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Abstract. In order to provide a local description of a regular function in a small
neighbourhood of a point z, it is sufficient by Taylor’s theorem to know the value of the
function as well as all of its derivatives up to the required order at the point z itself.
In other words, one could say that a regular function is locally modelled by the set of
polynomials. The theory of regularity structures due to Hairer generalizes this observation
and provides an abstract setup, which in the application to singular SPDE extends the
set of polynomials by functionals constructed from, e.g., white noise. In this context, the
notion of Taylor polynomials is lifted to the notion of so-called modelled distributions.
The celebrated reconstruction theorem, which in turn was inspired by Gubinelli’s sewing
lemmea, is of paramount importance for the theory. It enables one to reconstruct a modelled
distribution as a true distribution on R? which is locally approximated by this extended
set of models or “monomials”. In the original work of Hairer, the error is measured by
means of Holder norms. This was then generalized to the whole scale of Besov spaces by
Hairer and Labbé. It is the aim of this work to adapt the analytic part of the theory of
regularity structures to the scale of Triebel-Lizorkin spaces.

1. Introduction. One common theme in the theory of function spaces
is how to measure the “regularity” or “smoothness” of a function. Unsurpris-
ingly, an appropriate answer often depends on the given context or appli-
cation. The most basic notion of regularity manifests itself in the classical
spaces of differentiable functions with integer regularity index. By Taylor’s
theorem, a function is differentiable up to some fixed order if the small-scale
fluctuations of the function are given, up to some error term, by a polynomial
with degree of required order. In this sense, “regular” functions are exactly
those which locally look like polynomials.

Now, in the context of differential equations there are lots of model prob-
lems where this point of view is simply not appropriate. This is for example
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the case for controlled ODEs with rough driving noise, or for singular stochas-
tic PDEs with white noise as the driving force. In the latter example one would
rather expect the solution to locally look like functionals which are build from
the driving noise. In the last years, two solution theories were developed to
formalize this observation and give for a first time a direct meaning to in-
teresting SPDEs like the KPZ equation, the 2D parabolic Anderson model
and generalizations thereof, or the 3D stochastic quantization equation for
the (@)3 euclidean quantum field.

On the one hand, there is the theory of paracontrolled distributions due
to Gubinelli, Imkeller and Perkowski [4], where ideas from paradifferential
calculus and the theory of controlled rough paths are combined in order to
give a rigorous treatment of ill-posed stochastic PDEs. A different but related
approach was developed by Hairer [5]. In his theory of regularity structures,
one refers to the set of polynomials as a “model” for (classical) differentiable
functions. As already alluded to above, the polynomial model is not the right
formalization of “regularity” for many interesting SPDEs. Instead, the the-
ory of regularity structures extends the set of “models” beyond the set of
polynomials. As a consequence, the notion of Taylor polynomials is general-
ized and the corresponding “function space” is given by so-called modelled
distributions. It is a key result of the theory that all modelled distributions
can be reconstructed as genuine distributions which then locally look like
the given fixed set of models. This result is referred to as the reconstruction
theorem.

In the original work on regularity structures [5], the space of modelled
distributions was set up in direct analogy to Hdélder spaces. The theory in
particular allows for potential blow-up on the ¢ = 0 hyperplane in order to
treat a large class of initial data. Boundary conditions entered the analysis
in the form of initial data, since the work in [5] concentrated specifically on
spatially periodic problems. We refer the interested reader to the recent work
of Gerencsér and Hairer [3], who extended the original framework to also
allow for singularities near the boundary of domains in the space variable.
This generalization enables studying singular SPDE with certain boundary
conditions, e.g. the KPZ equation with Dirichlet and Neumann conditions
or the generalized 2D parabolic Anderson model with Dirichlet conditions.

A first step in the direction of the full Besov scale appeared in the work
of Hairer and Labbé [6] on multiplicative stochastic heat equations. The
motivation for this generalization came from the desire to start the evolution
from a Dirac mass. One key observation here is that the Dirac mass has
improved regularity when considered as an element of the Besov scale in
contrast to Holder spaces. This then led to a generalization of the original
framework to analogues of the Besov spaces of type B, . We also mention the
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recent work of Promel and Teichmann [9] who study modelled distributions
of Sobolev—Slobodetskil type. Recall that the classical Sobolev—Slobodetskit
spaces are norm equivalent to the Besov spaces Bp,. The whole scale of
Besov spaces was then eventually treated in [6].

In this paper, we adapt the analytic part of the theory of regularity
structures to a space of modelled distributions which mimics classical Triebel—-
Lizorkin distributions. In the remainder of this introduction, we first describe
the key notions from the theory of regularity structures. Based on that, we will
briefly discuss the results on the Besov scale of modelled distributions by Hairer
and Labbé [7]. We conclude the introduction with an outline of the paper.

Regularity structures. We recall the basic notions from the theory of
regularity structures as introduced by Hairer [5]. We also use this opportunity
to clarify notation. First, a regularity structure consists of a triple (A, T,G)
where, following Hairer, we call A the set of homogeneities, T the model space
and G the structure group. The set A is a subset of R which is bounded from
below and locally finite. The model space T is a graded vector space of type
@Ce 4 T¢, where each 7T is a Banach space. Finally, G is a group of linear
maps I': T — T such that for all ( € A, all 7 € T; and all I" € G we have
I'mr—7¢€ GBBGAH(—OQC) Ts.

We will denote by Q¢ the projection from 7 onto 7¢. Furthermore, we
define |7|¢ := ||Q¢T||7; for all 7 € T. For notational convenience, let us also
set Ay = AN (-00,7) and T7 := Pgea, T3, for v € R. We denote by
Q< the projection of 7 onto 7, . In what follows, given a fixed regularity
structure (A, 7,G) and a fixed v > 0, the integer r € N is assumed to be
the smallest positive integer such that r > |min A| vV |max A,|. Finally, we
also fix a scaling s = (s1,...,5q4) € N% and write ||z|ls = sup |z;|'/% for
x € R%, i.e. we consider the s-scaled “supremum norm” on R?. Given z € R?
and R > 0, we then denote by Q(z, R) the ball centred at x and radius R
with respect to this “norm”. Furthermore, let A(z, R) denote the annulus
{ze R4 R/2 < |z|ls < R}.

Apart from the algebraic setup represented by the triple (A, 7,G), the
theory of regularity structures provides the elements of the model space with
some analytical structure. This is the content of the key notion of a model,
which is a pair (I, ") obeying the following requirements. The object I7 is
a family (II,),cga of continuous linear maps from 7 into the space D'(R?)
of Schwartz distributions such that, for every v > 0,

ITor o
[I]|5 :== sup sup sup sup [, )|

~Y 17
neBT Ae(0,1] CeAy reTe  ITIAS

uniformly over all z € R%. Here, we denote by C"(R?) the space of functions
n: RY — R that are continuously differentiable for all orders k¥ € N¢ with
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scaled degree |k|s := k181 + - -+ + kgsq < r, and B" denotes the space of all
functions in C*°(R?) which are supported in Q(0,1) and with C"(R%)-norm
bounded by 1. In addition, we made use of

772(2) = )‘_|5‘77(>\_51 (21—1131), ceey )\_Sd(’zd_l’d))
for all n: R? — R, all A € (0,1] and all 2,z € R%.
The object I' is a map R? x R — G such that
() ITho=1, Iy I0y =1y, foralz,yze R,
(i) Iy = I, I, for all z,y € R?, and
(iii) the following bound is satisfied:

[ I 7|
[ 1|2y := sup sup - BC—,B N
(eAy BeAN(—oo (] T€Te | T [|z—yl|s

uniformly over all z € R? and all y € Q(z, 1).
Finally, we will write
M|} == sup [{{lz, [Tl == sup [IF|zy.
z€R z,yeR?

An elementary example of a regularity structure is the polynomial regu-
larity structure, which will always be denoted by (A, T,G). The associated
set of homogeneities is simply A = Ny. For ¢ € A, we let 7¢ be the linear
span of the monomials X* = Xfl - Xy " with scaled degree |k|s = C, i.e.
in particular 7 = R[X1,..., X4]. The structure group G ~ (R, +) acts on
Q € T by translations:

(MQ)(X) = QX +h1),  heR
Finally, the polynomial structure (A,7,G) comes with a canonical model

given by
(HxXk)(y) = <y - x)k7 oy =1IT%—y

Besov scale of modelled distributions. Let us now recall from the
work of Hairer and Labbé [7] the Besov scale of modelled distributions, which
resembles the classical Besov scale. Below, LP always refers to the Lebesgue
space LP(R? dz) with 2 denoting the integration variable.

DEFINITION 1.1. Let (A,7,G) be a regularity structure and (II,I") a
model. For 1 < p,q < oo and v > 0, let By, be the (Banach) space of all
functions f: R% — T, such that

(1) sup ||If(@)lc]|» < o0,
CEAy

‘If z+h) — x+hxf< e||¢ dh )”"
Al v ||}

(i) sup <

CeAy

(0,1)
The associated norm of f € By, is denoted by Il llsy -
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One of the key results in [7] was a “countable description” of this space.
The idea is to work only with local volume means of a modelled distribution.
This leads to a scale of spaces denoted by B (Definition , which turns
out to be equivalent to the scale B [7, Thm. 2.14]. The idea to work with
local volume means in order to construct the reconstruction operator already
appeared in the work of Hairer and Labbé [6] on multiplicative stochastic
heat equations.

With this “countable description” at hand, Hairer and Labbé can prove
the reconstruction theorem for the full scale of Besov type modelled distribu-
tions (with non-integer regularity index), and moreover various continuous
embeddings which are well known in the classical setting of Besov spaces.
They further obtain Schauder type estimates for their spaces of modelled
distributions.

The main purpose of the present work is to adapt this theory to spaces of
modelled distributions which resemble the scale of Triebel-Lizorkin distribu-
tions. We start in Section 2] by providing the necessary results for the classical
Triebel-Lizorkin spaces, i.e. a wavelet characterization and a convergence cri-
terion. In a next step, we introduce in Section [3] the corresponding space of
modelled distributions. Our definition is in analogy to the classical character-
ization of Triebel-Lizorkin spaces in terms of volume means of differences (for
more on characterizations in terms of differences, see the book of Triebel [10,
Sec. 2.5.11]). We then provide results which show that it is again sufficient
to work only with a discrete set of volume means (Propositions and .

In Section [d] we make use of this characterization in order to prove em-
beddings for the spaces considered in this work. We also provide embeddings
which involve the Besov scale of modelled distributions. Section [l is de-
voted to the proof of the reconstruction theorem, and in Section [6] we obtain
Schauder estimates in the Triebel-Lizorkin scale of modelled distributions.
We also include a short section on products of modelled distributions (Sec-
tion . Finally, in Section |8 we return to the Besov scale.

Our motivation comes from [6], where the authors use volume means
of differences instead of differences themselves (as in [7]) for their space of
modelled distributions. In the classical setting of Besov spaces, it is a well-
known fact that this actually makes no difference. We show that this is still
true in the framework of regularity structures.

2. Some harmonic analysis. The following definition introduces the
precise space of distributions we are going to use. The notation L is short-
hand for L9((0,1],A"1d\). For 8 € Ny, we denote by %Z(Rd) the subspace

of functions in B"(RY) which annihilate polynomials with scaled degree at
most (.
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DEFINITION 2.1. Let 1 < p < 00,1 < ¢q < oo and a € R. Furthermore,
fix r € N such that r > |a|. If @ < 0, we let F!, be the (Banach) space of

Schwartz distributions ¢ on R? with

peBr(Rd) A% rllLe
If @ > 0, we require that
A
22 | s pen], <o || s HEEH <o
neBr(RY) Lr neBy, | (RY) elize

In both cases, we denote by [|{[|rg, the corresponding norm.

Note that this scale of spaces depends on the chosen scaling s through
the definition of the spaces B"(R) and B, (RY). Next, we aim at a char-
acterization of the spaces I in terms of wavelets. Such a characteriza-
tion is of course not new (see the book of Triebel [I1]), but we still prefer
to give a proof since we allow for non-trivial scalings of R?. For more on
wavelets with compact support and certain regularity, we refer to the work
of Daubechies [1].

For r > 0, there is a compactly supported scaling function ¢ € C"(R)
with the following properties:

(1) Sgap(z)p(x—k)dz = dy o for every k € Z,
(ii) there exists a finite family (ay)rex of constants with K C Z such that
p() = X rex anp(2z—k), and
(iii) for every x € R? and every polynomial @ of scaled degree at most r,

we have >, S]Rd Q(2)e(z—k)p(x—k)dz = Q(x).

Now, given such a ¢ we let V, be the linear subspace of L*(R?%) generated
by functions of the form

d
oy(a) =27 T ol ™ (),
=1
where y € A4,, and
Ap={(y1,.. . yq) ERE: yy =27y ky € Z,i=1,...,d}.

The properties of ¢ ensure that V,, C V,, 1. Wavelet theory also guarantees
the existence of a finite set ¥ C C"(R?) of compactly supported functions
such that

(i) the linear subspace generated by functions of type ¢y := 2_"|5|/21/1§_n,
where ¥ € ¥ and y € A,, equals the orthogonal complement of V,, in
Vit1, for all n > 0,

(i) §ga 2*¥(z) dz = 0 for every k € NZ with |k|s < r and every ¢ € ¥, and
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(iii) for all n > 0, the set {¢y:y € A} U{Y':m >n, v €W,y € Ay} is
an orthonormal basis for L?(R9).
Finally, for every n > 0 and y € A, define the cube
Qy = [y1,y1 +27") X+ X [yg, ya +27")

and let x;; denote the associated characteristic function. Now, the announced
wavelet description reads as follows.

PROPOSITION 2.2. Let 1 <p < oo, 1 <qg<o0 and a € R. Chooser € N
such that r > |a| and let € € D'(R?). Then & € Fg, if and only if

/
(X Heehplr) " < oo
y€Ao
(& wgle VY
(Z Z 9—n( |5\/y2+a qu(x)>

n>0yeN,

(2.3)

< oQ.
Lr

sup
Pey

In particular, this gives an equivalent norm on FJ', in terms of wavelet co-
efficients.

Proof. The “only if” part follows from the same type of consideration
in 7], so we only discuss the “if” assertion. In other words, we assume that
the bounds in hold, and we have to verify that £ € F',. To this end,
we distinguish the cases @ > 0 and v < 0. Let us begin with the latter case
for ¢ < o0.

Following the argument in 7], we show that the series

(2.4) S A mNE O+ DD (€ )

yeAo Ye¥ n>0yeA,
converges absolutely, and by bounding the two contributions separately, we
will eventually obtain the required bound for (¢, 7). The first term involving
¢ is treated exactly as in [7], which also explains the occurrence of the first
bound in . Therefore, we only discuss the second term in detail. By using
the triangle inequality for the sum over ¢ € ¥ this amounts to bounding

25) H( wp > nz0 Lgen, W m) (€, v ||? )1/‘1
LS o

neBr (k) A
where L ~denotes LI((2~(mo+1) 9=nm0] A=1d)\). In addition, let M denote
the smallest integer greater than or equal to the maximum sizes of the sup-
ports of ¢ and 1 € ¥. For fixed ng € Ny, we divide the sum over n > 0 into
sums over n < ng and over n > ng. We note that (cf. [7])

(2.6) [Wr o) < 22X o A g ar2—n) (¥),

no=0 p
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uniformly over all ¥ € ¥, all z € R all n < ng, all y € A,, all A €
(2~ (no+1) 97m0] and all € B"(R?). Furthermore,

(2.7) [y )| S 27 o)l 2 gmolsl 2y o sz (1),
uniformly over all ¥ € ¥, all z € R% all n > ng, all y € A, all A €
(2~ (mo+1) 9=m0] and all n € B"(RY).

Now, by ([2.6)) we obtain

5 [y m) | 166, ¥ ||

sup o

neBr (Rd) n<ng yeAp,

A,ng

—-n 2+a)|
= 2—n(ls|/2+a)
lz—ylls<27"(M+1)

§ Z 2oc(n0—n)

n<no

Here, we have used Jensen’s inequality for the sum over n < ng. In addition,

(2.7)) yields

3 (e m) | 166, ¥ ||
)\oz

sup
nEB”(RY) n>ng yea,

5 Z 2—(n—no)(r+a)

n>ng

q
L)\,no

S g LGV
9—n(ls|/2+a) | *
yen
lz—ylls<27 70 (M+1)

This time, we have applied Jensen’s inequality to the sum over n > ng. The
next step is to appropriately estimate the restricted sums over y € A,, in the
last two bounds.

We begin with the large scales regime n < ng. Recall the notation Q. Let
AN denote the smallest subset of A, such that the cube Q(z,27™(M+2))
is covered with the disjoint union of cubes @ with y € AM® Note that

AM® contains the set of all y € A, such that ||y — z||s < 27"(M+1). Hence,
for any x € (0,1) the monotonicity of £*-norms yields

(€ ¥y)]
Z 27n(|5|/g+a) —

PR O

9—n(|s]/2+a)k

yEAn yEA,
lz—ylls<27"(M+1) lz—ylls <27 (M+1)
S N
N S Z 2—n(\s|/2+a)xy(z) dz

Qz, 2*"(M+2)) yeAh”

15 vyl v
< M(‘ Z 9—n(js]/2+a) Xy

e
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where M f denotes the Hardy—Littlewood maximal function for f & L%OC(Rd).
Due to the additional factor 2("0~™)lsl an analogous type of argument shows
for the small scales regime n > ng that

Z 2(n0_n)|5| |<§7¢;}>’

9—n(ls|/2+a)
yen
lz—ylls<27 70 (M+1)

(neng) =L (€, ¥)] o
< - (n—n0) 5 |s{ (‘Z X

K 1/k
Jo}
which again holds true for every s € (0, 1).
To summarize, we see that the term in (2.5 is bounded by

(3 S (| S Jer})

no=0n=0

bl

Lpr

28 |

where the sequence (6(2)),cz is defined by

—z(r+a+2=Lqls|) >
0(z) 2 , z22>0,
27F z < 0.

If we choose 0 < k < 1 such that r + a + £=1¢|s| > 0, then it follows that
10]l¢1(zy < oo. In particular, due to Young’s mequahty for convolutions the

quantity (2.8 . can be estimated by
K a/r\ /9
Jo})

|

Next, since Kk < p A ¢ we can also apply the Fefferman—Stein maximal in-
equality (cf. [2], a vector-valued version of the Hardy-Littlewood maximal
inequality) to bound this by

& umle Y
H( 9—n(ls|/2+a) qu(:U))
n>0yeA,

which is finite by assumption, i.e. § € F}', as asserted.

(&g,

E X'

2—no(|s|/2+a) ™Y
yEAn,

no=0 p

)

Lr

Let us discuss briefly the case ¢ = oo. We still also assume that a < 0.
Then a similar argument to the above shows that

. (6
p  sup -
AE(0,1] neBr(RY) A

p

S (Z (€, ¢2>|p>1/p+sup

yGAO wed’/

)

Lp

) <x>}w

15 vyl N
SUP{ <‘ Z 9—n(js]/2+a) Xy

n€Np
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where k € (0,1). With an application of the vector-valued maximal inequal-
ity in the version of [I1} (9.51)] we obtain

su (&, m2)]
p sup .
Ae(01] nemr (s AN lze
1/ (&, up)]
S |<€7CP0>‘p + sup|| sup 7?/)(11(1,) :
<y§0 Y ) = neNOyezA:n 2—n(|s]/24a) Y .

which concludes the proof for ¢ =

Now, we move on to the case a > 0. Recall from the definition of F}',
that this amounts to bounding the two quantities in (| . For the latter the
above argument works verbatim except that one has to replace ([2.6) with

(2.9) [y, ma)| S 22T ONIT N s aramy (),

which holds uniformly over all ¥ € ¥, all z € R, all n < ng, all y € Ay,
all X € (2=(n0+1) 2-70] and all 5 € B, (R%). Therefore, we only deal with
the first quantity in , again resorting to the wavelet decomposition from
—this time with A = 1. The sum involving ¢ can be bounded by the
arguments of [7]. Hence, we briefly discuss the sum involving ¢ € ¥.

Note that this time there is no integration in A € (0, 1]. In other words,
we can use the arguments presented above, formally substituting A = 1, i.e.

ng = 0. In particular, it is readily seen that

| s ST e vy,

neBT(RY) n>0 yEA,

—n(r+a+t=—= £¢n n
S gonlrrat Nlls{ (‘Z S

" 1/
> )}

e

(with the obvious modification for ¢ = c0). In the last step, we made use of
Holder’s inequality, and that one can choose 0 < x < 1 such that r + o +
5=1|s| > 0. Hence, we can conclude the proof of the “if” assertion by another
application of the Fefferman—Stein maximal inequality. =

Lp

Lpr

Consider now a sequence (&, )nen, given by
yEA,
and define
514; = (€n+1 — &n, QDZ>
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For the proof of the reconstruction theorem, the following criterion
for convergence of the sequence (§,)nen in Fj, will be of importance. Of
course, this criterion is the counterpart to the corresponding assertion in [7,
Prop. 3.7].

PROPOSITION 2.3. Let v > 0, a < 0,1 < p < oo andl < g < 0.
Furthermore, assume that

| Ay
2.10 sup —— " (x < 00,
(2.10) "2%;” oot @)
|0AD] L 1/q
n>0'ycA, Lr

Then, for every a < «, the sequence (&,)neN converges in Fgfq. Moreover, if
q = oo the limit distribution is actually an element of F<'

Proof. We follow the strategy of Hairer and Labbé [7], adapting some
arguments as in the wavelet characterization of F* . In particular, we will
again make use of the Fefferman—Stein maximal inequality. First, we decom-
pose

Ent1 — n=0n +05 €V, @V = Vn+41,

where

gn=>_ O0ATQY,

zEA,

S =3 (D0 AU e ) vl

z€EAp ue/ln+1

Now, fix p051t1ve integers k < K. We aim to bound the wavelet norm of
Zn i n and Zn p 06 in Fp . for every & < a. Let us first treat the
contributions from the 0§, (with the obvious modification for ¢ = o0). To
this end, note first that

m>0 yeA 27m(a+‘5|/2)q ! Lp

‘ZzeAnH A;LJrl( n+17¢n>‘ 1/q
Xy (@)

2—n(a+ls|/2)q

H <k<n<K yEA, Lr

Then, we use the fact that |(p?T!, Y;)| < 1 uniformly over the relevant pa-
rameters. Actually, the left hand side vanishes whenever ||y—z|[s > (2M)27".
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Hence,

‘Zz An+1 AZ+1< n+1’¢n>‘ 1a
‘( Z Z : o—n(a+]sl/2)q Xy(x)>

k<n<K yeAn Lr
n+1 q 1/q
I
o—(nt1)(at]sl/2) | Xv )
k<n<K yeA,' z€Ani1 Ly
[|z—z||s<C2™™

with C = 2M + 1. Now, we can proceed similarly to the proof of the wavelet
characterization to obtain (with 0 < k < 1)

A e )

(=2 ¥ mfimuw)
kE<n<K yeA, 2€Ap 41
lz—z[s<C27"

(2 fu(
(=

<n<K

Lp

el
>1/q

where the last step follows of course from the Fefferman—Stein maximal in-
equality. From this, we immediately infer that

n k(sgn’wmﬂq m 1/e
2 m(a+|s|/2)q Xy (:U)
m>0 yeA

| Azt n
Z 2—(n+1)(d+|5|/2) Xz
2E€Nn+

|An+1|
Z 92— (n+1)(a+\5|/2)XZ( )

ZEAn+1

Lr

Y

P

p

< 27k(a75z) ‘AZT/L’ n( )’

< sup E ——\"(z
20 e, 2mnletlsl/ A

In the second step we treat the contributions from the g,,. We only discuss
the bound related to the second quantity in ; the bound related to the
first quantity in follows from similar considerations. Moreover, the case
q = oo again follows from an obvious modification of the argument for ¢ < oo,
so we will only treat the latter in detail. First of all, we have

Do k9n7¢2n>\q m 1/q
H< 2 mlatpl2g Xy (@)
m2>0y€eAy,

Lr

BAZ (@2, oI L,
Z Z o—m(a+s|/2) >Xy (x)>

H <m>0 yEA, ( (m+1)Vk<n<K z€Ay

Lp

Then, observe that [(¢7,9y")] < 2~ (n=m)lsl/2 yniformly over all the relevant
parameters—in particular for all m < n. This time, the left hand side van-
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ishes as soon as ||z — y||s > (2M)27™. In addition, let us choose 0 < k < 1
such that 7 := v + “=L[s| > 0. We also put o := &+ “=L|s| < 0. Then we
obtain the bound

GAZ] {2, 0N
( Z Z 92— m(a+\5|/2y) ) Xy (33)

(m+1)Vk<n<K z€Ap
< 9agm Z 9= Z 2(m—n)\s| |5A;L‘ qu($>
- (m+1)Vk<n<K eA 27 Crel/2) !
m n< z n

lz—ylls<(2M)27™

< 9agm —ny (m—n)|s|k ‘5AZ‘K AN m
<2 2, 2 2, T e ) ) @)

(m+1)VE<n<K zE€Ap
[z=ylle<(2M)27™

< galqm Z 90— Z o(m—n)|s| 0AZ]" o ™ (2)
~ o—n(y+sl/2)k | Xy \ D

(m+1)Vk<n<K z€ANA
[z—zlls<C27™

where the second-to-last line is a consequence of the monotonicity of £*-norms
and the last line is an application of Jensen’s inequality. From this, we can
infer that

n kgnawgb)’q m l/q
H( 2 m(atlsl/2)g XY (z)
m>0yENAm,

(S

[0 A7
> 5=y Xz (W)
m>0n>m Q(z,C'2—m)

2€A5,
B

Here, we have in particular made use of > -, 20'am 1 due to o/ < 0. As
it is by now routine, we can proceed from this point on with the aid of the
Fefferman—Stein maximal inequality to deduce that

S gl
H< 2 mlatpl2g Xy (@)
m>0yeAn,

(=

n>0

Lp

K

du

q/ﬂ) 1/q

Lp

S270

Lp

Lr

Z & ()
o—n(y+sl/2) Xy ¥

yEA,

g2

q) 1/q
All in all, we obtain the desired convergence by making use of our assump-
tions (2.10) and (2.11)). Furthermore, a second look at our argument for the

Lp
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contributions due to the 0§, reveals that also
Ay

Sup Z o—n(a+]sl/2) Xy ()
yEA,

K 5E,, b
p 3 1k

o—m(atlsl/2) v S

p

)

m>0 Lp

yeAm
uniformly over all £ > 0 and all K > k. As the argument for the contributions
due to the g, works verbatim for & = «, we deduce that in the case of ¢ = 0
the limit distribution actually lives in F' . =

3. Spaces of modelled distributions. In this section, we introduce the
scale of spaces of modelled distributions which shall resemble the scale 7 .
We want to follow as close as possible the characterization of Triebel-Lizorkin
spaces by volume means of differences (see Triebel [10, Sec. 2.5.11]).

DEFINITION 3.1. Let (A,7,G) be a regularity structure and (I1,I") a
model. For 1 < p < 00, 1 < ¢ < oo and v > 0, let F,, be the (Banach)
space of all functions f: R? — 7T, such that

(i) sup £ (2)l¢]| . < o0,

X H NRLICEO Ry PR )

< an < 0.

(ii) sup

ceA, \—¢

Q(0,4)) L{liLe

We will often make use of the difference operator

Arnf(e) = f(a+h) = Lopnaf(2).
Finally, the associated norm of f € F)4 is denoted by || f| Fla

A wavelet characterization for the space £, of distributions is useful
in particular because norms of sequence spaces are typically more easily
analyzed than norms of function spaces, say LP-norms. For the same reason,
one should look for a suitable “discretized” characterization for the Triebel—
Lizorkin scale Fp 4 of modelled distributions. This was actually one of the
key technical achievements in the work of Hairer and Labbé [7] for the Besov
scale of modelled distributions. Hence, it is not much of a surprise that we
will follow their ideas and constructions, adapting them to our setting.

DEFINITION 3.2. Let (A, 7T,G) be a regularity structure and (I1,I") a
model. Furthermore, let &, = Q(0,27")NA,\{0}. For1 <p < 00,1 < g < o0
and v > 0, we denote by F,, the (Banach) space of all sequences of maps

f(n):An_>7jy_a n > 0,
such that, uniformly over all ¢ € A,

0 (S 1OwE) " <.

yeo
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Q) 1/q

< 00.
p

< 090,
Lp

11 H<n>0 Z |f y+ )2 o y—H)Lyf ( )|CX;L($)

a\ /g
111 H < >
n>0

The associated norm for f € F,/, will be denoted by H|f\||ﬁgq, and we will
refer to the three bounds as local bound, translation bound and consistency
bound respectively.

yENA, he&,

£(n) £(n+1)

2— n( Q) XZ/

yeA,

For M € N we define &% = Q(0, M - 27") N A, and EM = M0\ {0}.
We then have the following additional bounds which will be of great use.

REMARK 3.3. For every f € Fj, and every M € N, we have

H< 5 W00 =Ly "Dl >/
n>0

2—n(v=¢) Xy ()
In fact, this quantity is bounded by || f]| FJ, Up to some proportionality
constant. For a proof, one can use induction on M € N and reduce everything
to the consistency and translation bounds.

< 00.
Lp

Y€ pe SM 0

REMARK 3.4. Let f € 7, and M € N. Then

% )
n>0

This follows immediately from the translation bound, e.g. by induction on
M e N.

h
Z |f y+ )2 o ZH‘};,Z/f ( )|CXTyL($)

<17l

yEAn heEM Lr

REMARK 3.5. Let 1 < ¢ < g<o00,1 <p<ooandy > 0. Then the
following elementary (continuous) embeddings hold true (cf. [10, Sec. 2.3.2|):
(i) Foa C Fpg

.’

(it) Bpgnp € Frg € By gup-

For the scale B, we refer to Definition In this context we also use, for
n > 0 and maps u: A, — R, the notation

/
fullg = (3 2 Flhutw))
yEAn

Indeed, (i) follows directly from ¢4 C ¢9. For (ii), the local bounds are imme-
diate. The arguments for the translation and consistency bounds are almost
identical; we only discuss the former. For this, fix n > 0, h € £, and ( € A,.
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Due to the continuous embedding ¢! C #” we obtain the bound

|F™) (y+h) — y+hyf )y )¢ awr
2—n(y=()

<

Since p/(q V p) < 1, the space LP/(4VP)(R?) admits an inverse triangle in-
equality for non-negative functions. Combining this with the former bound

immediately yields
avpN wp
14 >

<Z Z [F™ (y+h) = Tyiny 7™ (W)l
jg: ‘f y+Jl +hyf( ( HC n( )

n>0 he&, 2- mr=0)
aveN wp
‘ 2—n(v=¢) Xy & >

(n>0h68
At this point, it suffices to exploit the continuous embedding ¢4 C ¢4VP
and the fact that the sets &, contain finitely many points, with cardinality

bounded independently of n > 0. This proves the embedding F,, C B;,q\/p'
The remaining one is an immediate consequence of the triangle inequality in

Lp/(a7P)(RY),

fp
avp

|F™ (y+h) — Tyrny I @)e 9P NS
(Z 2- n(vy C)y Xy( z) dx )

yEA,

S

Rd

yEA, Lp

Apart from these elementary embeddings, we also expect to have Fp, C
Fpq whenever v/ < 7. In general, this may not be true if ¢ < oo since the
theory imposes Holder type bounds on models (11, I"). Therefore, we make

the following standing assumption.

ASSUMPTION 3.6. For a given set A of homogeneities, we assume that
v ¢ A

REMARK 3.7. A noteworthy consequence of the embedding F,), C Bg,qvp
is that we can immediately propagate the local bound to smaller scales, i.e.

sup || 7™ W)lell e < £l
n>0
uniformly over all f € F, and all ¢ € A, [7, Lemma 2.13]. On the other

hand, adapting the arguments in [7, proof of Lemma 2.13] and working
directly with the scale F,) ; shows that we actually have the improved version

(3.1)

sup 3 3 1O ehlog @), S 1715,

= ye/l he&y,
uniformly over all f € F), and all ¢ € A,
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Proof of . First of all, due to Assumptionand [7, proof of Lemma
2.13] it suffices to prove the desired bound for ( = max.A,. We fix n > 0,
y' € A, and z € Q. Then

S 3 TR og @)

Yy€An+1 h€€nt1
= > > 1"y ogt ().

YEAn4+1 h€ER11
yEQZ/

Recall the action of the scaling map
Srx' = (A%, AT, 2 e RY N> 0.

For any given 2’ € R and m € N, we denote by 2™ =y’ € A,, the unique
lattice point with z’ € QZ} Now, we bound

STST P (k) ot ()

yEAn11 h€€ni
< D D G )l @)

yEQZ/
yGAn-H h€€nt1
yEQn/

+ > > 1Mk = P ED g (@)

yGAnH h€5n+1
yeQn/

Y D 1FE) O g)log @),

YENA 1 h€EEL 11

QEQZ/
Observe that for y E A1 N Qy and h € Ep We have z; = y' and
2 =y —|—82 h. Moreover h — o + 82 h defines a bijection
y+85 h
Ent1 — {y'} + &, Hence,
o> AR og ) < O IR g ()
yeAn+1 h€£n+1 hGS
yEQZ/ - -
+ 3 Iy ) = T oy ()
he&n?,
+ Z ‘Fy’+h,y’f(n) (y/) - f(")(y’+h)\gxg/(x).
he&n

Since this bound holds true uniformly over all n > 0, all ¢y € A, and all
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z € Q, we infer with the use of Remark @ that

sup Y > [F M y+h)|oxg (= )‘

n20 4 heen

< |3 X Ol + ClE 0O, 2 1L,

yENg he&y

Lp

for some absolute constant C' > 0. u

The remainder of this section is devoted to the discussion of how the
spaces Fp, and Fp, are related to each other. We first show how to obtain
from a given f € F,, an associated element f € F,/,. This is settled in
the first part of the statement below. On the other hand, to go the other
way around, we would like to ensure that both the resulting maps between
Fpq and Fp, are consistent. We take care of this in the second part of the
statement.

PROPOSITION 3.8. Let 1 <p<oo,1<qg<o00 andvy > 0.
(i) Given f € Flq, for alln >0 and y € A, define
(32) =} .f(z)de
Qy2™)
Then f € Fq and |1l 7, S ISl
(ii) Let f € Fpq and define, for x € R? and n € Ny,

)

(3'3) fn(x) = Fx,xnf(n)(xn)y
where f) is defined in (i). Then Ocfn — Qcf in LP(RY) for all ¢ € A,.
Proof. (i) The local bound holds immediately. For the translation bound,
we fix t € RY, n >0, h €&, and y = x,, € Ay,. Then

[ (y+h) — Lyany F™ ()l |f(z+h) = Teyn o f(2)l5
2- n(wy c)y S Z § 2—n(y—8) dz

B=CQ(y,2—m)

|f(z4+h) = Loqn - f(2)|8
~DUEE o n(7+ﬂ) dz

B>C Q(x,227m)

|f(x+24h) = Doyornaf(2)]
S Z % 2—n(y J;)Jrh S dz

B>¢Q(0,2:27™)

‘Fx+z+h,x+z(f(x+z) - Fx-‘rz,xf(m)”ﬁ
+ Z S 9—n(y—B) dz

B>C Q(0,2:2-m)

’
< Z Z & |f(z+2") — Fx+z’,xf($)|5 ds.
0>B B> Q(0,32—™)
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This immediately yields the required bound. As for the consistency bound,
it is straightforward to Verify that

17 (y) — Fr Dy 22 § |Arpf(z)|gdh,
B>¢ Q(0,27n)

from which the desired bound follows at once.
(ii) is an immediate consequence of the fact that for a.e. z € R?,

@) = o)l s S 2mem0 2o/l g,
B=¢ Q(0,2-2—7)

In a second step, we show how to recover a modelled distribution from
an element of the discrete counterpart Fpq.

PROPOSITION 3.9. Let 1 <p <oo,1<qg<o0 and~y > 0. Let f € ]qu
and define, for x € R% and n € Ny,

fal(x) = Fw,mnf(n) (Tn).
Then, for all ¢ € A, the sequence (Q¢ fn)nen is Cauchy in LP(R?). Purther-
more, its limit f: R? — T, s in Fylq with Iz, < \Hfm]_—v .

Proof. To prove the convergence, fix € R and n > 0. We then bound
| fu(2) = fas1(2)l¢ by
(3'4) ‘Fa: Tn ( (n) (xn) - Fxmanrlf(nJrl) (mn—i-l)) |C

< 2O FO () — Dy P (@) 5.
B>¢

Next, we make use of Holder’s inequality and Remark [3.3] to deduce that

Z ’f(n)(xn) - mn,zn+1f( +1)(1'n+1)|6
on(8—¢)

<2709 fll 5,
Lp

Thus, for all ¢ € A,, the sequence (Q¢ fn)nen is indeed Cauchy in LP (R9).
Let us denote its limit by f: R? — 7, . It remains to show that f € Fp.gs
and that the asserted bound holds.

The local bound is part of the argument above. For the translation bound,

we start with
a\1/q
n>0

H | Ay f(x)
Q(0,43) Q(0,4-2-7)

¢
= dh
Fix z € R n > 0 and h € Q0,4 -27"). Following [7], we employ the
following decomposition of Ay, f(x):

(3'5) (f($+h) - fn(x_‘_h)) + AF,hfn(x) + Fx+h,w(fn($) - f(l'))

§ |AF,hf(x)‘C dh
2—n(v=¢)

LilLre Lr
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We treat each term separately; let us begin with the second term. We find
W e &M M = 4, such that (z+h), = z, + h'. Observe that

AF,hfn(x) =othant+h (f( )(xn'i‘h ) — Lopine, mnf( )( ))

If A’ = 0 the right hand side vanishes, i.e. we obtain

|Arnfn(x)lc
’ § 92—n(y—() dh
Q(0,4:2-m)

;o F
<Z Z Z ‘f n(wy+ﬁh) wl My )‘ﬁXZ(fL")-

B>CyeAn heEM

Therefore, it remains to make use of Remark which yields a bound of
required order. For the third term in (3.5)), we can estimate

|Fm+h,x(fn($) - |C < | frn ( fm+1(x)|ﬁ
S 2—71(7—() dh Z Z 2 n(y—B)
Q(0,4-2—7) 5>C mz2n

Fr Dy s
N ZZ Z Z Z (n— m$(~?j+g)2 —m(y %5/) 6Xy (.%')

6>B B> m>nyEd, heg

Young’s inequality for convolutions shows that

I )
n>0'Q(0,4-2-7) Le

F) () =T Fn+1) (1 h
52 <Z Z Z |f" (y) QijrI:fd) (y+ )|6XZ(33)

52¢! \n>0lyedn heed

F:Jc ,zfnx_fx
o eanalhe) Sy,

Lp

q) 1/q
Thus, Remark [3.3] finally ensures that a required bound holds.

Let us finally discuss the first term from (3.5)). To this end, choose 0 <
k < 1 such that v/ :==~v — (+|s|(k —1)/k > 0. Then

[fu(@4h) — f(z+h)
§ 92-n(v=¢)

< an
Q(0’4,27n)

S Z S ‘fm(xﬁLh) - fm+1($+h)k dh

—n(y=¢)
mz2n Q(0,4-277) 2

r(m+1) h)|
< yy+hf (y+ B
B> m>n YEAR
ly—z[s<C27™
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Each term in the sum over m > n can be bounded by

o (n—m)’ { M( H) (x)}w.

Now, apply first Young’s inequality for convolutions and then the vector-
valued maximal inequality; then it remains to resort another time to the
bound of Remark [3.3| to conclude the argument. =

REMARK 3.10. As a consequence of the bounds in Propositions [3.§]
and [3.9] the elementary embeddings of Remark [3.5] carry over immediately
to the spaces F,q and By 4. More elaborate embeddings follow in the next
section.

Z Z |f(m) (y) - Fy,y+hf(m+1)(y+h)|ﬁ m
9-m(7—B) Xy

yEAm hESS%Ll

4. Embedding theorems. It is the aim of this section to provide em-
beddings for (and between) the two scales F,) 4 and By 4. Embeddings for the
scale of Besov spaces were already proven in [7, Sec. 4]. Therefore, we focus
on statements which involve Triebel-Lizorkin modelled distributions. Recall
that in the last section we have already proven the embeddings

y Y ¥
Foa ©Fpar Bpgnp C© g C Bpgup:
Here, 1 < ¢<g< 00,1 <p<ooandy>0. The main result of this section

provides further embeddings (we remind the reader of Assumption .

PrROPOSITION 4.1. Let 0 < v < 7,1 < q,q,r < o0 and 1 < p,p < 0.
Then

i) 7

R,qcfg, if ¢q<qand v<?,

(i) Fpg C For  f P<pand v<7—|s[(1/p—1/p),
(iii) ./—-g,q C 5;13 if p<pand v<v5—Is/(1/p—1/p).

REMARK 4.2. The first embedding is the pendant of the correspond-
ing embedding for the Besov scale of modelled distributions from [7]. The

other two are analogues of well known embeddings for the classical Triebel-
Lizorkin scale due to Jawerth [§].

Before we dive into the proof, we provide some helpful results. To obtain
the embedding 7, C Fp., we will rely on the following bound.

LEMMA 4.3. Let 1 < p1 < p< oo, 1 <qr <ocoand0 < < be
such that 6 < 01 — |s|(1/p1—1/p). Furthermore, let up: A, = R, n >0, be a

sequence of functions. Then
un(y) un(y)
> 1) ) > ) )
yEA,

yEA,

<

~ ‘

oI Le ¢a |l Lr1

Proof. We use an interpolation trick of Jawerth (cf. also Triebel [0
Sec. 2.7.1]). We first remark that we may assume without loss of generality
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that the right hand side equals 1. Let us also recall some notation: for a
measurable set M C R? we denote by |M]| its Lebesgue measure, and if & is a
measurable function, its distribution function is A, (t)=|{z € R%: h(x) >t}
where ¢ > 0.

We observe first that

un(y)

2-nd

nls|/p
s < 2"kl

4

sup
yeAy 2

uniformly over n > 0. In particular, there exists K > 0 such that

| unl®)
(4.1) S 5=ns Xy (%)

r\ 1/r
> < KV/roNbl/,

n=0'yeA,
and
r\ 1/r
an (2 |X 5w
n>N+1'yeA,

< Kl/r2N(5—61) sup
- n>0

S )|,

yeA,

uniformly over all N > —1 and all = € R%. Next,

—ng Xyt ~ | 5 528l
yeA 2 erliny kez yed, 2707
2k <2(2K)/"
kp k
T on T e
2k >2(2K)/T

In the following, we will bound each of the two sums on the right hand side
separately. For the first sum, due to (4.2) with N = —1 we have, for some
c >0,

ky < kp1 ok
Z 2 )\”Z ;Lnglyg)Xy”lT(Q )N Z 2 )\SUP\Z un (y) n‘( )

keZ véin kez nS0yEdy 20
2k<2(2K)V/T 2k <c2(2K)/T
k k
S E 27PN un (3) (2%) S 1,
P || E gy Xy llea
S

which is a bound of required order. For the second sum, we first consider for
each k € Z with 2% > 2(2K)'/" the uniquely determined integer N(k) € N
that is maximal with respect to 2(2K)/72N®)lsl/p < 9k Then due to (4.1
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and ([L2),
kp k
> 2Ny iy, (2
kEZ YyEAp
2k>2(2K)1/r
< 2k:p E]Rd,21/r un(y) n( )T U
< > 7 €RY: > X e
kezZ n>N(k)+1'yEAn
2k >2(2K)/T
1/r un(y) n Y k
#2073 | gEaa@) ) >
n<N (k) yeA,

D
kez
2k>92(2K)/"

{x e R?: (2K)Y/m2eN(R©=0) gy
n>0

> )

YyEAn

+ 2K raN®lslp 2k}

< Z (2p/Prykp1

kezZ
2k >2(2K)1/T

{x € RY: (2)1/raN 66

> el

yeAn

X sup
n>0

>2"“‘1H.

Since ¢2F < 2(2K)1/”2N(k)‘5|/p < 2 for some ¢ > 0 and since 1 < p; < p
< oo and 0 < 61 — |s|(1/p1—1/p), we may further estimate

> )| > 2]

yEAy,
Un\Y n o
2. 2_SL51)Xy(:B) ~ oN(k)(Jsl/p—(8 51))}‘

yeA,

(@,

H:c e RY: (2K)1/meN®)@=01) gy,
n>0

< H:ﬂ e RY: sup
n>0

<A
= c!’ Sup| Z ;n’r(byi :g,
n>0 yeAn

Combining the last two bounds we infer that
kp k
> 27y o ST (%)
Yy

kez
2k>2(2K)1/"

< p/p1\kp1 . p/p1\k
< TN g 5t (2
keZ n>0 yeA
which is again of required order. =
To prove the embedding F; 7 q C 87 we make use of the real interpolation
method based on Peetre’s K- functlonal Let us introduce some notation. For
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two real Banach spaces X and Y which are both continuously embedded
into another real Banach space Z (in our case of interest, Z = LP), we define
the functional

K(t,2)i= _inf (lellx +lylx).
zeX,yey

For 0 < § <1and 1 < ¢ < oo, we then denote by (X,Y )y, the subset of all
elements z € X + Y such that

e = (§
0

It is well known that the space (X,Y )y with the norm || - [|(xy),, is a real
Banach space.

Proof of Proposition [{.1. Due to Propositions [3.8] and [3.9] it suffices to
establish the asserted embeddings on the level of the sequence spaces F
and B.

(i) Here, a straightforward modification of the proof of the second case
of [T, Thm. 4.1] also works for the Triebel-Lizorkin scale of modelled distri-
butions. We leave the details to the interested reader.

(ii) Put ¢ = max.A5 and first consider the case v € ((,¥). For ¢ € A,,
we define the functions

uS(y) = D 1M @h) — Tyny f W)l n >0,y € Ay,
he&n

K(t, z)
0

th 1/q<
— o
t

As the local bound is an immediate consequence of /7 C P, the asserted
embedding follows directly from Lemma For what follows, it is crucial
that this result holds true even if vy =4 — |s[(1/p — 1/p).

Now, let us turn to the case v € (¢, (), where ¢ = max(Ay \ {C}). Before
proving the required bounds, let us remark that after having established
this particular case, one obtains the general statement by recursion over the
(finite) set of homogeneities As.

Now, to verify the embedding for v € (¢,(), we follow the argument
in [7]. We consider the case where ¥ — |s[(1/p — 1/p) < (. Then for every
e > 0 such that ( + & < 4 we denote by pee € [P, p] the unique number with

C+e=7—|sl(1/p—1/pg).

We also define pg = pgo and choose v/ < ¢ such that v < ~'—[s|(1/p;—1/p).
Then it suffices to show that

i, <l =s .
(4.3) Q<r f \H% S Az,

Indeed, by the assumptions on 7/ the result then follows from the previous
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calculation. To prove (4.3)) it suffices to bound
(14) 19475y, SFllz,

uniformly over all € > 0 with (+& < 7. Indeed, let 7. = 7' —|s](1/pz- —1/p¢)-
Then, for sufficiently small € > 0 we have A,, = A,/ and by an application
of Fatou’s Lemma as well as the first case we have

f ! < 1 f _ < 1 f !
19+ iy < ImlIQefll e S im Qs Tly
with a proportionality constant of required order, i.e. the bound in (4.3)
follows. Thus, it remains to prove (4.4). To this end, we first make use of

(4.5)  [Qery f™M (y+h) = TyrnnQeary ™ (y)lc

< F ™ (y+h) = Tysnn F ™ @)le + 1Tyiny Qe f ™ W)le

which holds for all ¢ € A,/. Of course, for the first term on the right hand
side we again simply apply Lemma [£:3] For the second quantity we have

H< !Fy+h,yQ§f(”)(y)\<‘ n T>l/r
n>0 he&,

=g (@)
sup > Qe (1) ()
n>0

- yeAn

pr
yeA L¢e

1270 =9),0 v

LPC’E

S

sup \ng(")(y)\gxlj(w)‘
n>0

- yeAn
Now, as in the proof of Remark [3.7] there exists a constant K > 0 such that

sup 3 107" W)ex @ \p@_HZIQJ Dlexy@)]
"=V yea,

R [Pap>

n>0 hego

ree :

P(E

r>1h

Z " (y+h) — Dyrny f™ ()l ")

2—ne Yy

L
YyENAL L7¢¢

Hence, with the help of Remark and Lemma [4.3] we obtain
sup > 10/ W)l @)|| .
nZOyeAn

e SIFlz

uniformly over the relevant data.

It remains to consider the case —|s|(1/p—1/p) > ¢, where still v € (¢, ().
Here, we find & > 0 such that (+& < 5 — |s/(1/p— 1/p). Then, again making
use of and slightly modifying the argument shows that

Q< Fllzy, SIFfllz -
P, D,4q

This concludes the discussion of the second embedding.
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(iii) First, choose € > 0 such that v+ satisfy Assumptlonn7 A7 = A,Yig
and v+ e <5 — |s/(1/p—1/p). We already know that FJ . C .77 C Bgoé,
so by real interpolation

(}goo7fgoo)1/2,p (B;’Jgoevbw E)1/2,p

Furthermore, it is trivial that Fy C (.7-';,y Oo,]-"y )1/2,5- Thus, the asserted
relation follows at once if we show that

(B;Jgoaagw 6)1/2p - B
The corresponding local bound is trivial. For the tr@nslatign bound, we follow
the argument of Triebel [10, Sec. 2.4.2]. Let f € (B, Bioc)1/2,5- Consider
fie 8700 and f2 € Bjoc such that f fi + f2. Then

3 [f" (y+h) = Lyeny S W) |17

¢
ot 2—n(7=C)

, 2 il + 2N ol gy
n

uniformly over all n > 0. By taking the infimum we deduce that

(Z |f(n) (y+h) y+h yf ( )|C Zp) 1/p < (Z |27"€K(22”E, f)‘ﬁ) 1/p

n>0 2700 n>0

~ HfH(Bgtg: 719;0)1/2 I3

5. The reconstruction operator. This section is devoted to the proof
of the reconstruction theorem. We work in a fixed regularity structure
(A, T,G) which we always assume to include the polynomial regularity struc-
ture (A, T,G). Furthermore, models for the regularity structure are always
understood to act canonically on the polynomial structure.

A powerful additional ingredient of the theory of regularity structures is
an appropriate notion of distance between two modelled distributions. We
emphasize that the theory in particular allows for the situation where two
modelled distributions are modelled with respect to two different models. Of
course, we want to translate the corresponding notion from [5] to the scale
Fp.q and therefore we define

I1£; £l = Sup I1f(x) = F@)lcler

f(l’—i—h) - f(.fC—i—h) z+h acf( ) + Fx—i—h,x.f(m)

15
. dh

el g

Q(0,4X) L{\Le

The reconstruction theorem then reads as follows.
THEOREM 5.1. Let (A, T,G) be a reqularity structure and (II,I") a model

as above. Let vy € Ry\N, 1 < p < oo and 1 < ¢ < 0o. Set « = min(A\N)A~.
If ¢ < 00, choose & < . In the case ¢ = 0o, let & = a.. Then there exists a
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unique continuous linear map R: Fylq — Ff, such that

(Rf — I f(z),n)|
e ¢ %

S A=y I+ (171D,
Lp

51|

LY

uniformly over all modelled distributions and all models. Furthermore, given
another model (II,I") and denoting by R the associated reconstruction oper-
ator, we have

b (RS —Rf — I f(x) + Mo f (), 1)

neEB AY

52 |

LlLe
SALEs FIETIC A+ 121D + WAV = QA+ 0] + (= 1))

Proof. As in [7], we will build a discrete approximation of the recon-
struction operator, namely we start with f € F), and build f as in Propo-
sition 3.8l Then we define, for n € N and z € A,,

Az = <fo(n)($)790;l>a Rnf = Z Aoy

TEA,

Following [7], we divide the proof into three steps. For simplicity, we assume
that ¢ < oo; as already discussed previously, the case ¢ = oo follows in
essentially the same way by replacing sums with suprema. The different
choice of & for ¢ = oo is a direct consequence of the improved convergence
result in Proposition

STEP 1: We prove that R,,f — Rf in szfq for @ < aA0. To see this, we
only need to prove the assumptions of Proposition[2.3] We start by estimating
AF| < D [T ||27 RO RO ()

v>¢

Hence, by the bound from Remark 3.7 and the definition of

sup Z mxy(:v) L Slclp 7811;13 62/1: ‘f ‘CXy( ))

nZOyEA
S Fllz, < 005,

Lp

while

bz = | 7 (I, F () = I (@), o it o)

yGAn+1

< sup Z ‘f(n) (z) — Fw,yf(n+1)( Ne2™ mlel/2+0)

yeA'rH»l
ly—zlls<C27"
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so that we indeed obtain the second bound of Proposition [2.3}

(S5 ot e[ )
— X
nZOyGAnz—nw+wV2ny .
1F(y) = Lyyin F Dy + b N
< 3 n
J[03)p> sl e )

YEAn el

which is bounded by the norm of f thanks to Remark [3.3] Hence, R, f
converges to some Rf in fgq. From the reconstruction bound which we will
prove below, we then recover the convergence of R, f in F, for all @ < a,
even if a > 0. The proof is the same as in [7] and we omit it.

STEP 2: We prove the reconstruction bound ({5.1). To this end, for any
n € N we write

Rf = f(x) = Rof = Pullof(2) + Y Roniif = Ronf — Pl f(2),
m>n

where P, is the projection onto V;, and P;- is the projection onto the or-
thogonal complement an_ of V,, in V1. We will treat separately the terms
of order A\ and the terms of higher order, that is, for any A we choose n such
that A € [27",27"*1). Then (cf. [7, Rem. 2.2|) we find immediately that

’ (Rf — I f(x),ny)] (Rf — I f(x),n7 ")

sup ~ |||| sup -
neEB A7 Lglie neB 27 eallLe
and

Ruf = Pullof(x) = Y (A} — (Lo f(2), 0)))ey-

ye,

For terms of order n, we get the following bound uniformly in n and with
the constant C depending only on the support of ¢:

[(Ruf = Pallof(@)n2 ") = | 3 (A5 = (Lot @) o) (o2 ")

Y€,

S D bW (2) = Topf(2)), 27V 20p) Az

yeldn  Q(y,2™")

ly—zlls<C27™
h) — Fac x
S sup S |f($+ ) 2n<+h, f('x)k dh,
¢ Q02027

where in the last inequality we have used the fact that the sum is actually
finite, uniformly in n. In this way, we can find a bound of required order for

‘ |<Rnf _,Pnﬂxf(x)anginﬂ
2-m7

sup
nesBr

vallLp
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Now, we pass to the terms of order greater than n. For this, we use the
decomposition Ryi1f — Rinf = gm + 0 fm, where g, € Vy, and 0 f,, € Vit
We will treat the contributions from Y° o gm and Y., < (8 fm =PI, f(x))
differently. We start with the latter, following [7]: -

(8 fm = Po Il f ()72 )|
= | T AT I f (@), D e )

YEA 11
2ENAm
9—m(r+¢)
< sup oo & |f(x+h) = Lpynaf(@)|c dh.
¢ Q(0,072-m)

So, as before we can now easily bound the contribution from

L —n

2=y
in terms of the norm of f and the norms of the model, as asserted. Finally,
we also estimate the contribution from g,,:

neyBr vallLp

m>n

|<9ma 773:771”

=) > (I () = T, £ (), o7 (00 o (et nE )
yENA,
ZeAm+1

S su Yo > FUyh) = Dy F V()2 ke,

C,0
yEAm h€€m+1

where we have used the notation from the proof of Proposition with ng
replaced by n. In fact, following the proof of Proposition for small scales,
with x € (0,1) such that v + 2-2¢|s| > 0 and with the weight function

0(z) = 9—=(r+ = dlsl),

where z > 0, we can now bound

‘grm Ky
Sup Z 2—ny

KEBT m>n L4(n) ILP
P (yh) = Lyang SOl [T\
Z Z Z n('y—c) Xy( ) )
r
n>0'yeA, heeM

which in turn is bounded by \HﬂH;;q in view of Remark Putting together
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these results we infer by the triangle inequality that

[(Rf — o f(x),n3 ")

sup —
neBr 2—m vallLp
- ‘ sup [(Raf = Pullof (). m; ")
- neBr 27 vallLp
+ sup |<5fm - 73$fo(1’)»77%7”>|
neB” = 2= eallLr
2—7’1/
+ Esup \(gma_vzlx )|
ne%’“mZn 22—y vallLp

S A= I+ D,

uniformly over all models. If we take two different models, the reconstruction
bound follows by the same argument as in [7].

STEP 3: We prove the uniqueness of the reconstruction operator. For this
purpose, we recall that for any Schwartz distribution ¢ and for any smooth
test function p supported in the unit ball, the convolution v * p®(x) = (1, pl)
converges in distribution to i as p approximates a delta, i.e. if § — 0.
Now, assume there are two distributions ¢! and &€ which both satisfy the
reconstruction bound . Then, for any § > 0 choose n € N such that
§ €27, 27"*1). Now, we can bound

27n+1
H‘ 52 pcc | < sup ‘<§1 _5277751/}” %
p ~ 9—n neBT AY A Lp
Furthermore, let us write
2—n+1
e L€
n — .
o—n ne%’!‘ A’Y )\

By the reconstruction bound, ||| fy|le||r < 00. It is then an easy exercise
to show that this implies ||f,||z» — 0 as n — oo. Since taking n — oo
is equivalent to & — 0, we find that (¢! — ¢2, %) — 0 in LP(dz). Since LP
convergence implies convergence in distribution, this tells us that £ —£2 = 0.
Note that this argument does not rely on v, and it shows that there is at
most one distribution that can satisfy the reconstruction bound. =

REMARK 5.2. For a given C' > 0, we denote more generally by %TC(RC!)
the subspace of smooth functions on R? with C"-norm bounded by 1 and
supported in the cube Q(0,C). A detailed inspection of the proof of the
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reconstruction theorem then shows that
sup |<Rf - H:Ef(w)’ 771);\”
nEBE(RY) A7

(5:3) Sc lfll=,

Lp

LY
Of course, the respective bound is also true in the case of two models.

REMARK 5.3. There is another version of the reconstruction bound which
we would like to mention at this point. It follows from the identity

(Rf = Hysnf(a+h) ;)
= (Rf — I f(2), 15 13) + e (f@th) = Do f(2)), 03 40)
and the bound of Remark [5.2] that
(5.4)
(RS = Ioynf(z+h),m2 )|

2=y

dh

sup

HH S BT (R4) Sc H‘f‘”?;w
Q(0,c2—n) MEB”

vallLp

again uniformly over all f € F,.

The remainder of this section is devoted to proving a consequence of the
reconstruction theorem when the regularity structure is the polynomial regu-
larity structure (A, T, G), together with the model (IT,I") acting canonically
on this structure. In this case, it turns out that modelled distributions corre-
spond by means of the reconstruction operator bijectively to Triebel-Lizorkin
distributions over R%:

PROPOSITION 5.4. Let vy e Ry \N, 1 <p < oo and 1 < g < oo. Then
the reconstruction operator yields an isomorphism between the Banach spaces

Fpo(T) and Fy 4(RY).

We divide the proof into the following two lemmata. In a first step, we
will prove that the reconstruction operator is an injection between the two
spaces above. Then, we will show that R is invertible.

LEMMA 5.5. Let f € Fpq(T) and for k € N with |k|s < v, define
fr(x) = Qif(x). Then klfy is the kth derivative of Rf (in the sense of
distributions) and Rf = fo € Fp(R%).

Proof. Following the argument for the uniqueness of the reconstruction
operator, we can see that there exists at most one distribution §(k) that

satisfies
[(€®) — OFIT, f (), m))
A= Ik|

sup < 0.

neBrk|

From the identity (k!fy — 0%, f(x))(y) = kK'Qk(f(y) — Iy f(x)) and the

definition of modelled distributions it is easy to see that the above estimate

LillLe
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is satisfied with €)= k! f;,. Moreover, also £(%) = 9*R f satisfies that bound.
Therefore *Rf = k!f.

It remains to prove that fy lies in Fj;(R?). Note that the reconstruction
theorem only gives regularity strictly smaller than ~, at least for ¢ < oo.
Since fy € LP it is easy to show that

| sup 10|, S follzr.
neBT Lp

Furthermore, the second bound in the definition of the Triebel-Lizorkin space
F4 is an immediate consequence of the reconstruction bound, since IT,, f ()
is a polynomial and the test functions from the definition annihilate polyno-
mials up to scaled degree r. m

LEMMA 5.6. There exists a continuous injection v: F,q — Fplq(T) such
that Ri& = & for any € € F),.

Proof. The proof follows step by step the one in [7]. We start by proving
that there is a continuous injection into 5, 4(7). We fix some integer ¢ and
k € N with |k|s < ¢ and a function . To lighten notation, we will write | - |
for | - |s. We define

P = 3 (1) ot U |

[e4-k|<q

For ¢ € F}, and y € A, we also define f(y) € T

QR ™ (y) = (0"¢(-), P (0", ),
where p is any smooth symmetric function with compact support in the
unit ball, and which integrates to 1. In addition, p” is shorthand for p? ",
i.e. we use L' scaling for p. This is in analogy to the definition given by
Proposition [3.8] (cf. also [7]). Now, our task is to show that f lies in F 4(T).
The idea is of course to transform the bounds in the definition of Fy,
into the bounds from the definition of F, (7). For this purpose, we define

o) = P ) = Y (=) ROl (7 ),
[e+K|<[v]
k() = P (pn, ) — PO (),
where h € &,. These functions have been chosen so that
(OFe, 2y = Qu(F™ (W) = LyanyF™ (W),

(OF e, whmy = Qp(fF™ (y) — F D (y)).

7
Y
compact support in the ball of radius 27" about y. Thus, for n = 0 the first

by

One easily sees that PkL (p™, ), @I;Z and Wf " are smooth functions with
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bound from Definition [3.2] follows immediately'

sup (3 17 )" < el

y€Ao
Now, we turn to the translation and consistency bounds. Assuming for the
moment that we can prove that these functions annihilate polynomials of

degree smaller than y—|k|, it follows that f € F,,. Indeed, since 0%¢ € F, q_‘k‘ ,

’f(n) y+h> y+hyf ( )|C n e
2. 2 9-n(1=0) Xy (@)
n>0 yEA, heEn Lr
S[Sspepapapat i
"(x) )
n k y
n>0lyeA, he&, |k|=¢ 27nlr=lED Lr
(¢, 1) >/

N sup o S e gy, s

and similarly for the consistency bound. Thus, it remains to prove that @
and ¥ annihilate polynomials of degree smaller than v — |k|. Indeed,

(5.5) gﬂwp@m_%
and hence @ and ¥ vanish when integrated against any constant, because
up to some derivative terms they are made up of differences of P. By the
arguments of [7] one can prove that

(P ). (= 9)™) =0
for m # 0 such that |m+k| < |v]. Together with the fact that all Py’s have
the same volume mean, this is sufficient in order to see that ¥ vanishes when
integrated against the relevant polynomials. For completeness we treat the

case of @, since it is left as an exercise in [7].
Fix m such that |m+k| < |v]. We want to prove that

(@0, (- = (y+h)™) = 0.
Indeed,

(@50 (= (y + h)™) E
= > R o ()

[e4kI<|7]

(L+E)! m! —
— = 3 g Pl ) (-
<m ’

m

= 2 ey

m)!
=0,
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where we have repeatedly used the fact that PIQJ& . annihilates polynomials
centred in z, and in the second line we applied integration by parts. In the
last line we first used (5.5)) and then the binomial formula. Hence f € Fp .

Finally we need to prove that Ri& = &, where (£ is of course given by
the modelled distribution f corresponding to f through the isomorphism
of Proposition We observe that Ri§ = Qpf, and that Proposition [3.8
shows that I ., f™(2,) — Qof(z) in LP as n — oco. By the embedding
FJ, C LP, it is clear that & = lim,, Fw@nf(") (), because it is well known
that £ p" — & in LP. Then, one can follow the arguments of [7] to conclude
the proof. =

6. Convolution against singular kernels. In this section, we prove
Schauder type estimates at the level of modelled distributions of class Fpq,
i.e. given a kernel K which improves regularity by some 8 > 0 we construct
a linear map Fp, 3 f — Kyf € Fp. ;rﬂ . In addition, we want to ensure that
the construction behaves suitably under the action of the reconstruction
operator, i.e.

(6.1) RK,f = K «Rf.

Almost all non-trivial parts of this program were already carried out by
Hairer |5, Sec. 5]. What is essentially left is to prove the Schauder estimate
in the framework of the scale F,, and to check the validity of in this
setting. First, let us recall the ingredients of the construction of the linear
map f— K, f.

We still assume that the regularity structure at hand contains the poly-
nomial structure (A, 7,G). Furthermore, let K: Q(0,1) — R be a kernel
which is smooth at every point in Q(0,1) \ {0} and S-regularizing in the
sense of [5, Assumptions 5.1, 5.4] for some 5 > 0. More precisely, we assume
that for every n > 0 there exists a smooth kernel K,,: R — R such that the
following properties are satisfied:

(i) The decomposition K = )", -, K, holds true on Q(0,1).
(i) The kernel K has support in Q(0, 1). Furthermore, for every n > 0 and
every x € R? we have the scaling relation

(6.2) Ky (z) = 2700710 g (2m5z).
(iii) The kernel K kills polynomials with scaled degree at most r.

Here and in what follows in this section, we let 7 > max | A, g|.

Next, we want to recall the assumption that the polynomial structure
only provides integer homogeneities for the regularity structure under con-
sideration. It was pointed out by Hairer [5, Sec. 5] that in general it is
necessary that K, f takes non-zero values in parts of the regularity struc-
ture which do not involve the polynomial structure. In order to encode the



Triebel-Lizorkin modelled distributions 35

action of the kernel K in these parts with non-integer homogeneities, we as-
sume that our regularity structure comes with an abstract integration map
Z:T — T of order f3, i.e. (cf. |5, Def. 5.7])

() Zhr: Te = Tors )
(ii) Z annihilates all elements in 7,
(ii) ZI'T—I'ZIreT foral '€ Gand 7 € T.

We refer again to [0, Rem. 5.8| for a discussion of this notion. Now, let
1<p<oo,1<g<ooandy>0. Given f € F,,, we define as in [5, (5.15)]
the operator

(6.3) Kyf(z)=T +>) Z Uch ), D1 Kn(z,-))

CEA, |k|5<C+,B n>0

+ 3 ¥ _Rf I, f(x), Dy Kp(x, ).

|k|s<y+B8n=>0

Here, we have identified K, (z,z) = K, (x—z). For convenience, let us also
introduce for each n > 0 the operator

K f(x Z Z . H QCf( z), D n(x7')>

(eA, |k|J<C+5

k
|kls<y+8
Note that due to the bounds provided by a model, the reconstruction theorem
and the scaling properties of the kernel Ky, the sums over n > 0 above
converge absolutely in LP(R?). Of course, we are not only interested in this
local bound but actually in the improved version concerning the whole norm
for the scale Fp .

Apart from that, we also want to ensure that holds true. Recall that
this is of paramount importance when one wants to recast abstract solutions
of fixed-point maps at the level of modelled distributions as mild solutions to
regularized versions of an SPDE under consideration. Verifying the Schauder
type estimates and is in turn linked to finding a class of models which
act appropriately on the abstract integration map Z.

To this end, the notion of an admissible model was introduced by Hairer
[5, Def. 5.9]. For a model to be admissible it is required that the following
relation (appropriately interpreted) holds true:

Xk
ILI7(y) = (I, K(y, ) = Y 7 (7, DYK(,)),
kls<¢+8
where ( € A, and 7 € 7¢. It is indeed a non-trivial result that this definition
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really satisfies the required analytic bounds of a model. For this, and a
discussion of the notion of admissible models, we again refer to [5].

THEOREM 6.1. Suppose that (A, T,G) is a regularity structure and K :
Q(0,1) — R is a kernel such that all the above assumptions are satisfied.
Let 1 <p < oo and 1 < q < oo. In addition, assume that v € Ry \ N and
C+ B ¢N forall ¢ € (A, U{~}) \N. Given an admissible model (II,I), the

linear operator K maps Fp,q continuously into ]-}7:;’8, and

(6.4) WS Fll 7o < IHTITCL T 75,

uniformly over all f € Fpq and all models (II,I"). Moreover,
REKLf =K *Rf.

Furthermore, consider another model (I1,I"), and denote by I@Y the asso-
ciated abstract convolution operator. Then the quantity ||Kq f;Kq f|| 76 is
p,q

bounded by
TN AN Pz, + 1T = TN AN TN 2, + T =TIl 2,

uniformly over all f € FoqII,T), all f € Fp,(I1,T) and all models (11, 1)
and (I1,T).

Proof. We only focus on the bounds in the case of one model; the bound
for two models then follows from the arguments in [7].

We begin with the local bound. First, we fix a non-integer homogeneity
¢ <7+ B. In this case QcK, f(z) = Q¢Z(f(x)), from which the required
bound immediately follows due to the properties of Z. Now, consider k € Ng
such that |k|s < v+ 8. We obviously have

E'Qyi Ko f(2)
= (Rf = I f(2), DY Kn(z,")) + > (I1,Qcf(x), DiKn(x,)).
¢>lkls—B

To bound the first term on the right hand side, we use the reconstruction
bound to obtain

ZHKRJC - fo(fb), leKn(x’ ')>H|LP

n>0

(Rf — I.f (), 7 )|
2-m

< 3 2mnl+a-kn)
n>0

S Az,

sup
neBT (RE) Lp
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For the second term, we simply estimate

Z ZHKHZ’QCJC(%)?DfKn(x?))’HLP
(>lkls—Bn=>0
Z 22 n(¢+B—kls)

" lie-p 30
S A7,

x)|CHLp

To prove the translation bound, we start again with a non-integer homo-
geneity ¢ <y + . Then (cf. [5])

( 'yf(x+h) :c+hx “/f( )) = ch(f($+h) x-i-h :cf( ))

for all z € R% all n > 0 and all h € Q(0,4 -27"). Hence, the desired bound
follows from the translation bound for f and the properties of Z. Fix now
some k € N¢ such that |k|s < v+ 3, i.e. we proceed with contributions in
the polynomial structure. We also fix z € R%, n > 0 and h € Q(0,4-27"). In
the following, we divide K = }_ - Ky, into the sum over m < n and over
m > n.

For m > n, we make use of the identity (cf. [5])

(6.5)  K'Qxt (Ko f(@+h) — Tornoom f())
= (Rf = Hyynf(a+h), DY Kp(a+h, )
hl

+ Y (R = L f(@), DY K, )
lend
[k+1]s<v+8
+ Z x+hQC x"‘h) z+hxf( ))7D]me<‘r+h7)>
¢>|kls—B

For the first term on the right hand side, we have the bound

dh

| (RS — Hyinf(a+h), DY K (z+h, )|

9—n(r—Ikls)
m2n Q(0,42-")

_ 2—m
< Z 9—m(B—Ikls) g sup (RS Hx—i_:(f(:fk—'i—)h)’nwrh” dh
m>n Q(0,4-2-m) neB(RY) 27 :
n—m — 5 R H -
< 3 plmma-lkl) g S 109 ! J;EV) |

m>n Q(a,4:2-m) TEBT (RY)
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We then estimate

_ 1. 2-m
sup |(Rf Ajsj),nz 1
Q($74.27n) WE%T(Rd) 2
< Y aemnl | qup (RS IS @)mE ]
YEAR Q(y,4-2=™m) neBT(RY) 2=

ly—zlls<4-27"

comnef Yol

uniformly over all 0 < k < 1, with the shorthand &’ = |s|(x — 1)/k. Now,
choosing k sufficiently close to 1, we obtain, with the vector-valued maximal
inequality,

S RIIIEE]

2=
YEAm Q(y’4_27m)7]€%7"

|<Rf - Hz+hf(1:+h)’ Dlchm(x"_h’ )>‘

2—n(v—Ikls) dh

HHm>nQ 0,4-2-7) ealle

Z § sup ‘<Rf—ﬂzf(2),n§_ >‘x"(w)dz

<
~ v e Qud2-m) nesBT 9—ny Y vallLp
H H o (RS = o f (2 h), nen)l
Q(0,5-2—7) WEW 27 eallLe

Thus, thanks to Remark [5.3] we eventually arrive at a bound of required
order. Concerning the second term on the right hand side of (6.5]), we derive
the bound

1! [(Rf — I f(x), DY Ko (x, )]
Z Z § e szwfuclm = dh

m>n leNg Q(0,4-2—7)
|E4-1]s <v+6

S Z Z § L sup z » dh
~ m(B—|k l5 —n(v—lk R
mZTL lENg Q(0,4'2_") 2 (6 | +| ) ne%r(Rd) 2 (’Y | | )

|k+1]s<v+8

< Y YT gl gy (Rf — I f(x),n2 )|

nEBT (RY) 2=

leNg ~m2n
[k+l|s<v+8

Thus, by virtue of Young’s inequality and the reconstruction bound we again
obtain a bound of required order. It remains to derive a suitable bound for
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the third term on the right hand side of . In this case, we have

dh

Z Z S_ |<Hz+hQC(f($+h) w+h mf( ))7D]1€Km(x+ha )>|

9—n(y—Tkls)
m>n ¢> |kl Q(0,42-7)

Z Z o—m(¢+B—kls) g ‘f(.’L‘—i—h) erh :L"f( )‘C dh

2 TH)
(>lkls—Bm=2n Q(0,4-27)

S Y gt | |f($+h)2 el (2 @le gy,
C>lkls—Bm=2n Q(0,4-27m)

i.e. the desired bound follows immediately. This concludes our discussion of
the regime m > n.
For m < n, following Hairer [5] we introduce the test functions

(y =)
Kb = DKo - S g ).
leNd )
|k+l‘s<’y+ﬁ

We then make use of the identity (cf. [5])
KO (K f (2h) = ToinaKoma f (@) = (Rf = Haf (). K70

+ Z z+hQC (.%'—i—h) z+h xf(x))leme<$+h7 ))

As above, we bound each of the two terms on the right hand side separately.
For the second term, we first observe that terms related to homogeneities
with ¢ + 8 = |k|s actually do not contribute: our assumptions imply that
¢ € Ng, and as K annihilates polynomials of scaled degree < r, these terms
vanish due to the action of the model on the canonical structure. Hence, we
can restrict the sum to homogeneities ¢ € A, such that ¢ < |k|s — 5. Then
we get

Z Z S |<H:v+hQC(f(x+h) x-i—h acf( ))aleKm(:E+hv )>|

2—n(v—[kls) dn

¢<|kls—Bm<n Q(0,4-2—7)

DD IR R DI !f(ﬂHh) (x;r)zf( e g

¢<|kls—Bm<n Q(0,427m)
S almemcHse |f(:v+h)2 n(’yac—&—ci;a:f( )|th,
(<|k|s—Bm<n Q(0,4-277)

which immediately entails a bound of required type. It remains to bound the
term involving Kﬁ;gﬁ . Here, we first recall the following scaled version of
Taylor’s theorem [5, Prop. A.1]. Let e; denote the ith standard unit vector
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of R% and let, for 4/ > 0,

0y = {l e Ng\{0}: [lls >/, 1 = emls <"},
where m(l) = inf{i € {1,...,d}: l; # 0}. Then

(6.6) Kt = >0 | DR (atz,) il (B, d2),
leNd\{0} R4
k+1€d(v+8)

where ! (h,dz) is a signed measure on R? with total mass h'/I! and support
in {z € R?: z; € [0, hy]}. Since v + B ¢ N by assumption, the set (v + 3) is
actually identical to {l € N§\ {0}: |l|s > v+ B, |l — emqls < v+ B}. Now,
one can find an absolute constant C' > 0 such that

(Rf — I f(x), KETE Y]

T m,x,z+h
Z § 9—n(y—|kls) dh
m<n Q(04-2-")

27771
<Y Y gmkblg el gy (Rf —H.f(x),n; )|

) leNg\{0} m<n neEBL, (RY) 2—n(v—Ikls)
KHED(+5)

DD DE G S D (RS — Mof (). ")

) neBY, (RY) 2—my

leNd\{0} m<n
k+1€d(v+B)
By Young’s inequality and Remark [5.2] this is again sufficient to obtain a
bound of desired order. In particular, the asserted bound on the 7,5 8 _norm
of K, f follows.

It remains to verify . Of course, one could adapt the arguments of [7]
to the scale f-;’ @ but we prefer to make use of the embeddings JF,,, ;rﬁ B“gﬁp
and Fp4 B, vp- Indeed, just note that all the constructions involved
coincide on the respective spaces, i.e. the identity is satisfied as it holds true
for the By ; spaces. =

7. Products of modelled distributions. An essential tool in the
theory of regularity structures is the possibility to build products of mod-
elled distributions. In this section we address this issue in the framework of
Triebel-Lizorkin spaces. We recall the definition of an abstract product in a
regularity structure [5].

DEFINITION 7.1 (Sector). Given a regularity structure (A, 7T,G), a set
V C T is called a sector if 't € V for any 7 € V, I' € G and we can write
V=.,ca Va with V,, C Ts. The regularity of V is

ay =min{a € A:V, # 0}.
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DEFINITION 7.2 (Product). Consider a regularity structure (7,.4,G)
with two sectors V, V. A product between V and V is a map

VXV —oT

such that, for any o € A and 8 € A, its restriction to V, x V5 is a continuous
bilinear map *: Vo x Vg = To45 and

I(rx7)=ITtxI'7T forall'€G, 7€V, and T € V.

Finally, for a given o we say that f € Fpy" if it lies in Fp 4 and f(z) € T>q
for all z. For a given sector V we say that f € Fj,(V) if f € Fj4 and
f(z) e V for all z.

PROPOSITION 7.3. Consider a regularity structure with two sectors Vi, Vs
of regularity i, as respectively which are endowed with a product between
them. For any f € Fplqy(Vi) and g € Fpig(V2) with 1 < p; < oo and
1 < g; < oo the pointwise product

fa(x) = f(z)xg(x)
lies in Fpyq with
a=artaz, 7= Mm+a)A(eto),
_ Dhip2

p =
D1+D2
provided that p > 1. In addition,

; q:(h\/Q%

Ifall =y, < WAz, Nl zpe
p.q p1,491

P2,492 ’

Proof. First we consider a sequence of functions 7™ : A, — 7 which is
a discrete version of the product:

rt(z) = f™) (@) % g™ ().

Note that this definition may produce contributions in 7. Since the state-
ment of the proposition only requires us to encode the product up to homo-
geneities < vy, we set all contributions in 7>, to zero, i.e. we will actually
study

7(@) = Y Quf ™ (x) x Qg™ (x).

k+l<y
(n) (n)

Thus, we aim at proving that 7 € Fpq, since Tey € T>a by construction.

Then, Propositionimplies that 7r(<n7) corresponds to a function T, € Fp .
It thus suffices to show that m., = fg to conclude the proof.

We will use the fact that uniformly over ¢ in a bounded set, there exist
only a finite number of homogeneities (1,{s € A with {; > «a; such that
(1 + {3 = (. The local bound follows directly from Hoélder’s inequality, so we
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(n)

concentrate on the translation bound for 7. Fix ¢ < . Then

7 (y+h) — Dyenymos (y)

= > {Qef " y+h) « Q™ (y+h) = Tyyny Qef™ () * Tyrny Q9™ ()}

k+l<y

Z Qk(f ") (y+h)— y+hyf 'y ))*ng(n)(y+h)

k+l<y

+ Z Ty ny S ™ (W) x Q (3™ (y+h) =Ty nyd™ (1))
k+l<y

+ Resv(f(”),g(")),

where we introduced the “error term”

Res’y(f(n)7g(n)) = Z QkFerh,yf( (y) * QT y+h yg( )(y)
k+l<y

- Z Fy+h,kaf(")(y) * Lyihy ng(n) (v)

k+l<y

= Q<7 ( Z Lytny Qkf(n) (y) * Lyshy ng(n) (y)) .

k+1>y

To obtain the first identity, we made use of the property that the product
commutes with the action of I' € G. Hence, we may bound

(7.1) |7r (y+h) y+hy7r<w Y)l¢

< Y )= Tyny )16 3™ (y+h)
CG1+G2=¢

+ Z 1 Lyhy ™ )16 15T (y+h) = Tyn 8™ W)es
G1+G=¢
+ [Res, (), g™)]c.
For the last term, note first that due to Assumption [3.6] the sum defining

Res, (f(™,g™) actually runs over all homogeneities k € A, and I € A,
such that k: + [ > ~. Hence, we find € > 0 such that

Resy (£, g")le < >0 Y [AIFT f M @)lg™ )l

k41> G1+C2=¢

S27 3 2700 F () kg™ ()i,

k41>~

uniformly over all n > 0, all y € Ay, all h € &, and all ¢ € A,. From this we
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can deduce with the aid of Holder’s inequality the bound

‘ <Z Z Z IRes, ( fn(:,?)( ))|C><y(m) q>1/q < (22*”5‘1)1/61

n>0'yeA, hekn Lp n>0
x sup |lsup Yy > [f™M ()l () sup Y Y g W)l
kti>y lin20 cq hee, Lelinz0, 24 hee, L2

which is of required order due to Remark [3.7] Regarding the first term on
the right hand side of (7.1)), we immediately obtain the bound
q> 1/q

()
‘(Z > > T = Lynal e 19 (y+h) | e X ()

¢
n>0'yeA, he&y 2-n(r=¢) Lr
sup S 3 (3w h)lexi @) Iz,
n20, 1 he, LP2

uniformly over (14 (2 = (; it is therefore of required order due to Remark[3.7]
and Proposition Analogously, one obtains a bound of required order
for the second term on the right hand side of . This establishes the
translation bound.

Since the consistency bound follows in exactly the same way, we conclude
that 7T(<n7) € Fp4 This implies in particular that there exists a function
T 1= Tey € Fp,q such that

TP
nhm Qc7r<7 Q¢m in LP.

Now, since 7T<7 D kti<n Quf™ * Qrg™ and

Qcf™ — Q¢f in L,
Qg™ — Qrg in LP2,

it follows from Hélder’s inequality that Q(]T(<n,y) — Q¢ fg in LP for all homo-
geneities ¢ € [a,7)NA. =

REMARK 7.4. The condition p > 1 in the previous theorem is not neces-
sary. However, stating the theorem in the general case would require defining
Triebel-Lizorkin spaces for p,q € (0,1). Since the article is already quite
long, we refrained from doing so.

REMARK 7.5. The previous result together with Theorem [5.1] applied to
the polynomial regularity structure allows one to deduce that the product of
two Triebel-Lizorkin distributions is a well defined continuous bilinear map
for v > 0, thus recovering a well known result from harmonic analysis.
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8. A note on the Besov scale. In this section, we discuss a phe-
nomenon which is well known from the classical theory of Besov spaces: that
one obtains the same space whether one considers differences of a function
or volume means of differences. We will show that this is still the case in the
framework of regularity structures.

DEFINITION 8.1. Let (A,7,G) be a regularity structure and (II,I") a
model. Let 1 < p,q < oo and v > 0. We define D}, to be the (Banach)
space of all functions f: R? — T, such that

(i) sup ||[f(@)lc ., < oo,
CeA,

H fa+h) = Losnaf @ 4,

< oQ.
LY

(ii) sup

ceA, \7—¢

Q(0,4)) Ly

The associated norm of f € D}, is denoted by || fllpy,-

For p < oo and ¢ = oo, the space D), was already introduced and
studied in the work of Hairer and Labbé [6] on multiplicative stochastic heat
equations.

DEFINITION 8.2. Let (A, T,G) be a regularity structure and (/1,1") a
model. Let 1 < p,q < oo and v > 0. We denote by B, , the (Banach) space
of all sequences of maps

f(”):/ln—>7j/_, n >0,

such that, uniformly over all ¢ € A,,

O (X 170wE) " <.

y€o
} £ (y+h) — Dyng F™ @)l ]|\
W <;h§ g7lm0 w) ©
7™ (y) — FED ()] |7\
(iii) (% 9=n(1=0 9 < 0.

The associated norm of f € Bj, will be denoted by mﬂHE;q

Again, there is essentially no difference between the spaces D and B:

PROPOSITION 8.3. Let v > 0 and 1 < p,q < oo. Guwen [ € D)4 and
n >0, define f(™: A, — T, via

(8.1) M=} 0efz)de
Qy,2™")
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Then f € Byq and || fllgy, S I fllpy,- In addition,
Ly f™(2n) — f(z)  in LP.

Conversely, for any f € By, there is f: R? — T, such that

fal@) = Dyg ™ (20) — f(z)  in LP,
where actually f € Dyq with || fllpy, < IIfllsy,-

Proof. Let us prove the first assertion, i.e. we fix f € D), and we show
that f € B) 4 where f is defined in (8.1]). The respective local bound follows
directly. For the translation bound, we observe that

|F®™ (y+h) — Dyiny F™ ()]
2—n(y=0)

S | Dythothty—a(f(2Hhty—2) = Dognyy—zof(2))|c dz da
2—n(v=¢)

S
Qy2~) Q(z.2")

< Z § S |f(z+h) = Toqh o f(2)ls dz dz

2—n(y=8)
B¢ Q(y,27") Q(z,2:27n)
|f(z+z+h) — Fx+z+h,zf(x)|/3
~DUR } o) dzdz

B¢ Q(y,27") Q0,227 ™)

f $+h/ - F;B h’,a:f x
< Z & S L )2_n(7_+ﬁ) (@)s dn' dz,

B=26Q(y,27") Q(0,327™)
which already leads to a bound of desired order. The consistency bound can
be derived analogously. The convergence assertion follows from the same
argument as for the Triebel-Lizorkin scale Fp 4.

Let us turn to the second statement, i.e. consider f € B),. Along the
same lines as for the Triebel-Lizorkin scale, one obtains

> @) = fa@)ell o S 270Nl g5,

n>ng

uniformly over all ng > 0. Denote by f: R — 7, the associated limit in LP.
We aim to show that f € D, with a corresponding bound for its norm. To
this end, it is again convenient to bound

‘f(l‘—l—h) - Fx—i—h@f(x)k
g )\774 dh q
Q(0,4)) LrllLy
~ 2-n(v=0) Ip
n20"Q(0,4-2— )
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Now, we make use of the decomposition (3.5). Contributions from the last
two terms can be treated along the same lines as in the case of the Triebel—
Lizorkin scale. Thus, let us only discuss the contribution due to the first
term, i.e. f(z+h) — fo(z+h) with z € R, n >0 and h € Q(0,4-27"). We
bound (with obvious modification if p = co and/or g = o0)

|f(z+h) = fu(z+h)|c ||
¥ 0 dh
Q0,427 2 Lr
< ( % |f(z+h) — falz+h)|c || dh>q/p: Hlf(x)—fn(w)lc 9 .
~ A 2—n(y—C) I 2—n(y—0) I

Thus, we have reduced the argument to the case of the third term on the
right hand side of (3.5)), which concludes the proof. =

Recall from [7] that |||z, ~ \Hf\Hg;q, where f is defined by the lo-

cal averages as in (8.1)). We therefore obtain the result announced at the
beginning of this section.

COROLLARY 8.4. Let 1 < p,q < co. Then D)4 = Bp g4 in the sense of
equivalent norms.
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