies that
)] < rlv)] < (Jull + [TIDA v [I]9). .
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