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Abstract

In this work we prove convergence of renormalised models in the framework of regularity structures
for a wide class of variable coefficient singular SPDEs in their full subcritical regimes. In particular, we
provide for the first time an extension of the main results of [BH23] beyond the translation
invariant setting. In the non-translation invariant setting, it is necessary to introduce renormalisation
functions rather than renormalisation constants. We show that under a very general assumption, which
we prove covers the case of second order parabolic operators, these renormalisation functions can be
chosen to be local in the sense that their space-time dependence enters only through a finite order jet of
the coefficient field of the differential operator at the given space-time point. Furthermore we show that
the models we construct depend continuously on the coefficient field.

Contents

I Introduction|

[2_Setting and Main Results|

[2.2_Strategy of Proof]. . . . . .. . ...
BB AIGCIE SITUCTUTE] . « « « « o v v v e e e e e e e e e e e e e e

3 Regularity Structures from Tensor Products of Banach Space
.1 Tensor Products of Banach Spaces Associated to SymmetricSets| . . . . ... ... ... .. .......

[3-2 Operations on Tensor Products associated to Decorated TTees| . . . . . . . . . .o vv ...
|4 Models on Regularity Structures with Infinite Dimensional Components|
4.1 Admissible Models on T P80, . . . .
4.2 Algebraic Renormalisation on J °3"
[5_ Stochastic Estimates for Models on 7 527
5.1 Stochastic Estimates for the BPHZ Model on 7 °3" — Annealed Estimates} . . . ... ...........
5.2 Stochastic Estimates for the BPHZ Model on J a0 _ Quenched Estimatea ................

[6_(Pointed) Modelled Distributions)

6.1 Multiplication and Multi-Level Schauderon I530 . . . . ... .. ... . ... . L L.
6.2 Variable Coefficient Abstract Integration on g Ban ¢ ﬁ,)l

Greq

req

[7.2_An Algebraic Representation of ff| . . .. ... ... L
[7.37 The Proof of Proposition[7.8]. . . . . . . o o v i it e

|8 Proof of Theorem|2.12{- Convergence of Renormalised Models|
[9__Decompositions of Green’s Kernels for Parabolic Operators|

.1 Setting and Statement of Heat Kernel Decomposition] . . .. ... ... ... ... ... ... .....
[9.2 Proof of Heat Kernel DecOompoSItion]. . . . . . . . o vt vt e e e e e e

o Na an


https://orcid.org/0009-0007-0716-8059
https://orcid.org/0000-0002-9991-8393
https://orcid.org/0000-0001-6546-5800

1 INTRODUCTION 2

|A  Existence of Tensor Products for Symmetric Sets| 86
[B Some Facts about Topological Hopf Algebras| 89
|C An Anisotropic Taylor Formulal 91
[D_Index of Notations| 91

1 Introduction

Initiated by the breakthrough works [Hail4,|GIP15], the past decade has seen remarkable progress on
the well-posedness for (systems of) singular SPDEs of the form

Lu=F((0"t)n<N) + G(0" W) nj<N)§ (1.1)

where L is a uniformly parabolic operator, F, G are (appropriate) non-linearities and ¢ is a random and
distribution-valued noise of regularity such that the equation is subcritical but singular.

In the case where L has constant coefficients, the initial work of Hairer on regularity structures [Hail4]
has been developed over the papers [CH16, BHZ19,[ BCCH20] (see also [Brul8|BB21,HS24}[BH23]) into
a systematic machinery that provides a local in time well-posedness theory for a wide class of equationsE]
of the type of in their entire subcritical regimes. Furthermore, the past few years have seen the
development of several alternative approaches capable of providing solution theories for equations in
their entire subcritical regimes including the flow equation approach of Duch [Duc25), [Duc22, DGR23}
CF24a)|CF24Db] (see also the related works of Kupianen [Kup16]) and the multi-index based alternative to
Hairer’s tree based regularity structures developed by Otto and collaborators [OSSW24] [LOT23} [LOTT24]
B1.24} [Tem24},[BOS25].

Nonetheless all of these systematic approaches include an assumption that the operator L is a
constant coefficient operator. At first sight, and especially from a PDE perspective, this seems like a
purely technical assumption. However, the passage from the constant to the variable coefficient setting
leads to a meaningful qualitative change in the equation (I.I). Indeed, due to the singular nature of the
equation, the correct interpretation of a solution to (L.1) is as the limit of a sequence of solutions to the
equations

Lu® = F((0" u")jnj=n) + G0t m=n)E° + Y ¢ Hr (0" u®)ny<N) (1.2)
T

where ¢¢ is obtained from ¢ by regularisation at a length-scale € and for a suitable choice of ‘counterterms’
¢ H; (0" u®)|nj<N) - The fact that L is a constant coefficient operator, in combination with an assumed
translation invariance of the noise, leads to a formal translation invariance for the equation (L.I). In
combination with formal scaling symmetries, the translation invariance allows one to heuristically argue
that in the renormalised equation we should have that ¢} is a deterministic constant. In the setting
where L is a variable coefficient operator, translation invariance is replaced with translation equivariance
so that the same heuristic argument only leads to the conclusion that ¢/ should be a local function of the
space-time point in the sense that it depends on the space-time point z only through (0" a(2)) ;< for
some value of M.

The qualitative change in the form of the expected counterterm then has knock on effects in any of
the systematic approaches to obtaining a solution theory to (I.1). Indeed, large parts of the literature pro-
viding the algebraic machinery underpinning regularity structures [BHZ19}BL24] rely on the assumption
that renormalisation will involve only renormalisation constants. Furthermore, systematic approaches
to obtaining the required stochastic estimates [CH16} [LOTT24} [HS24} BH23] all use the fact that the
counterterms are constant through either the algebraic underpinnings or through the assumption that
the stochastic objects that need to be estimated are translation invariant in law. We remark that a similar
assumption is also present in the flow equation approach of Duch [Duc25].

As a consequence, the state of the art in terms of local well-posedness for equations of the form
in the situation where the operator has variable coefficients is limited to treating individual equations by

1posed on the quotient of R by a crystallographic group (which includes flat compact manifolds, c.f. [Chal2]).
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hand and far from their critical threshold, see e.g. [Sin25|[HZZZ24]. Such results fall quite a way short of
the results of the systematic framework available in the constant coefficient setting. Nonetheless, some
ingredients required for such a systematic result in the framework of regularity structures are available in
the variable coefficient setting in the literature.

We recall that roughly speaking, the approach of regularity structures is subdivided into four main
parts. In the first ‘algebraic’ part, one constructs a regularity structure, which typically includes trees
describing the successive Picard iterates of the mild formulation of (I.I). In addition, for a smooth
driving noise (e.g. obtained via an ultraviolet cut-off of a distributional noise), one has to provide a
suitable algebraic recipe for the construction of renormalised models (at this fixed ultraviolet cut-off).
In the constant coefficient setting, this task was originally tackled in the work [BHZ19]. Whilst the
construction of regularity structures given in [BHZ19| applies in the same way to the variable coefficient
setting, the construction of renormalised models does not (since the framework encodes the fact that
renormalisation will be by renormalisation constants). However the more recursive approach to algebraic
renormalisation provided in [Brul8|] does adapt very cleanly to the variable coefficient settings as was
demonstrated in [BB21].

In the ‘analytic’ part of the machinery, which is purely deterministic and pathwise, one formulates
and solves an ‘abstract’ fixed-point formulation of in a space of modelled distributions assuming
the model is provided. This part of the machinery is provided in [Hail4] (see also [BCCH20, Sections
2 and 5]). We remark that the results of [Hail4| also apply with minimal adaptations in the variable
coefficient setting.

With these first two steps in hand, in a further ‘algebraic’ part, it is necessary to identify how renor-
malisation of the model affects the corresponding equation. In the constant coefficient setting, this was
first done in [BCCH20]. In the variable coefficient setting, the analogue of this result is again provided in
[BB21].

To complete the picture, in a ‘probabilistic’ part of the machinery, it remains to show convergence
of suitably renormalised models as the ultraviolet cut-off is removed. The first systematic result in this
direction was the work [CH16] which is based on Feynman diagram techniques adapted from the QFT
literature. Unfortunately, whilst the result of this paper is extremely flexible, the techniques of the proof
are very involved and have not been simplified in the years following the paper’s appearance. As such, it
seems to be a very challenging technical task to adapt those techniques to more complicated settings
such as the one considered here.

In very recent years, an alternative approach to obtaining stochastic estimates for models based on
the spectral gap inequality has appeared. This line of research was initiated by [LOTT24] which provides
arecursive approach to the stochastic estimates for the model for a particular quasilinear equation in its
full subcritical regime and in the multi-index based setting. The idea of obtaining stochastic estimates
recursively via the spectral gap inequality was subsequently adopted in the tree based setting to obtain a
result of similar practical scope to that of [CH16] in both of the works [HS24} BH23|. Unfortunately, all of
these works use translation invariance at essentially the same point in their respective arguments in what
seems to be a crucial way. Indeed, when applying the spectral gap inequality, in addition to estimating
the Fréchet derivative term, it is necessary to show that the expectation of the model is suitably controlled.
In all of [LOTT24} [HS24, [BH23] this is done decomposing this quantity into an integral or a sum over
contributions at various scales. The resulting boundary term can be easily controlled as the result of a
qualitative renormalisation condition whilst the bulk term must be controlled only in terms of objects
that appeared previously in terms of an inductive argument. This is achieved by appealing to translation
invariance in law of the model and the fact that the bulk term involves integrating against a test function
that kills constants. It is unclear how one would proceed in dealing with this bulk term without the
assumption of translation invariance.

Therefore, the missing ingredient for a systematic small-time well-posedness result for in the
setting where the operator L is a variable coefficient operator is the existence of a choice of renormalisa-
tion procedure such that the resulting models converge as the ultraviolet cut-off is removed. Historically,
this part of the programme seems to form the bottleneck in the machinery. We mention here that the
remaining parts of the machinery have been extended to a number of other settings including to the
setting of discrete approximations [EH19] and to the setting of SPDEs on manifolds [HS23]. However in
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each of these contexts the corresponding general stochastic estimates are missing.

The main goal of this paper is then to bridge this gap in the setting of variable coefficient operators
thus for the first time providing a significant generalisation in scope to the original result of [CH16]. We
refer the reader to Theorem[2.12]for a statement of our main result which provides stochastic estimates
for suitably renormalised models corresponding to variable coefficient differential operators. In addition
to the problem of providing stochastic estimates, we also tackle algebraic problems pertaining to the
form of the counterterm. As remarked upon earlier, it is important that rather than just exhibiting
an arbitrary convergent sequence of models that one exhibits a convergent sequence of models that
correspond to local counterterms at the level of the resulting renormalised SPDE. This issue is somewhat
subtle since the naive BPHZ choice of renormalisation which is standard in the literature will involve
iterated integrals in which the coefficient field is evaluated at a space-time point appearing as a variable
of integration. Therefore this choice of renormalisation will not lead to local counterterms in general.
We refer the reader to Corollary[2.16|for a statement of the locality result that we obtain in this work.

At avery high level, our approach in this work is akin to a ‘freezing of coefficients’ argument at the
level of the model. Therefore, we obtain a result that is very flexible with regards to the probabilistic
assumptions required; essentially generalising all existing BPHZ theorems in regularity structures to the
variable coefficient setting simultaneously. For a more detailed description of our strategy of proof and
its advantages, we refer the reader to Sectionbelow.

We remark also that beyond the immediate context of obtaining local in time well-posedness for
variable coefficient singular SPDEs, the construction of renormalised models given here has other
implications in the literature.

We mention that in the context of quasilinear SPDEs, the work [BHK24] constructs solutions to a
quasilinear version of the generalised KPZ equation viewed as a perturbation of a suitable variable
coefficient analogue of the corresponding semilinear equation. As a result of this viewpoint, that paper
needs to assume the input of suitably renormalised models corresponding to a variable coefficient
operator. We remark that this assumption is not quite an immediate corollary of our main result due to
the presence of a distinct infinite dimensional component in that problem coming from the fact that
the perturbation to the semilinear problem arising from the quasilinearity involves an operator whose
inverse is formally 0-regularising. Nonetheless, we expect that the main ideas needed to provide the
required input for that paper at a high level of generality are already present in this work.

The present work also has implications for singular SPDEs in geometric settings. It relates to singular
SPDEs on Riemannian manifolds (see [BB16,[DDD19}BB19,[Mou22, BDFT23a, BDFT23b,[EMR24,/CO25])
since (scalar valued) SPDEs on manifolds whose universal cover is R% can be lifted as a non-constant
coefficient equations on R?. Therefore, we see this work as a significant step towards a geometric
analogue of the black box machinery of [Hail4, BHZ19, BCCH20, [CH16], since the only remaining
ingredient in the setting of [HS23] is a geometric BPHZ-type theorem. We mention also that there
has been recent work on geometric singular SPDE beyond the Riemannian setting [BOTW23), [MS25}
BCH™25].

Finally, we mention that this work also relates to an ongoing program of homogenisation theory for
singular SPDEs [CX23} [CFX24|[HS25]. Indeed, a robust understanding of variable coefficient problems is
an obvious prerequisite to study homogenisation problems for singular SPDEs in full generality.
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1.1 Notations and Conventions

We record here some notation that will be used in the paper that is more standard in the literature. We
refer the reader to Appendix[D|for an index of the less standardised notation introduced in this work.

We will endow R with a given scaling s = (s1,--,54), and consider the induced distance |y — x| =
Zle lx; — yil 1/si and the induced degree |kls =) ;s;k; of a multi-index k € N4. For convenience, we will
assume that the pairwise ratios between the s; are rationalE] We will denote by £ a generic compact set
in R and by R its 1-fattening.

Some of our statements will be uniform in test functions belonging to %" = {¢ € C° : supp(¢p)
Bs(0,1), l¢llcr <1}, where B, (0, 1) denotes the unit ball with respect to |- | and where by C” we mean
the space of functions having continuous partial derivatives of all orders k with |k|s; < r. In most cases,
statements involving %" will involve an ambient regularity structure which will be clear from context.
In these cases (and unless explicitly stated) the value of r is prescribed to be the smallest non-negative
integer such that r + ming > 0, where o is the grading of that regularity structure.

Given a set § we will denote by & (S) the power set of § and by (S) the span of § (namely the free
R-vector space generated by §). When § is a subset of an ambient vector space V we will identify (S) as a
subspace of V in the obvious way. We will also use the notation L(E, F) to denote the space of bounded
linear maps between given normed spaces E and F.

2 Setting and Main Results

To keep the exposition here relatively short, we assume that the reader has some familiarity with the
contents of [Hail4, BHZ19]. For an overview of the output of [BHZ19] that is suitable for our purposes
we refer to [HS24, Sections 2.1 and 2.2].

As a prototypical example of the context for this paper, we consider a system of uniformly parabolic
semilinear subcritical SPDEs of the form

Ly =F'w+ Y Flwé teg, 2.1)
leg_

where £ = £, LI £_ is a finite set of types indexing components of the system of equations and the set of
driving noises, L are uniformly parabolic differential operators, F, t[ are smooth functions and u denotes
the vector generated by the solution u and the lower than leading order derivatives of u.

More precisely, we will assume to have fixed a type set £ equipped with a degree assignment |- |5 :
£ — Rsuch that | £, | <R, alongside a complete, subcritical rule R in the sense of [BHZ19, Definitions
5.7, 5.14, 5.22] which encodes the necessary combinatorial information appearing in the form of the
non-linearity of (2.1).

In addition to the definitions of [BHZ19], we will make the following simplifying technical assumption
which is satisfied by all equations of interest that we are aware of.

Assumption 2.1. We assume that the rule R is such that no tree that conforms to R contains a kernel type
edge e such that |l(e)|s — |e(e)|s < 0.

This assumption says that we never encounter a situation where one convolves with D¥K for a
regularising kernel K with a k so large that DK is no longer a regularising kernel. This assumption is
also often already implicitly used in the literature. For example, in the approach to renormalisation of
models via preparation maps of [Brul8] (on which we build in Sections[4]and[5), the assumption is used
when dealing with the integration case of [Brul8, Proposition 3.7].

Definition 2.2. We write (T °4,6%Y) for the reduced regularity structure corresponding to R (as defined irﬂ
[BHZIY, Definition 6.23]). We write T°1 for the subspace of 7 °1 spanned by trees of negative degree.

The main goal of this paper is to construct suitably renormalised models on 7 ¢4.

2This assumption is implicitly used to allow access to wavelet techniques in technical proofs in the paper. We expect that this
assumption is non-essential.
3We emphasise that in this paper the extended decoration o appearing in [BHZ19] will play no role
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Definition 2.3. A model over R? on a regularity structure (7 ,€) consists of a pair of maps (I1,T') where
1. T:R% xR? — € is such thatTyyT'y; =Ty,.
2. TR x T — D' (RY) is such that T, T xy =11,

We additionally assume that the following analytic bounds hold for ally > 0 and compact sets & < R?

Iy, = sup supsup sup sup A~ %7} M7 (o) < o0, @2
PeRBT a<y xe R A€(0,1] 7Ty

ITly,e % sup sup sup lx—yl2 Iz~ ITxy7llp < oo, 2.3)
P<a<yx,yeR1€T,

We say that a model is smoot if I, takes values in C(R?) for each x € R%. As usual, we measure the
distance between two models (IT*,T*) for i = 1,2 by replacingIL,T in and byl' -11? andT" -T?
respectively.

An important role will be played by regularising kernels in the spirit of [Hail4, Assumption 5.1]
(see also [BCZ24, Definition 2.3]). These kernels are obtained from the Green’s kernels of differential
operators in terms of a suitable dyadic decomposition. As in [Sin25], it is natural in this paper to track
continuity in the coefficient field of the differential operator which translates to tracking continuity
properties with respect to kernels.

We start by defining spaces & ﬁ of translation invariant -regularising kernels. Throughout this paper,
given a sequence of Banach spaces (X},) ;>0 we write @ ,,cny Xj, for their direct sum with the inductive limit
topology and € ,,en X, for the completion of this vector space under the alternative topology induced by
the norm || x| = sup,,en 11 x, -

Definition 2.4. Let > 0 and o € N. For n € N we define %ﬁn to be the Banach space of functions
F € C**(R%,R) that are supported in Bs(0,27") = {z:|z|s < 27"}, equipped with the norm

|0k F(2)]

= SUP SUP G ko

lkls<20 zeRd

A translation invariant B-regularising kernel of order o € N is an element of the Banach space

%g = @ﬂe’\l%gvn'

Remark 2.5. The reason for the appearance of 2.0 instead of o in Definition[2.4is for consistency with the
definitions of [Hail4, Assumption 5.1] and [BCZ24, Definition 2.3]

Remark 2.6. Given (K;) jen € %ﬁ, one can obtain a C*° -function K : R4\ {0} — R via K(x) = Y ns0 Kn(x).

This justifies the slight abuse of notation of identifiying an element of X f with a function K which comes
with a distinguished decomposition (Ky) nen-

Definition 2.7. A (3-regularising kernel of order o € N is an element of the Banach space

CoHE) =@, CO KD .

We will write a typical element of C* (% 5) in the form R4 3 w— K% € & {f, and think of it as a kernel
G via the transformation G(z, z) := K*(z — z). We emphasise that G is a regularising kernel in the sense
of [Hail4, Assumption 5.1] up to the fact that we only assume control on finitely many derivatives.
Furthermore, one can check that the map K — G is continuous so long as one measures G in norms

similar to those of [Sin25, Def. 1]. The main difference between our definition and that of Hairer is

4We use the word smooth instead of continuous since smooth models as defined here will play the same role in this paper as
smooth models do elsewhere in the literature



2 SETTING AND MAIN RESULTS 7

that we require uniformity i n the ‘upper slot’ w. This condition captures the uniform ellipticity of the
coefficient field and finitely many of its derivatives.

For akernel K € C% (X ﬁ), we define the convolution K f as the distribution

Kf@)=1Y f(/w dzp(2) Ky (z—1)].

neN

This definition is such that under the identification of K with G as above, the convolution at the level of
K induces the usual convolution at the level of G.

Definition 2.8. A kernel assignment of order 6 € N on I °% is an element of the Banach space sﬁi‘m :

Dice, c° (%gl), equipped with the norm
IIKllggiq;@ =y IIK[IIC@(%(\;|)~
ey
Definition 2.9. A noise assignment is an element of the space 4°4 = @ . ¢ D' (R?) whilst a smooth noise

assignment is an element of the subspace A% = @ ¢ C®(RY).

Remark 2.10. Given a noise assignment ¢ and a mollifier p, one naturally obtains a sequence of smooth
noise assignments &° that converges to § in the space of noise assignments via {{ = p°  {|.

Definition 2.11. We say that a model (I1,T) on a sector W of T ¢4 is admissible (with respect to a kernel
assignment K and noise assignment ) if it satisfies the relations

MLE(=¢, I,(X*v) = (- - 0FM,p, 1, D*v = DFIT, v

forallle £_ such thatZ € W and for all k, j e N and v € W such that X*v, DI v e W. We also require that
forle £, and 1 € W such that v € W we have that

(-—x)k

- DN (K T,7) (%).

ST =Kler— )
|kl<|F 7|

We write Mo (W) for the space of all smooth admissible models on W and A (W) for the space of all
admissible models on W with the topology arising from the seminorms of Definition[2.3 on the regularity
structure (W,6).

2.1 Statement of Main Result

We recall that [BB21] shows that given a (state-space dependent) preparation map P : R% x 7 ¢4 — J ¢4 (see
[BB21} Definition 5.1]), a smooth noise assignment and a kernel assignment there exists a corresponding
renormalised model. We note that our notion of kernel assignment differs to theirs with the meaningful
difference being that we only control finitely many derivatives (which corresponds to assuming less
regularity of the coefficient field). However, it can be shown that the model constructed in [BB21] still
makes sense on suitable sectors even under these weaker assumptions. We perform a construction of
this type in a related setting in Section[4.2]and sketch the adaptations to [BB21] required in Section[7.1}

Theorem 2.12. Let B be a finite set of trees forming the basis of a historirE] sector in I 4. Fix a random
noise assignment ¢ : Q — Y and a mollifier p and suppose that the pair (T €4, &) satisfies the assumptions
of at least one of [CH16,[HS24,[BH23|. Suppose also that Assumption[2.1 holds.

Then there existﬂ an© > 0 such that for each K € &Qi‘m there exists a sequence of state-space dependent
preparation maps P on the sector (3B) with the property that if Z¢ = (I1¢,T'¢) denotes the model on (%)

5This term is defined in Deﬁnitionbelow. The reader should view it as a technical condition that says 9 contains enough
trees to construct the renormalised model recursively
6The requirements on 6 depend on 7 ¢4, % and which of [CH16}[HS24} BH23] is assumed as input.
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associated to the preparation map P¢, the noise assignment &€ and the kernel assignment K then there
exists a random model Z = (I1,T') such that for each p € [1,00) and for each compact set R, we have that

€, p
Bl Z55 Z 1y, 6] — 0

as e — 0. In particular, Z¢ — Z in probability in M ((3B)). Furthermore, we have that the map K — Z is

locally Lipschitz continuous from Qﬁiq@ into the space of random variables valued in M ((B)) equipped
with the (extended) pseudometric d(Z', Z%) =EVP[| 2", Z2|| [y, 1.

Furthermore, whilst the choice of P* depends on the molliﬁér p, the limiting model Z is independent
of this choice.

Finally, there exists an integer m such that P?(z,1) has the explicit form (¢ ® id)A; T for a family of
linear functionals ¢%, on (B) N T4 that depend on z only via (0"KZ)| kl<m Where the derivative is with

respect to the variable z. Here A} is the map defined in [Brul8, Definition 4.2].

Remark 2.13. We recall that statements of the type of Theorem|2.12 can be post-processed to obtain con-
vergence of renormalised models associated to approximations € — ¢ that do not come from mollification
via a ‘diagonal argument’ using the fact that the map sending a smooth noise to the renormalised model is
continuous in a strong enough topology on the space of smooth noises. For brevity, we do not perform this
post-processing in this work and instead refer the reader to [GH22, Proposition 4.7] for a suitable abstract
formulation of the diagonal argument and to e.g. [Tem24, Theorem 1.4] for an implementation of this
principle in a related setting.

In the case where K € 5™, it is also possible to post-process the convergence statement above to one
on all of T 1 by taking any 9 as in the statement containing all trees of negative degree and then making

use of [Hail4, Proposition 3.31, Theorem 5.14] in a similar way to the proof of [Hail4, Theorem 10.7].

Remark 2.14. We note that since all of [CH16,|HS24,[BH23|] assume that the noise ¢ is translation invariant
and has moments of all orders, our main result also implicitly makes this assumption. Otherwise, the
role of these papers is to ensure that we have the stochastic estimates for translation invariant models
corresponding to constant coefficient operators in a sufficiently robust manner. The precise estimates
we require as input are simply estimates on the right hand side of the inequalities in Lemmal5.14 We
emphasise that as a result this paper does not rely on a particular choice of assumption amongst spectral
gap inequalities or moment-cumulant bounds for the noise. We view this flexibility as a significant benefit
of our approach.

The relevance of the final claim in Theorem[2.12]is that in the case where the rule corresponds to the
system (2.1), the results of [BB21] show that for fixed € > 0, the solution of the fixed point problem for
modelled distributions corresponding to has a reconstruction which solves a renormalised PDE with
a counterterm that can be written explicitly in terms of £. In particular, the final claim of Theorem[2.12]
provides a tool to probe the form of the counterterm. This leads us to formulate the following assumption
under which the counterterm is local in the sense that it depends on z only through the value of the
coefficient field a and finitely many of its derivatives at the point z.

Assumption 2.15. We assume that the kernel assignment K is such that there exists an N such that for
each k with |k| < m, we can write aka = fk((aja(z))msN) for some function fi valued in i’/{{‘}”s.

We recall that the kernel assignments appearing in this context are typically given by decomposing
the Green'’s kernel for the given operator into a singular part and a sufficiently smooth remainder
and including only the singular part of the kernel in the kernel assignment since this is the only part
that causes the need for renormalisation. In Section[9} we verify that it is possible to exhibit a kernel
decomposition for operators of the form L=0; - Zg j=1%ij (£,x)0;0; for a suitably ‘nice’ coefficient field
a (see Proposition[9.8|for a precise statement) so that the singular part satisfies Assumption[2.15] We
expect that the techniques of this section should generalise to higher order uniformly parabolic operators.

Combining Theorem and Assumption immediately yields the following corollary.

Corollary 2.16. Suppose that the assumptions of Theorem[2.13 and Assumption[2.15 hold. Then the map
z— ¢, can be rewritten as a function of (0! a(2)),jj<m-
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In particular, if € > 0 and U* denotes the solution of the lift of equation to the level of modelled
distributions with respect to the model Z¢ then combining the main results of [BB21] and Corollary[2.16]
yields the existence of functions ¢ such that u® = R¢U* solves
Y7, u(2)]

L (2) = Fl (@) + Y, Flm@)EE@+ Y. cEl0 a(2))ji<n]
leg_ 7€9_(R) S(7)

where Y and S denote the standard ‘elementary differentials’ and ‘symmetry factors’ as were originally
defined in [BCCH20].

In the following subsection, we provide a high level overview of the strategy of proof of Theorem|2.12
In Subsection[2.3] we describe in more detail the contributions of the individual sections of the paper.
In particular, it is in this subsection that we describe more carefully the challenges addressed in the
implementation of the proof strategy and the comparison to the existing literature.

2.2 Strategy of Proof

Rather than immediately working directly on 9 °4, inpired by [GH19], we instead construct a regularity
structure 4" whose components are infinite dimensional Banach spaces which is designed to be large
enough to support a family of abstract integration maps realising K# for each z € R?. Our strategy is
then to show that given a smooth driving noise, it is possible to associate renormalised models to a
preparation map on 7 82" and that there exists a choice of preparation map (which can be thought of as
the BPHZ choice) such that the annealed form of the required stochastic estimates for this model can be
lifted from the corresponding annealed stochastic estimates for the BPHZ models on a sufficiently large
class of suitably constructed regularity structures with one-dimensional components as considered in
[CH16, [HS24}[BH23|. We then prove a Kolmogorov criterion for models on g Ban that allows us to obtain
quenched estimates for the model on J 82",

In order to transfer this model to a model on I °4, we adapt the framework of pointed modelled dis-
tributions introduced in [HS24]. More precisely, we construct an operator on spaces of pointed modelled
distributions on 782" of Hélder type that lifts the convolution with the non-translation invariant kernel
assignment K. In particular, in combination with the calculus of pointed modelled distributions already
present in [HS24], this allows us to construct a family of pointed modelled distributions indexed by %
whose reconstructions satisfy the requirements for the first component of an admissible model on J°9.
Furthermore, we show that the map sending a model on I 32" to this first component is locally Lipschitz
continuous in suitable topologies.

In order to complete the proof, it then remains to show that the object constructed in this way is in fact
the first component of a model on J ¢4 associated to a suitable preparation map. In order to do this, we
provide an alternative and purely algebraic description of the pointed modelled distributions constructed
in the previous step based on a family of characters on a suitable space of trees and a corresponding
coproduct-type operation that is reminiscent of the coproduct used in positive renormalisation. This
algebraic description is sufficiently strong to determine the corresponding preparation map at the level
of 7°4. One notable feature is that the resulting preparation map does not agree with the naive BPHZ
choice which seems to be essential in order to obtain the subsequent locality statement.

Let us highlight what we believe are advantages of our approach.

1. We do not need to rely on a choice of probabilistic technique for the stochastic estimates, but
rather we are able to take the BPHZ estimates of any of [CH16,[HS24, BH23]| directly as an input.
This widens the range of applicability of our result since those papers are based on different (and
not comparable) sets of assumptions on the driving noise.

2. We further develop the function space theory for modelled distributions [Hail4] and pointed
modelled distributions [HS24], which we believe to be of independent interest. In particular,
pointed modelled distributions are demonstrated to be a robust tool for constructing one ‘model-
like object’ from another.

3. Whilst our strategy of proof involves working with regularity structures with infinite dimensional
components, the output is a model on the usual (scalar-valued) regularity structure associated to
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a given equation. In this way, more technical considerations involving the infinite dimensional
nature of 753" can be viewed as hidden in the ‘back-end of the machinery’ and therefore should
not arise when working with the solution to the equation itself. In particular, we expect the
output of this approach would allow one to more easily extend other results that are known in
the constant coefficient setting (such as pathwise approaches to global existence via regularity
structures [MW20, (CMW23},[EW24} [CFW24]) to the variable coefficient setting.

4. As mentioned above, in the setting of non-constant coefficient operators it is well-understood that
renormalisation functions are required in general and it is desirable that these functions should
satisfy constraints such as the locality condition described above (which also ensures translation
equivariance of the renormalised equation). Our construction has the advantage that this property
comes built in (assuming appropriate asymptotic expansion of the Green'’s kernel) and does not
require extended algebraic post-processing.

5. Finally, we mention that tracking the appearance of the counterterm through our construction
yields an exact formula for the counterterm c£[(6/ a(z)), jl<rol in terms of renormalisation constants
¢; corresponding to models on a suitable family of regularity structures which are admissible for
constant coefficient operators. We expect that this property may be useful for deducing properties
of the renormalised equation.

Remark 2.17. In order to obtain local-in-time well-posedness for an alternative approach would
be to attempt to freeze coefficients at the level of the equation rather than at the level of the model. This
would essentially lead to attempting to lift the SPDE to an appropriate fixed point problem for modelled
distributions on T 53 with the initial difficulty being the task of providing a setting coming with an
appropriate notion of abstract integration operator encoding ‘variable coefficient convolution’ whilst using
only the frozen coefficient models.

We note that (up to technical details involving including appropriate weights near the (t = 0)-
hyperplane to allow the treatment of problems with non-trivial initial data) the contents of Section|6
provides these analytic tools. In addition, Section[5 provides the renormalised models that would be needed
to drive this fixed point problem.

We do not pursue this alternative strategy since its output would interface more poorly with the existing
literature due to the fact that the modelled distributions produced as solutions live on T 3" rather than the
completely standard T °9. In particular, in order to deduce the form of the renormalised equation, it would
be necessary to prove an analogue of the results of [BB21,|BCCH20] in this infinite dimensional setting
rather than simply taking their result ‘off the shelf". Furthermore, we would expect any future attempt to
deduce properties of the solution (see the third point above) to be significantly more technically involved
when working with the output of this strategy.

2.3 Article Structure

We now provide an overview of the contributions of the individual sections of this paper and a description
of how they compare to the literature.

Section[3} Construction of Regularity Structures

In Section |3} we construct the required regularity structures supporting abstract integration maps
realising K~ for each z € R? simultaneously. Here we are heavily inspired by [GHI9]. Roughly speaking,
the idea adopted in that work is that whereas standard tree-based regularity structures associate to each
tree a copy of R and think of each edge as representing a fixed kernel, one now wants to associate to each
edge of a given tree a suitable Banach space (say of regularising kernels or distributions). In particular,
each tree should now correspond to a (projective) tensor product of potentially infinite dimensional

7Roughly speaking, we use as input that the non-constant coefficient heat kernel I' close to some point zg can be well approxi-
mated by constant coefficient kernels depending only on the jet of the coefficient field at zp. While such a decomposition is to be
expected, we do provide a detailed proof in the case of non-constant coefficent heat operators.
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Banach spaces rather than a single copy of R. Whilst the constructions of [GH19] are relatively lightweight,
they have two deficiencies from the perspective of this work.

Firstly, the construction of renormalised models in [GH19] proceeds by directly patching together
models on more standard regularity structures, rather than by adapting an algebraic construction of
renormalised models to the infinite-dimensional setting. This construction, whilst short and certainly
sufficient for the purposes of [GH19], would not carry enough information to identify the resulting model
on 7 °1 after the remaining constructions of this paper. To this end, it is essential that we develop a
stronger algebraic machinery describing models on J 83" that is more reminiscent of [BHZ19} Bru18].

Secondly, an unfortunate side effect of the lightweight construction of [GH19] is that the tree product
necessarily becomes non-commutative due to the fact that the tensor products appearing do not reflect
the symmetries of a given tree. This means that product operations that ought to be commutative do
not automatically have that property and instead this must be enforced by hand. Whilst doing this
would be possible, it would also be quite tedious to do at each of the many steps in the machinery
of this paper. As a result, it is convenient to already enforce the appropriate symmetries at the level
of the regularity structure itself by constructing the required algebraic operations on appropriately
symmetrised (projective) tensor products of infinite dimensional Banach spaces.

Both of these issues were previously addressed in the setting in which the Banach spaces ‘glued’ into
edges are finite dimensional in [CCHS22]. This framework was subsequently applied in [HS23}|(GHM24].
In [CCHS22], the authors define a category SSet of ‘symmetric sets’ with a class of objects that naturally
includes the combinatorial trees appearing in regularity structures and a class of morphisms that respect
the required symmetries. They then show that operations such as the tree product can be realised at the
combinatorial level as morphisms in the category SSet and furthermore that there exists a functor from
SSet into the category TVec of topological vector spaces that sends each tree 7 to the corresponding
symmetrised tensor product V¢, The functoriality of this construction allows them to push symmetric
operations such as the coproducts required to define the structure group that are defined at the level of
combinatorial trees along the functor to the vector-valued setting.

In addition to more minor technical adaptations needed for our infinite dimensional setting, a more
significant limitation of this construction is that not all maps that one might want to construct are
morphisms that lie in the image of this functor. In particular, when constructing models recursively (as
is done in the preparation map approach of [Brul8,BB21]), it is essential to have a calculus for maps
Ve® — C®(R4). Since it does not seem possible to express C*®°(R?) as a symmetric tensor product
corresponding to a symmetric set supporting a rich enough class of morphisms, we would not expect to
be able to construct such a calculus only by appealing to functoriality.

In any of [CCHS22| [HS23] [IGHM24] this issue is circumvented by writing down a non-recursive
definition of the canonical lift and viewing all renormalisation as acting on trees as in [BHZ19|. Whilst it
would be possible to adopt this approach here, we would run into significant difficulties when trying to
pass the construction back down to J ¢4 since in that latter non-translation invariant setting an analogue
of [BHZ19] does not exist in the literature. In comparison, the approach of preparation maps given in
[Brul8] adapts very cleanly to the non-translation invariant setting, as demonstrated in [BB21].

In order to work with compatible algebraic approaches at the level of both 782" and 7 ¢4, we therefore
provide an alternative to the category theory based constructions of [CCHS22] that is based on charac-
terising the space V®(T) via a suitable universal property in TVec directly. This universal property is
sufficiently powerful to define all of the maps needed to construct renormalised models in the approach
of either of [BHZ19] or [Brul8].

In Remark we explain that the fact that V®{0 satisfies our universal property can be interpreted
as the fact that the functor of [CCHS22| preserves a certain class of colimits. Whilst this observation
would allow us to write down a hybrid of the two approaches, we consider it an advantage that the
universal property allows us to circumvent categorical constructions such as the construction of the
larger category TStruc needed in [CCHS22]. As a result, we adopt a more hands on approach using the
universal property throughout Sections[3|and 4]

The structure of this section is as follows. In Section[3.1|we introduce the universal property defining
Ve Since we will not need properties of V®¢¥ beyond those contained in the universal property, we
defer the construction of the (unique) space satisfying this property to Appendix[A] In Section[3.2} we
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then apply the universal property to construct the tree product, gradient and the coproduct realising the
structure group in the infinite dimensional setting. We further show that these operations satisfy all of
the necessary properties to yield a regularity structure via the usual Hopf algebraic construction.

Section[4 Renormalised Models on T 32"

In Section we perform the construction of renormalised models on 782" via the universal property
of Definition|3.8] In particular, in Section[4.1]we introduce an appropriate notion of admissible model
for the setting and in Section [4.2] we show that it is possible to construct such models from generic
preparation maps. One technical detail tackled in these sections is that since we do not assume the
coefficient field of our operator to be smooth, we only have control on finitely many derivatives of the
Green’s kernels appearing and therefore cannot construct models on the full regularity structure. Since
the construction of models followed here is recursive, it is therefore necessary to construct a minimal set
of trees needed in that construction in order to codify the correct assumptions on the Green'’s kernel.
Beyond the setting considered here, we would expect this construction to be of independent interest in
other situations where more care is needed when constructing the model such as in situations where
the Green’s kernel has more limited decay at infinity (as is the case for fractional heat operators) or
in situations where the regularisation mechanism used in the ultraviolet cut-off only yields limited
smoothness of the driving noise.

Section[5 Stochastic Estimates for the BPHZ Model

In Section5.1} we specialise to preparation maps built from the coproduct type operation A introduced
at the level of combinatorial trees in [Brul8]. We establish the existence and uniqueness of a ‘BPHZ
model’ on 782 in Proposition Since the BPHZ preparation map is not defined a priori but is rather
constructed during the induction defining the corresponding model, this again requires some care with
regards to the minimal set of trees needed to define the BPHZ preparation map. To this end, we introduce
anotion of the ‘history’ of a set of trees and show that it is possible to construct simultaneously the BPHZ
preparation map and model with respect to a quantity we call the ‘age of a tree’.

In Lemma|5.14|we show that it is possible to lift stochastic estimates for the BPHZ model in their
annealed form from their scalar-valued analogues. This is done by constructing a suitable class of
scalar-valued regularity structures and showing in Lemmathat the BPHZ model on 752" evaluated
at a fixed ‘elementary symmetric tensor’ coincides with the BPHZ model on an appropriate choice of
such structure for a particular choice of kernel assignment.

In Section5.2} we then argue that it is possible to post-process the annealed estimates obtained via
Lemmal5.14]to their quenched form. In comparison to the usual scalar-valued setting, the main subtlety
here is the presence of an additional supremum over v € V®(T) which leads to a situation where one
would desire a Kolmogorov criterion for stochastic processes indexed by the elements of an infinite
dimensional Banach space. Since such results are typically quite subtle, we adopt the idea from [GH19]
of obtaining the quenched estimates from the annealed estimates on a larger structure by showing that
the BPHZ model on the smaller structure can be viewed as a continuous and deterministic function of a
process on the larger structure that is indexed by R¥.

Section[6} (Pointed) Modelled Distributions

With the tools to obtain stochastic estimates on I 5" in hand, in Section@ we turn to the development

of the analytic tools needed to transfer the estimates to I 9. To that end, we adapt the framework of
Pointed Modelled Distributions first introduced in [HS24]. In comparison to [HS24], there are two main
differences in this paper. The first is that here we work purely in the setting of modelled distributions
of Holder type. Whilst this is a special case of the setting of [HS24], due to our stronger assumptions,
it is possible to remove several parameter restrictions appearing in that paper. Since removing those
parameter restrictions is essential in our application of the framework in Section |7} we provide the
necessary adaptations of the statements including a proof of a new reconstruction theorem for Hélder
pointed modelled distributions in Theorem[6.5]
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The second main difference is that we require an abstract integration operator on modelled distribu-
tions on I B2 that realises convolution with an element of C® (fi{g ), rather than the analogue considered
in [HS24] in which for both the model and the modelled distribution one works with the same transla-
tion invariant kernel. In Section[6.2lwe construct such operators and show that they have the desired
mapping properties. Our definition of these operators is in spirit similar to that of [GH19, Equation
4.1], though is conceptually different due to the method of freezing in the coefficient. In [GH19]|, a
non-linear transformation of the equation under consideration is made so as to allow to freeze at the
value of the coefficient field and still obtain an appropriate convolution operator. Since there is not an
analogous transformation here, an attempt to freeze in the coefficient field and still obtain the right
convolution operator would instead require freezing a sufficiently large jet of derivatives of the coefficient
field in a way that depends non-trivially on the specific structure of the kernel decomposition under
consideration. In order to remain more generic and to track fewer parameters, we instead choose to
freeze in the space-time point which leads to changes in both the form of the definition and the spaces
of distributions that we are required to work with.

A final more minor difference with [HS24] is that we are again more careful in the assumptions
we make on kernel assignments here. In particular, we also carefully track the continuity of various
operations in the kernel assignment in order to eventually obtain continuity of the BPHZ model as a
function of the coefficient-field.

Section[7} Renormalised Models on J ¢4

In Section[7} we perform the construction of the preparation map on J °d which corresponds to the
model for which we will eventually obtain stochastic estimates.

In particular, we first apply the results of Section[6]to construct a family of modelled distributions
(indexed by trees in I °9) whose reconstruction will yield the first component IT of a model on J 4. Whilst
this construction immediately yields the desired estimates due to continuity properties established in
Section|[6} it does not provide the more algebraic ingredients such as a suitable recentering map I' or
a sufficiently strong algebraic description to identify the form of the counterterm in the renormalised
equation that would result from driving a fixed point problem via this model. Therefore, in the remainder
of Section[7]our goal is to show that IT constructed in this way is in fact the first component of a model
associated to a certain preparation map defined in Section|7.1

To achieve this, we first show in Section that the recursively constructed family of modelled
distributions mentioned above admits an alternative and purely algebraic description in terms of a
coproduct type operation A. In Section we then show an approximate commutation type relation
between A; and A that allows us to identify IT as the first component of the model associated to the
desired preparation map in Proposition|7.8

Section[8 Proof of Theorem

With all of the ingredients assembled, in Section [8|we provide a proof of Theorem Since by this
point all of the hard work has been done, this section is relatively short.

Section[9; Decompositions of Green’s Kernels for Local Counterterms

Whilst Theorem provides a BPHZ statement for a sequence of models on J°9, it does not show that
the counterterms in a corresponding renormalised equation would be local ones. To achieve this, one
also has to assume that Assumption holds. In Section[9|we show that for operators of the form

d d
0:— ) a;j(t,x)0;0;— ) b;i(t,x)0; - c(t,x)
ihj=1 i=1

a decomposition of the corresponding Green's kernel I with singular part satisfying Assumption[9.1]does
exist under suitable assumptions on the coefficient fields that are expressed in Assumption[9.1] This
means that in combination with [Hail4}BB21], Theorem yields a local in time well-posedness result
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with local renormalisation functions for a general class of second order parabolic subcritical singular
SPDEs with sufficiently nice coefficients.

Our approach comes in two parts. Firstly we briefly provide a construction of I" as the sum of a certain
Volterra series Y Z * (—E)** for suitably chosen Z and E. Whilst such constructions are standard in
the literature (see e.g. [Fri64} [Gri04]), we find it useful to recall some of the details to fix notation and
to obtain finer information on the terms in the Volterra series. To this end, we find it convenient to
implement the approach taken in [Gri04]. However, in comparison to [Gri04] our setting has several
technical differences that we account for. Firstly, rather than working with the Laplace-Beltrami operator
on a compact Riemannian manifold, we work on all of R* (in particular, allowing the coefficient field
to be time dependent which requires some technical adaptations). Secondly, rather than assuming
smoothness of the coefficients, we assume only a limited amount of Hélder regularity. Whilst we don't
expect the regularity assumption we make to be optimal, it is useful to track this finer information
since it allows us to show that the objects constructed in this section depend continuously on (a, b, ¢) as
measured in a suitable Holder topology.

In the second part of our approach (which is not present in standard constructions of the heat
kernel), we postprocess the construction of I'" as a Volterra series to provide a decomposition satisfying
Assumption Since Z * (- E)** will typically not be in a form compatible with this assumption, we
proceed by a Taylor expansion argument in the ‘upper slot’ in both Z and E. We then show that at the
level of Z * (—E)* this results in a decomposition where all terms arising purely from the main part of
the Taylor expansion of Z and E are of a form that is compatible with Assumption[2.15|whilst all terms
that contain at least one instance of a Taylor remainder are much more regularising and thus can be
safely absorbed into the remainder part of the kernel decomposition I" = K + R since they will not cause
a need for additional renormalisation.

3 Regularity Structures from Tensor Products of Banach Spaces

In this section, we construct regularity structures whose components are partially symmetrised tensor
products of infinite dimensional Banach spaces. For a discussion of how our approach in this section
relates to the literature, we refer the reader to Section[2.3]

We begin by recalling some definitions from [CCHS22| that will be used in what follows. We recall
that we fixed a set of types £ in Section[2]

Definition 3.1. A typed set (T,1) is a (finite) set T equipped with a type map |: T — £. An isomorphism of
typed sets is a type-preserving bijection.

We write Setg for the category of typed sets with morphisms being the isomorphisms of typed sets.
Definition 3.2. A symmetric set is a connected groupoid in Setg.

Remark 3.3. This definition is equivalent to [CCHS22, Definition 5.3], see Remark 5.3 therein. Thus
a symmetric set is a collection of typed sets {a : a € Ob(3)} together with a collection of morphisms
(Homy (a, b)) 4, peob() Such that for each a, b € Ob(s), Hom, (a, b) is a non-empty set of isomorphisms
from a to b such that

v € Hom, (a, b) = y‘l € Hom, (b, a)

Y € Hom, (a, b), ¥ € Hom, (b,c) = 7oy € Hom,(aq, ¢).

We will sometimes refer to the maps Hom, (a, b) as ‘symmetries’ins.
Given a symmetric set s and a € Ob(3), we shall write a, for the symmetric set with a single object a
and morphisms Hom, (a, a).

We next recall the main example of symmetric sets that we will be interested in, namely those
corresponding to decorated trees. In order to avoid set theoretic issues, we restrict ourselves to trees
‘drawn’ on N. Since the precise vertex set does not play an important role in the theory, this has no
meaningful impact beyond avoiding technical issues.
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Definition 3.4. A decorated tree is an acyclic graph T with vertex set N(t) < N and edge set E(t) < N(t)?
which is equipped with a distinguished vertex p; called its root, a type map t: E(1) — £, node decoration
n:N@) — N9 ande: E(r) — N¢. An isomorphism of decorated trees is a graph isomorphism that preserves
the root, type map and decorations.

We write E. (1) for the set of edges e € E(t) such thatt(e) € £, and call such edges kernel edges. Edges
that are not kernel edges are called noise edges and we write E_(t) for the subset of E(t) consisting of noise
edges.

Given a decorated tree 7, we define a corresponding symmetric set (t) as follows.

Definition 3.5. We write T for the isomorphism clas:ﬂ of the tree T. We will often refer to elements of T as
drawings’ of T. We write (t) for the symmetric set whose object set is {(E(1),1) : T = (N (1), E(7),t,n,¢) € T}
and whose morphisms are simply the isomorphisms between elements of T.

We note that each of the trees X* consists of a single node and hence correspond to the symmetric
set whose only object is the empty set and whose only morphism is the trivial map @ — @. This definition
will ensure that in the constructions that follow the component of our regularity structures which
corresponds to X* will always be a copy of R.

Remark 3.6. As in [CCHS22], we pay more attention than is typical in the literature to the difference
between a tree T and its isomorphism class T. The reason to do this is that the operation informally
described as ‘gluing’ vector spaces into edges (that we make rigorous later) requires one to be able to talk
concretely about the edge set of the tree and thus to work with the distinguished drawing when defining
the tensor products we work with. On the other hand, operations between these tensor products ought to
be symmetric and thus depend only on the isomorphism class. This makes both perspectives valuable in
the paper. For clarity, we adopt the convention that concrete ‘drawings’ of trees are denoted by symbols
such as t,0 whilst the corresponding isomorphism classes are denoted by the boldface analogues T,o.

3.1 Tensor Products of Banach Spaces Associated to Symmetric Sets

With a suitable notion of symmetric set in hand, we now turn to the corresponding notion of tensor
product. We first fix the Banach spaces we wish to take tensor products of.

Definition 3.7. A Banach space assignment is a collection of Banach spaces V = (V) (e ¢. Given a typed set
a, wewrite V% =[lxeq Vit -

We note that given a pair of typed sets a,b and an isomorphism of typed sets y : a — b, there
is a corresponding map y : V% — V*P given by Y((Vx)xea) = (Uy-1())) yep. Given a symmetric set 3
and a Banach space Z, we say that a family of maps (f*: V** — Z) seob) is 3-symmetric if for every
a,be Ob(») and y € Hom, (a, b), fb oy = f% We note that if (f%)seob) is 4-symmetric and multilinear
then the operator norm || f*|| is independent of a.

Definition 3.8. Given a symmetric sets and a Banach space assignment V, the 3 -symmetric tensor product
is a pair (Vens, (® qes) Where V® is a Banach space and (®]) qe; is an s -symmetric family of norm 1
multilinear maps such that for any complete locally convex topological vector space Z and anys-symmetric
family (f*: V% — Z) zeob) Of continuous multilinear maps, there exists a unique continuous linear map
f: Ve — Z that has the property that || f|| = || f¢| in the case where Z is a Banach space and is such that
furthermore for each a € Ob(3)) the following diagram commutes.

an ®?> Vén{)
N
Z

80ur convention that trees are drawn on N ensures that this isomorphism class is a set.
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In this work, we take the point of view that the only necessary properties of the tensor product
associated to a symmetric set 4 are encoded in the universal property. In particular, this allows us to
avoid working by hand with a construction of the symmetric tensor product as a certain subspace of
[Tacobe) V®1% where V&4 is the usual projective tensor product (which is in particular a Banach space).

Nonetheless, it is of course necessary to show that the definition is non-vacuous. In the setting where
the Banach space assignment is finite dimensional, this can be done by noticing that the tensor product
constructed in [CCHS22] satisfies our universal property. With minor adaptations to take care of the
need for completions and more careful statements about norm boundedness, this construction provides
existence of a suitable tensor product in general. Since the precise presentation of the symmetric tensor
products does not matter in the rest of this work (other than through the universal property), we satisfy
ourselves here by stating an existence result and deferring the adaptation of the construction of [CCHS22|
to Appendix/Al

Proposition 3.9. Given a Banach space assignment V and a symmetric set 3, there exists a unique (up to
unique isometric isomorphism)  -symmetric tensor product (V°, (®%) seobs)). Furthermore,

(e (e
vl yens = inf{ Y IT0 U,icllvl(x) SEDY ®?(Ui)x€a}-

i=1x€a i=1
Remark 3.10. In fact, we will also not need the formula for the norm in this work. However, even though
it takes a small amount of work to derive it from the construction, we chose to include it in the proposition
above since it takes the same form as the norm for the usual projective tensor product up to replacing the
usual tensor map with the tensor ®¢ associated tos. We hope that this serves to reassure the reader that the
universal property really does capture the right notion of “partially symmetrised projective tensor product’.

Remark 3.11. We now compare the construction given in Definition[3.8 to the one in [CCHS22]. This
remark is intended for the interested reader and is not essential for the remainder of the paper.

For this remark, we assume that the Banach space assignment is finite dimensional we are in the
setting of [CCHS22, Section 5]. We also assume familiarity with that setting in this remark. In particular,
the choice of cross norm defining the tensor product will play no role in this remark. We note that we could
reformulate the universal property above purely in terms of linear maps by replacing V% with the usual
projective tensor product véna, Saying that (%) aeob) is 3 -Symmetric is then the same as saying that for
each a,b € Ob(s) and each vy, , € Hom,(a, b), the following diagram commutes.

V®,,a } V®”

\/

In the language of category theory this says that (Z, (f“) aeob(s)) s a cocone over the diagram with objects
(V814 : g € Ob(»)} and morphisms {Yp,a € Hom,(a,b) : a,b € Ob(»)}. Similarly, (V& (®H) acobis)) IS a
cocone over the same diagram. The existence of a unique factoring map f for each cocone (Z, (f*) geob(s))
is then the assertion that (Véﬂf’, (® aeobs)) s the colimit in TVec of the diagram defined above.

We furthermore note that if F is the functor of [CCHS22] then yeéra - ({a}) where{a} is the symmetric
set whose only object is a and whose only morphism is the identity. Given a symmetric set 3, one can
check thats is the colimit in SSet of the diagram whose objects are {{a} : a € Ob(3)} and whose morphisms
arel{yp,, € Hom,(a, b) : a,b € Ob(3)} whereyy,, is interpreted as a morphism in SSet. The image of this
diagram under the functor F is the diagram in TVec considered above. Since Vens = F(3), this means
that (apart from the precise statements about norms) the fact that our universal property holds can be
interpreted in the language of [CCHS22] as saying that the functor F preserves a certain class of colimits.

3.2 Operations on Tensor Products associated to Decorated Trees

Our goal is now to use the construction of symmetrised tensor products according to their universal
property to show that the usual operations on a regularity structure (abstract integration, abstract
gradients, the tree product and suitable coproducts) are well-defined in our setting. We first define the
the relevant spaces on which we will define these operations.
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Definition 3.12. We denote by J the set of isomorphism classes of decorated trees. Given a complete,
subcritical rule R, we denote by I (R) the set of elements of I that strongly conform to R in the sense of
[BHZI9, Definition 5.8].

We then let I, (R) be the unital monoid (for the tree product) generated by

(X* keNBUIF 1T € TR), ITils + 11l — [Kls > 0}

where |- |5 is the usual degree assignment on trees induced by the degree assignment on £. We let _(R) be
the set of elements of I (R) of negative degree.
ForW <9, welet X
Vo = @ y e 3.1)
few
equipped with the inductive limit topology (which in particular makes Vo a complete locally convex
topological vector space).

Remark 3.13. It follows from [BHZ19, Proposition 5.15] that

&
Vo=@ @H v
acATeT (R),
ITls=a

where A is a subset of R which is locally finite and bounded below. Furthermore, Vg, (r) is graded for |- |5
by a locally finite subset of [0, c0].

Remark 3.14. There is an obvious set of canonical inclusions Vo gy — Vg (r) — Vg and Vg, g — Vg. In
what follows, we will often identify these spaces with their image under these inclusions without comment.

3.2.1 The Tree Product, Integration and Gradients

Our goal in this subsection is to define in that order the operations of products, integration and gradients
on tensor products arising from symmetric sets coming from combinatorial trees.

We begin with the case of products. We recall from [CCHS22]| that there is a notion of tensor product
of symmetric sets given by defining Ob(3; ® 32) = Ob(3;) x Ob(32) and

Homy, g3, ((a1, az), (b1, bz)) = Homy, (a1, b1) x Homy, (az, bz).

At the level of symmetric sets coming from combinatorial trees, this corresponds to drawing a forest as a
disjoint union of two trees and declaring the symmetries of the forest to be exactly those symmetries
arising from the symmetries of the individual trees. In this case, we will denote (7,0) € Ob({T) ® (¢)) by
TUO.

The following lemma is then immediate from the fact that any pair of symmetries in () and (o)
respectively naturally induce a symmetry in (ro) by identifying the obvious copies of T and ¢ inside of
the tree product 7o.

Lemma 3.15. Lett,0 €9 . Then (®fgg>)mg€0b(<r)®<a>) is a(tT) ® (@) -symmetric family of norm 1 multi-
linear maps.

We then note that it follows from the definition of the tensor product of symmetric sets that
Verb182) = y8roig, V2 and o)) = (9 )e (®2). As a consequence, by applying the universal
property to the family of multilinear maps given in Lemma we obtain our analogue of the tree

product.

Definition 3.16. Wedefine x : Vg &, Vg — Ve to be the unique map such that for eacht,o € T, x| Verma yén(@)
factors the family (®77 ) ruceob(m)e(o) -

Lemma 3.17. * is commutative, associative and unital with unit1 € ver) =R, Furthermore, the map
*| e g yenie) HAS nOTM1.
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Proof. The identification of the norm is immediate from the construction via the universal property. It
remains to show the algebraic properties. Commutativity follows from the fact that the tree product for
combinatorial trees is commutative and the canonical identification V&r(0) & V®1(0) ~ y&x(0) g _1/&x(T)
That x is unital with unit 1 follows from the fact that 1 is the unit for the tree product at the level of
combinatorial trees, along with the canonical identification V®D &, R ~ V(@

It then only remains to check that * is associative. It suffices to consider the action on Vet g
V(T2 @ 781(T3) We claim that acting on this space, x(* ® id) and x(id ® x) both factor the symmetric
multilinear family (8717272 )7, i1, izse0b(r)e(rersy) through Ven(T1)e(T2)e(Ts)) 4 that by uniqueness

(T17273)
of the factoring map in the universal property, they coincide. In the case of x(x ®id), we write

. T1UT2UT3 _ T1UT2 T3
*(x@Id® ;o yers = * ((* ° ®<n>®<r2>) ® (®<r3>))

.. T1UT2 _ o T172
By the definition of *x, we have that *x o ® rye(rs) = ®(ry12) SO that
. Ti1UT2UT3 _ T1T2UT3 _ S T1T2T3
*Ok®Id)® 7 eiryars) = X 0 Bayrpais = Bayrars)

where we again applied the definition of x to obtain the last equality. This completes the proof that
* (* ®id) factors the aforementioned family of multilinear maps. The proof that *(id ® %) factors the
same family is almost identical (since the underlying product of combinatorial trees is associative) so we
omit the details. O

Next we define suitable abstract integration maps on Vg . For given [ € £, we view [ as a singleton
typed set with the obvious type map. We denote by (I) the corresponding one object symmetric set whose
only symmetry is the identity map. We note that at the level of combinatorial trees, symmetries of .7t
are in bijection with symmetries of 7. Indeed, any symmetry of the former tree preserves incidence at
the root and thus fixes the trunk. It then follows that (®£'[">; (T>)ut€0b[([>®(1—)) is a () ® (T)-symmetric family
of maps.

Definition 3.18. Foreachle £, we define J;: Vi&; Vo — Vg componentwise via the universal property of
Ve (0e® applied to the diagrams

ur

VI x VX7 ®<[>®< ) Vén(U@(T)

\ 55[
ST ~

®
1o Vén (KT .

For{ € V{, we define JC: Vg — Vg via F¢ = Fi({ ®-). We remark that J; is a contraction by construction,
whilst F¢ has norm ¢y,

In this subsection, it remains to provide suitable abstract gradients in our infinite dimensional setting.
In the scalar valued setting, it is typical to define the gradient as acting only on planted trees .%;7 or
monomials X*. We will see later that in our setting it will be necessary to also take gradients of trees of
the form X*.9,7. Of course, the usual gradient in the scalar setting trivially extends to such trees via the
Leibniz rule. We denote by Jpan the set of trees of the form X kj[‘r.
Definition 3.19. Let k € N?. We define D* : Vi

plant - Vq

Lan COMpONentwise by the universal property of

Ve applied to the diagrams

T AL

\ : pk
Lk <
®Dr

(k) v én(DkT)

k e . . ;
where we made use of the fact V** = VP We note that it is immediate that D* is an isometry.



3 REGULARITY STRUCTURES FROM TENSOR PRODUCTS OF BANACH SPACES 19

3.2.2 Coproducts

In this subsection, we realise the Hopf algebra/comodule structure that is standard in the scalar valued
setting (see [BHZ19]) at the level of our symmetric tensor products. Here the main remaining ingredient
is a suitable coaction A and coproduct A* (defined on appropriate spaces).

Such coactions and coproducts are realised as contraction/extraction operations. With the viewpoint
of our symmetric tensor products as gluing elements of the Banach spaces onto edges of the tree, it
is convenient to have a mechanism that remembers which element to glue to which edge after the
operation of contraction and extraction. To this end, for a fixed 7 € T € J we have the following notion of
T-identified trees.

Definition 3.20. A 1-identified tree is a pair (0,1) whereo is a tree and 1: E(0) — E(7) is an injective map
which preserves edge types. We write T; for the free vector space generated by the set of T -identified trees.

The 7-identification is precisely the information needed to appropriately ‘glue in’ components of an
element of V*7 to yield an element of V®7(?)_ In particular, we have the following definition of lifting
maps.

Definition 3.21. We define S£T(k) : Tf’k —{f: V' - V;”k} to be the unique linear map such that

k k
& .
gf( ) (®(Uz’» li)) [(CeecEm] = ®®(<Tal.i> [(€1;e)) ecE@n]-
i=1 i=1
One important feature of these lifting maps is that they are invariant under a suitable notion of
isomorphism between identified trees. This will be used to see that the lift of operations defined at the
level of trees is independent of the choice of representative of the isomorphism class of a tree.

Definition 3.22. Lett,7 €(T)€J and let (0,1),(0,1) bet, T identified trees respectively. An isomorphism
of identified trees between (0,1), (0,1) is a pair of tree isomorphisms (y,n) wherey:T — T andn:o — & are
such that following diagram commutes.
Y71
T—>7T
tT
nfl
g —> 0

We will refer to the mapy as the base map of the isomorphism.

=5

We note that the diagram above is completely equivalent to a diagram involving y and 7 rather than
their inverses. The reason to write the diagram in this way is that the compositions appearing in this
representation are precisely the ones that appear in the proof of Proposition below.

Proposition 3.23. Suppose that fori = 1,...,k, (0;,1;),(F;,1;) are T-identified and T-identified trees
respectively such that (o ;,1;) is isomorphic to (6;,1;) via (y,n;). Then

k k
Q@G i,1) Qi)
i=1 i

i=1
In addition, if (01,11),..., (O, ) areT-identified trees such that {1;(E(0;)) :i=1,..., k} forms a partition
of E(t) then SZT(’“) [®§€=1 (oi,t7)] is a continuous multilinear map.

k k
2® oy =2®

Proof. For the isomorphism equivariance, we take ({¢)ecr(r) € VT and unpack the definitions to write

k k
Q@11 Q@11

i=1 i=1

§£Tfk) oy ((e)ecEm) = Sfrgk) (Cy-1(e) ecE(@)

_ k. k.

g _ of} _ G

@ Cy1Gien)ecEG) = (&®<§i>((li(,,lfl(e)))eeE(ai) = @Qb(éi) o1 (C;(e) ecE@))
1= i=

k
Qi)

i=1

i k
?ai>(fzi(e))eeE(a,-) = i/’r( ) (((e)eeE(r))

k
i=1
k
:®®
i=1
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where the third equality followed by the definition of an isomorphism of identified trees and the fifth
equality follows by symmetry of the maps ®Z;i>. The claims about continuity and multilinearity are

immediate from the definition and the multilinearity of ®§.‘,1 and ®‘<7(;_>. O
- 1

We now recall the definition of the coaction A at the level of combinatorial trees. We find it convenient
to reformulate the more common definition in the literature in which one sums over certain subtrees
containing the root as a definition in which one sums over cuts. These two formulations only differ
aesthetically, however we find that the latter type of formulation will make computations in Section|[7]
clearer and hence we already adopt it here for consistency.

Given 7 € T, we say that C c E(7) is a cut of 7 if any path in E(7) with the root of 7 as an endpoint
contains at most one edge in C. We denote by C[7] the set of all cuts of T and for C € C[7] we write Tx¢
for the subgraph consisting of those edges e € E(7) such that there does not exist é € C with e = é. We
define J (R) = Ureg (r) T to consist of all drawings of (isomorphism classes of) trees in I (R) and define
I, (R) similarly. We define A : (J (R)) — (F (R)) ® (T, (R)) via

1 n
Ar,me) = Y ) - (Tzc nzc +mec,©) ® Py (r)(T/T3c,[n—ngcl,e+ec)
CeClr] nzc.ec €C-\N#C

where the sum over nyc is over node decorations nxc: N(txc) — N4, the sum over £c is a sum over edge
decorations ¢ : C — Nd, mec: N(Tyc) — N¢ is the node decoration obtained via

mecw)= ). ecv), (3.2)

ecC:vee

Py (r) denotes the usual projection onto J , (R), T/Txc denotes the quotient graplﬂof 7 by T3¢ and
[n — nxcl is the node decoration on this quotient graph defined via

[n—nxclw)= ). (n—nzo)(w)
weN(1):v=[w]

where [w] denotes the equivalence class of w viewed as a vertex in the quotient graph. We remark that
each of the two trees appearing in a fixed summand of the right hand side of the definition of A(7,n,¢)
can be viewed as being 7-identified since their edge sets can naturally be viewed as forming a partition
of E(1).

Proposition 3.24. Given t € J (R), the family of maps @? [AT])zer is continuous, multilinear and
(T)-symmetric.

Proof. Multilinearity and continuity are immediate from Proposition[3.23] Therefore it remains only to
check (r)-symmetry. To this end, we note that if 7,7 € T and y € Hom(;) (7, 7) then y induces a bijection
Yc : Clr] — CI[7]. Furthermore, for a fixed cut C € C[1] if we set C= Y¢c(C) then we see that y induces
also bijections nxc — nye and ec — £ appearing in the definition of A*. Finally, one can check that
if C, nzc,ec correspond to C, nye, € via the above bijections then y also induces (via restriction or
quotient) isomorphisms

Nzc: (Tzc, Ngc +TEC,¢) — (f?ﬁC" Nyc+ER, ¢)

and
Nritye T/ Tzc, [M—nzcle+ec) = (T Ty, [R—nyel,e+€¢)

which are furthermore isomorphisms of identified trees with base maps y.

9To be completely precise, we should specify how to draw the quotient graph on N (though this detail is not too important at the
level of exposition given here). One choice that ensures the properties of operations we need at the level of drawings is to define
N(r/0) ={minN(0o)} U (N(r) \ N(0)) and to move all edges that were ingoing to o to be connected to min N(o).
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We are then in the situation of the first part of Proposition Indeed, we can write

¢Pniloy= Y Y i( "

DI )?jf)[(fzc,nzc+nsé,é)®Pg+(R)(f/fzc,[ﬁ—nzc-],é+ec)]oy
CeC[7] "2C¢C

nxe
1 n @

=y ) — £ [(rzc,nzc+nec,e)®Pz+(R)(T/Tzc,[n—nzc],e+ec)]
CeClr] nzc.ec €C \I#C

=2P[A1]

where the second line follows by Proposition and a reindexing of the sums based on the induced
bijections between cuts and decorations. O

The following definition is then meaningful as a consequence of the universal property for Vo™,

Definition 3.25. We define A: Vg () — Vg (g ®5 Vg, (g) to be the unique continuous linear map such that
foreach T € T € T (R), we have that the following diagram commutes.

T
&)

VT 3 Véf(r)

‘A
8,(2)@1)\‘ ~

Vo (m) &7V, (r)
We similarly define a map A* : (T, (R) = (T, (R)®(T,(R)via

+ 1 n
AT (T,n,e) = Z Z — Pg (r)(T2c,nzc+mec,©) ® Py () (T/T3c, [n—nzcl,e+ec).
CeC[t] nzc.Ec Ec\nzc| — -
Remark 3.26. The above definition does coincide with that of [BHZ19] despite the projections appearing
to differ. This is due to the fact that in [BHZ19], the formula for A and A* were unified by having the
projections implicitly specified by the choice of codomain.

It follows in a similar way to the case of A that the following definition makes sense via the universal
property.
Definition 3.27. We define A" : Vg, ) — Vg, (r)®1 Vg, (1) to be the unique continuous linear map such

that for each T € T € I, (R), we have that the following diagram commutes.

T
&)

VT \ V@;(T)

At
%@ (A*T)\ v

Vo, 0 ®x VT, (r)

Our next order of business is to show that the fact that Vg, () is a Hopf algebra with Vg () as a Hopf
comodule can be lifted from the combinatorial setting.

Lemma 3.28. We have the relations
(At ®@id)AT = (ide AT)AY, (A®id)A = (ide AHA.

Proof. Since the proofs are similar, we prove only the first equality. We recall from [BHZ19] that the
corresponding results hold for the underlined versions of A, A* acting on combinatorial trees.

It is enough for us to consider the restriction to a component Ve The idea of the proof is to
leverage the underlying combinatorial result by showing that both the sides of the equality claimed in
the lemma factor the family of maps

28 (A eid)ATT) =2 ((deAT)A*T).
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Upon showing that this family is continuous, multilinear and (r)-symmetric, the result will then follow
by uniqueness of the factorisation.

We first show that both sides do indeed factor this family. We start by considering (A* ® id)A*. To fix
notations, we write

n .
Aft=) ci(1;®7")

i=1

where 7; and 7/ are 7-identified trees. We then write

A 2id)AY 87, [(e)eckm] = (AT @ADL (AT 11 )eerm)]

n
Z (A+®1d) ®[((1T (e))eeE(T)]®® ((l (e))eeE(Ti)]
i=1

T (T’)

1l
Mm

55(2) 1] (s, (@) ecE] ®® € i@ eceah]
(rl)

I
—

j
Tij

k i
Z ¢/ ® [(C.,, (ol (e))eeE(rl])] ® ® ((LTIOL ](e))HEE(T )] ® (Clri(e))eEE(Ti)]
j=1 (zh)

(Tij) <T]>

I
T M:

= 543) (AT ®Id)AT 71 e)ecEir)]
where we wrote A*1; = Z?zl ct; i® Tf and noted that e.g. (7}, i, ;) is a 7;-identified tree which induces
the 7-identified tree (7;}, (7, o r;;). The latter 7-identified tree is precisely the one appearing in (AT ®
id)A* 7. Since the claim for (id ® A*)A* has an almost identical proof, only changing the order of some
terms everywhere we omit this detail.

It remains only to check that ET@ ((é+ ®id)A* T) is continuous, multilinear and (T)-symmetric. This
follows from the factorisation property above. Indeed, for continuity and multilinearity we note that
eg LA @id)ATT] = (AT @id)A* ST ®{,, is the composition of a continuous multilinear map with two
continuous linear maps. For ()-symmetry, we simply note that ®fr> is a (T)-symmetric family. O

We define € : Vi, (z) — R to be the projection onto V&V ~ R,
Lemma 3.29. (Vg, (), *,1, A*,€) is a topological Hopfalgebm{r_ﬁl with Vg gy as a comodule.

Proof. We note that by Lemma[B.4and Remark[B.5] for the first claim it suffices to prove that Vg, () is a
bialgebra. For this we need to check that A* is an algebra morphism and that € satisfies the requirements
for a counit.

We start by checking that A™ is multiplicative. We need to show that

Atox=(x®@*x)p(AT ®A")

where p: V;’ g V;’ ™ is the map that swaps the second and third components of elementary tensors.

To do this, we again leverage the corresponding combinatorial result. Namely, we claim that when
acting on V8™ V®1(9 the two maps factor the families 22 [A*7o] and L (M & M) o po (AT ®
AT) (1t ® 0)] respectively where J( is the (combinatorial) tree product and p is the combinatorial analogue

of p. The result will then follow from uniqueness of the factorisation since the fact that A* is an algebra
morphism implies that

LA 101 =2 (M e M)opo (At @ AT)T@0)].

We remark that it will follow from the factorisation that e.g. 2% [A*70] is continuous, multilinear
and (1) ® (@)-symmetric in the same way as in the corresponding part of the proof of Lemma|3.28

Wsince this terminology seems to not be completely standardised in the literature, we refer the reader to Appendixfor a

definition and some useful properties.
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We start by showing that A* o x factors the left hand side. For this, we write

TUC
At oo ® () ecELO)] = AT ®€$¢r) [({e)ecEGUN] = 8(2)[ A*zo]] (Ce)ecEuo)]
(T)®(0)

as desired.
We now turn to the corresponding result for the right hand side. We write

(x®*)p(AT ® AT) ®11\% 0 [(e)ecErLo] = (x @ *)p(AT ®) ®AT &7, ) [({e) ecE(ruo)]
= (@ X)L A TN eerm @ LS 1A 01 o) eeo)-
Now we note that the term in the rightmost bracket can be written as
n k
> Z ic! ®((L, (e))ecE(m) ® ®((Lrl(e))e€E(r) ® ®((z(, (@) ecE) ® ®((L Li(@)ecE )
i=1j=1 T (rh) o) (o))
so that applying p yields
n k Ti ol
Z Z C] ®((¢, (e))eEE(T) ® ®((lg (e))eeE(U) ® ®((£ (e))eeE(T) ® ®((! ](e))eeE(U]
i=1j=1 () (ti) (@)

We then note that

TiLILTj
®((¢, (@) ecE@) ® ®((L(7 (e))eeE(o)) ( (03] [(CLTiI_ILUj (¢) e E(rLo)]

(Ti) (o)) (T)®(0j
Ti0j
® [(C[T ULg (e))eeE(Tua)]
(TzU]>
Treating the second instance of * similarly we see that
. T,'O'] T g]
(*® *)P(A+ ®A") ®<T;;%<a) [(€e)ecE@ua] = ZZCiC] < ®> ((t,lut,, (e))eeE(rug)] ® ® [((1 iUt ](e))eeE(rua)]
Tioj (tiod)

= L2 M)pA*" ® A (T ®0)] () eeEro)

as required.
It now remains to check that the counit ¢ is a counitary algebra morphism. The algebra morphism
property is immediate from the definitions. For the counitary property, we note that

n T; Ti
(e®id)A* 87, ()] = (e @IDLP[ATTIC,) = ) cile ®id) (®((e) ® ®(ce)) =&/, [{0)]

i=1 (T;) (Th)

since the projection onto the linear span of 1 is the counit for A*. The result for (id ® €)A* is similar.
We now turn to the claim that Vg (g) is a comodule over Vg, (). Since Lemma3.28]includes the fact

that (id® A")A = (A®id)A, we need only show that (id ® €)A = id. This latter claim follows in a similar

way to the proof of the counitary property above. For brevity, we omit the details. O

In particular, we now recover a regularity structure in the sense of the original definition given in
[Hail4} Definition 2.1] which we emphasise is general enough to allow for the infinite dimensional
components seen here.

Definition 3.30. We define the regularity structure J 3" = (Vi (r),6) where 6 is the group of continuous
characters on Vg, (r) acting on Vg ) viaTgv = (id® g)A* v.
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Remark 3.31. The fact that (g, v) — I'gv defines a (left) group action of ‘6 on Vg, (g follows from the
comodule structure given in Lemma[3.29

It is clear that 732" comes with a product * and a family of integration maps .¥¢ indexed by { € V;,
€ £,. In the latter case, it still remains for us to check that these integration maps interact correctly with
the action of the structure group.

Lemma 3.32. Foreveryge§,le £, € Viandt € J (R) such that J;t € J (R) we have that

FTg—TgF¢: Vo™ vy

oly? where gpoly = {Xk tke Nd}.

Proof. Tt suffices to check the result for elements of the form ®IT> [(€e)ecE)]. We recall that

Xk
AFT=(F@idA T+ Y —'®J[kr.
|kls<|F(7Tls

As a result, we note that (writing ¢ for the distribution associated to the trunk)

J[T
A @ [Cedecrm U =L IAFTICe)eerin U L]
(FrT)
@ : o | X5 ok
:Sf][r[(j[®1d)éT][((e)e€E(T)U{C}] + Z g]{l’ F®j{ 7| [({e)ecEq U]
k.7 71s>0 :
Xk J[kt
=(eZPATICI+Y. —© @ [ uil}]
k!
k Ik
T Xk j[k‘[
=(J(®id)A®[(Ce)]+ZF® Q) [ uich. 3.3)
(T) k . <J[k‘r)
Upon applying (id ® g) to both sides, the result immediately follows. O

4 Models on Regularity Structures with Infinite Dimensional Components

In this section we recursively construct algebraically renormalised models on 932" in the spirit of [Brul8].
Here we consider only smooth models constructed from a fixed noise assignment ¢.

4.1 Admissible Models on J 822

We now define a notion of admissible model (see [BHZ19) Definition 6.9] for the usual scalar valued
definition) that is well adapted to our setting. Throughout this section we will assume that a Banach
space assignment V has been fixed and will omit it from the notation for simplicity.

We first fix an appropriate notion of kernel assignment that we wish to be realised by the abstract
integration maps {.¥ (}(ev, that we constructed in the previous section. This should be nothing other
than a way of assigning a translation invariant integral kernel to each element of V| for each [€ £,.

Definition 4.1. A kernel assignment of order o € N on T3 (V) is a collection of bounded linear maps
Ar: Vi — %l}” indexed by l € £,. We write 4} = Dee, L(V[,%L”) for the Banach space of all kernel
assignments of order o equipped with the norm

IAlge = Y. sup [ADllgn.
leg, eV, ¢
1y, <1

Given { € Vi, we write A(({) =50 A([") (¢) for the decomposition as in Remark
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We also introduce a corresponding notion of noise assignment on 75, We will eventually be
interested in specialising to the case where the Banach space assignment V satisfies V| = R for each
€ £_ in which case the notion of noise assignment introduced below will coincide with our notion of
noise assignment on J ¢4. However, since it introduces very little extra work to allow for more general
noise assignments in this section and it is reasonable to imagine applications where one would wish to
freeze coefficients at the level of the noise, we allow for the extra generality here.

Definition 4.2. A noise assignment on J 52 (V) is a collection of continuous linear maps Ny : Vi — D' ([R%)
indexed by l € £_. We write d_ for the space of all noise assignments. A smooth noise assignment on
g Ban(v) is a noise assignment such that Ny is a continuous map into C*®°(R?) with its usual Fréchet
topology. We write A for the space of all smooth noise assignments.

We also recall that given a sector W of a regularity structure (J,6) then (W, €) is also a regularity
structure. This means that it makes sense to talk about models on a sector of a regularity structure.

Definition 4.3. We say that a model (I1,T') on a sector W in T 83" is admissible with respect to a kernel
assignment A and a noise assignment N if it satisfies the following three sets of relations. Firstly we require
that

M= Ni(v), M X% =(-x0k
forallle £_, forallve V¥ E0 nW and all k € N such that X* € W. Secondly, we require that
M,(X*v) = (- 0fMw,  TDjv=DiMv

whenever ke N%, i € {1,...,d} and v € W are such that X*v, D;v € W. Finally we require that for € £,
we have that

(-xf
M5 = AQ) * v — Y. —'(DkA[(()*Hxv)(x) 4.1)
[kls<|FCvls :
for everyve W and{ € V; such that F°ve W.
Remark 4.4. We recall from [Hail4, Remark 5.10] that the correct way to interpret isvia
L5 v@) =Y [ dyopm v

n=0

_ Wk
A‘[’“(o(y—o—lkl r P DA x|

In order for this expression to be well-defined for a generic model (I1,1), it is necessary to require that
o > |k|s — a where a is the lowest degree of a component in the smallest sector containing v. In particular,
due to [4.1), the definition of admissibility on a sector W is a meaningful one only if o is sufficiently large.

4.2 Algebraic Renormalisation on J 53"

Our goal in this section is to show that the construction of a model associated to a smooth driving
noise from a preparation map as introduced in [Brul8] can be adapted to our setting. This provides a
generalisation of the results of [Brul8] in two ways. Firstly, we do not assume that the kernel assignment
is of infinite order. As discussed in Remark[4.4] this poses problems when constructing a model on
the full regularity structure. One option to circumvent this issue is to exploit smoothness of the noise,
translation invariance of the kernel and an integration by parts argument to move all derivatives in
onto I, v. This would lead to a new definition of admissibility for a smooth model that would allow
for the construction of a model on the full regularity structure. This would have two disadvantages.
Firstly, we will later want to talk about models built from preparation maps and non-translation invariant
regularising kernels of finite order on J 4. In this setting, the argument based on integration by parts
is not available. Secondly, when later obaining quantitative estimates we will need tools such as the
Extension Theorem provided in [Hail4, Theorem 5.14]. This result would not apply with the new
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definition of admissibility. In both cases, it would therefore still be necessary to restrict to a smaller sector.
Therefore, rather than introducing a new notion of admissibility, we prefer to show that it is possible
to construct models from preparation maps on suitable sectors rather than on the whole regularity
structure immediately.

The second and more significant generalisation of [Brul8] comes with our infinite dimensional
setting. A first difference is that one no longer has access to a distinguished basis in the form of trees.
Since elementary tensors do not form a linearly independent set, this means that more care is required
when checking that the natural definition actually yields a well-defined object. The second difference
is that the appropriate continuity in terms of the norm on Ve isno longer a consequence of mere
linearity and thus requires again more care. Both of these differences will be handled by appealing to the
universal property given in Definition

We will use the following notations for projection operators on 752" (V). Given 7 € 7 (R) we denote
by @, the projection onto Ve Given 1 € R we denote by @;, the projection onto &|¢|,=y Ve and we
define Q;, Q<y, etc, analogously.

Definition 4.5. A preparation map on Vg gy on a sector W is a bounded linear map P : W — Vg () such
that Qg (P —1d)| e, ) # 0 implies that

L |7l <l|als,
2. |tly > |oly where|t|4 denotes the number of noise edges in T,
3. t#E, XN Ifa

such that P additionally has the commutativity properties

P = X*Pl ey, P =TP foralll €G;.

yénxkn
In order to perform a recursive construction of a model with respect to a preparation map on a
sector W, it will be important that P: W — W. Since it will eventually be important to allow for different
models to be constructed on the same sector (for example when obtaining convergence results), we here
introduce a notion of sector that is appropriate for the constructions that follow in this section.

Definition 4.6. We say that a sector W in Vg (g is good if it can be written as W = @rcq,, Ven(o for some
set of trees By < I (R) (which we refer to as the generating set for W) with the property that J[k T€RBy
implies T € By and to € By implies that T € By . Given a preparation map P defined on W, we say
that the sector W is P-good if it is good and P W — W.

We note that it is automatic that if W is a P-good sector in 7 2" then the set of trees %y in the above
definition spans a sector in J 4.

Remark 4.7. If 9B is a finite subset of I (R) then it is possible to prove that if W is the smallest P-good
sector containing @ yea Ve then By is a finite set of trees. Since we will not explicitly need this fact
in this section and will need a similar fact for a related construction adapated to the type of preparation
maps that are actually used in practice, we do not provide a proof here and refer the interested reader to
the related Lemmal5.3

The following definition encodes the analogues in our setting of the usual recursive relations used to
define a preparation map. The main difference to [Brul8] is that the recursive definitions are not only
imposed on a distinguished basis.

Definition 4.8. Given a preparation map P on a P-good sector W, a kernel assignment A€ A and a
smooth noise assignment { € A°, we say that a triple (I1?, 117>, TP) is associated to (P, A, &) on W if

1L I, : W — C®RY) andT?,: W — W,

2. 2" v = Ny (v) for each | such that Z, € By and each v e V=0,
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3. H§XXk=(-—x)kforeachksuchthatxkeW,
4. H?X(U* w) = Hﬁ'x V'fo w whenever v, w,v* we W,
5. Ifve W, { € V; are such that $¢*v € W then

(-x)/

DM A(0) * TR w(),

ne* gk = prF A+ lv- Y
|ls<LFEE vl

6. It =ntp,

7. rfc’y =(ide® (gf)‘l(gf))A where each gy’ € G satisfies gy, (X;) = —x;, and whenever ve W, { € Vy and
k € N? are such that 5*v e Vo, )

(—x)]

: DIk A« TR v().

g I =— ¥
1jls <155 vl

Remark 4.9. The final point of the last definition specifies the value of g¥ only on yen(n) for (T) lyingin
the subalgebra generated by

Bw = (X keNULF T € TL(R) : T € Bw).

However, any extension of g defined in this way to an element of 6 will have the same action on W. Since
the imporant object is the map Fﬁy and not the corresponding characters, we do not distinguish between
such extensions. This corresponds to viewing W as a regularity structure whose structure group is the
quotient of € by the kernel of the action of 6 on W.

One should of course check that at least one extension of g& to an element of G exists. To this end, we
note that 5, := I, (R)\ By is such that

@ @ V®n<T>

BC
TERY,

Vo, ) =( D ver®

T€§’_BW

with @ e Ve being an algebra ideal in Vg, (). In particular, it follows that the projection m onto
w
®,ci,, VO™ along @, .ge VO is continuous and multiplicative so that g’ o1 is a suitable extension.
w

The following definition will be used to ensure that we assume a high enough order of kernel
assignment to apply the Extension Theorem given in [Hail4, Theorem 5.14] on the sector W.

Definition 4.10. IfW is a good sector then we define its order vicE-]
ord(W) := max{|7ls +|lls +max(s), | Kl — [ming] : I 7 € B }.

Here we recall that Ay denotes the set of degrees appearing in the sector W.

Our next goal is to prove the existence and uniqueness of a triple (IT?, I1**,T'?) as in Definition|[4.8}
To do this, we adapt the construction from [Brul8] in the scalar valued setting. The approach of [Brul8]|
is to construct the model by induction with respect to the ordering < defined below.

Definition 4.11. We define a partial order < on'J by declaring that

0<T < |olg<|tlporloly=IT|slols <|Tls.

HThe presence of the term max(s) may look surprising at first. When tracking the order of the kernels used in the Extension
Theorem of [Hail4) Theorem 5.14], this term comes from applying the anisotropic Taylor formula (see e.g. Lemmaor [Hail4)
Proposition A.1]). We expect that this condition could be improved at the cost of replacing the norm on regularising kernels by
suitable Holder norms.
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Remark 4.12. It is not the case that for any fixed tree T there are finitely many trees o such thato < t. For
example, any tree with two noises is preceded by all trees with one noise. The reader may then worry that
induction with respect to < is not justified. However we note that it is the case that < is a well-founded
binary relation. Indeed, for any non-empty set of trees Sy one can first consider the subset Sy consisting of
all trees in 8y with the fewest number of noises. Then one can consider the subset S, of Sy consisting of
those trees of least degree (this is possible by the assumption that s is locally finite and bounded below).
Any element T € Sy then has the property that o < T implies that o ¢ Sy as required. This means that in
place of usual induction, in this type of context it is possible to instead appeal to Noetherian induction.

Proposition 4.13. Suppose that P is a preparation map defined on a P-good sector W, A € A with
o >ord(W) and that & € A*°. Then there exists a unique triple (IT°,1T1>*, T'P) associated to (P, A,&) on W.

In preparation for the proof of this result, it will be useful to have prepared a result allowing us to
construct multiplicative maps via the universal property contained in Definition

Lemma 4.14. Suppose that Z is a complete commutative topological algebra and that T = T;

1 0
witht; = J[’:"ai fori=1,...,n and Ty = X*. Suppose further that for each i = 0,...,n we are given a
continuous linear map f; Vet . 7 such that (t;) = (t;) implies that f; = fj. Then there exists a
unique continuous linear map f* such that the following diagram commutes.
VT i} Veén(m
et
/’43”"@?’:0(1‘:‘@2,9?:0 \Z/

Furthermore, f* defined in this way is multiplicative in the stronger sense that ift = 0,0, and v; € yenioi)
then f¥(vy * v2) = 1 (1) fO2(v0).

Remark 4.15. Since Z = %1, the above lemma covers all trees in J .

Proof. We remark that by commutativity of * z, the leftmost arrow does not depend on the order of the
7; and so is completely specified by the information 7 € 7.
By appealing to the universal property of Ve ™ to show that f is well-defined we only need to show
that the 7-indexed family of leftmost arrows is multilinear, continuous and (z)-symmetric.
Multilinearity is clear due to the bilinearity of * ~, linearity of f; and multilinearity of ®gi>. Continuity
is clear by componentwise continuity and the continuity of the multiplication on Z. This leaves us only
to consider symmetry. We fix 7,7 € T and y € Homy (7, 7). We need to show that

(ol )or-uzBlrners)

To that end, we write T = Hl oTirT= H fwithro—fo—X Ti= J ig;and T; = J ‘& ;. We note that

since y preserves incidency at the root, we can equivalently think of y as being spemﬁed by a bijection
Yp:{1,...,n} —{1,..., n} and a family of isomorphisms y; € Hom(TY?m,T ). The equivalence is obtained

via the relation y(e) = }_; yi(e)1ec Er 1)- With this notation in hand, we can compute
o

n .
.ﬂ?n@(ﬁ®gi))oy((e)e€5(,):,//L® ®(fz (yl (e))eeE(T . ))
1= o (@)

i=0

n -1
_ men '
=Nz Q D(fl ®<‘r ,1 ((Ye)eeE(Tfl(i]))
o
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where to reach the second line, we used (T)-symmetry of the maps (®€T))T€T. By assumption, f; = fﬁl 0

Therefore

n “1,;
Typl(t)

n _
®n Ti _ ®n
/”LZ ®(ﬁ'®<éi))°7’((e)eeli(r) - */[/tz ®(fy;1(i) ®<‘r 1 j(c}’e)eEE(T -1 4))
i=0 i=0 Yo @ Yp @
n

= ‘/“?n ® (fl®2-l>) ((e)eeE(r)

i=0
as desired, where to pass to the second line we used commutativity of the product in Z.
It remains to prove the stronger form of multiplicativity. For this, by appealing to the uniqueness part
of the definition of V702, we need to show that fTox o @717\ =Ml z(f7' ® 7)o @710 .

We note that by definition of *, we have that * o ®Z;'1">f;2<02) = ®/y, so that by definition of f, the left

hand side is nothing other than /%2”( ®, fi ®gi> ). Meanwhile, by construction of the tensor product

of symmetric sets, the right hand side is Jl 7 (f°! ®Z,11> ®fo2 ®°§2>). The result then follows from the

definition of f?¢ and the associativity of the product in Z. O
With this multiplication result in hand, we are now ready to proceed with the proof of Proposition|4.13

Proof of Proposition[4.13 1In a first part of the proof, we consider the maps I1°,11%*. We define the
statement ® () to be that there exists a unique pair of continuous linear maps

nt,nd . @ v @ . cem?)
0'€%W
=T
that satisfies the relations specified in Definition[4.8] We remark that it is straightforward to check that
this set of relations indeed only refers to components corresponding to trees satisfying o < . We prove
by Noetherian induction that ®(z) holds for all = € S&Byy. This means we have to show that

(Vo <1,®(0)) = O(1).

It is straightforward to show that the set of statements ® (o) for o < T implies the existence of a unique
pair of maps 1%, Hi’x satisfying the recursive relations and defined on @, <+ Ver{9 Therefore, it suffices
to show that each of these maps is uniquely defined and continuous on Vé ) Furthermore, since
Qg (P —id)v # 0 for v € V&") implies that o < 7, the relation ITZ = [T¥* + 112" (P — id) implies that T1¢
is uniquely defined and continuous on V®(T) as soon as nff* is. Therefore it remains only to consider
b,

As in the scalar valued setting, we can divide into the cases where T € {X k ,Z(}, where 7 is planted
and where 7 is a non-trivial product of planted trees. The first case is immediate from the definitions so
we focus on the latter two. In fact, the case of multiplication is precisely the situation of Lemma [4.14]|so
that it remains to consider the case of planted trees.

Our strategy is now to show that the recursive definition uniquely defines the required map via the
universal property stated in Deﬁnition We write T = j[k o and we will show that the family of maps

g
() U(le)ecE@) — Hisz*'k®((e)e€E(a) (4.2)
(o)

indexed by 7 = J[ko € T is a multilinear, continuous, (T)-symmetric family. Once this is proven, the

universal property will yield H?X : VD _ c(R4) as the unique factoring map. We note that it follows
by a simple argument using linearity, density and continuity that the required recursive relation then
holds on an arbitrary element of the form .¥¢ v € V™,

Multilinearity follows from the fact that convolution is bilinear, ®7,, is multilinear and A and Yo
are both linear. Symmetry follows from the fact that any symmetry between 7 = .0 and 7 = .6 maps
the trunk of 7 (the unique edge incident to the root of 7) to the trunk of 7 and induces a symmetry from
o to &. The result then follows from the fact that ®‘<70> is a (o)-symmetric family of maps.
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To complete the first part of the proof, we have to show that is continuous from V** = V*7 x
t C°°([Rd). Since the map is multilinear, it suffices to prove that the right-hand side thereof is
bounded in each of the || - | crg) norms by a constant multiple of (|| [Teeg (o) I¢ell. To that effect, it
suffices to prove that for all r, &,

1A(C) * DFIIE @ ecrollcrey Sra 11 TT 1l 4.3)

(] ecE(0)

since this is enough to control all terms appearing in the recursive definition of the right-hand side of
(@2). For that purpose, on the one hand we know by assumption that £ ®7 (o) 1 VX9 = C®(RY) itself is
continuous, so that for all r, &,

ag
ID*IIE R edeceolcre Sra ] el

(o) ecE(0)
On the other hand, by the Deﬁnition we obtain that given any kernel K € 3{!)”, for all f € C®(RY)
1K * fllcregy < IKIp fller gy S ||K||3{m I fllcre by Young’s convolution inequality. Applying this to

K=A(({y)and f = DkHP ®° (o) Ce)ecEe), We get the desired inequality ({@.3), since by Deﬁmtlon.we
have || A(({y) II%m < [I(ll. This completes the first part of the proof.

It remains to show that the maps I'” are uniquely well- deﬁned on W by the last point in Deﬁnltlon.

This follows by a similar Noetherian induction to the case of 1%, . Since the new ideas in comparison
to the scalar valued case are already demonstrated in the argument above, for brevity we omit the details
here. H

It now remains to show that if (IT7, 115%, T'F) is the unique triple associated to (B, A,¢) on a P-good
sector W then (I17, T'P) is in fact a model. To prove this, we have to check that the algebraic relations for
I'” hold and that both IT” and I'” satisfy the required analytic estimates. At this stage these estimates
are allowed to leverage the smoothness of the driving noise but importantly must be quantitative in the
norm on V&r(®,

In order to check that ITY 1"53, = HP it is convenient to construct an intermediate functional I such

that HP IIr g Since IT? (and its multlphcatlve analogue) will also be used to define the BPHZ model,
we 1ntr0duce it here.

Definition 4.16. Given a preparation map P on a P-good sector W, a kernel assignment A€ 43 and a
smooth noise assignment & € A%, we say that a pair (117, 11%*) is associated to (P, A, &) on W if

1L 0P, P W — C®RY),

2. P*v = Ny(v) for each | such that Z; € By and each v e V¥ &,

3. mbrxk=1 —x)kforeach k such thar Xk e w,

4. P (vx w) = I v -P* w whenever v, w, v+ we W,

5. Ifve W, { € V; are such that $¢*v e W then 1?* %%y = Dk A((0) TP v,

6. I’ =11k~ p.

Similarly to Proposition[4.13] we have the following existence and uniqueness result for such pairs.

Proposition 4.17. Suppose that P is a preparation map defined on a P-good sector W and that A€ A3
with o > ord(W) and that¢ € A°. Then there exists a unique pair (P, 1IP>) associated to (P, A, &) on W.

Since the proof is very similar to that of Proposition we omit the details here.

12\ recall that we endow C*® ([Rd) with its natural Fréchet topology induced by the family of seminorms || - || or (R) where r e N
and & < R? runs through any (countable) exhaustion of compact sets.
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Lemma 4.18. With the definitions above I Ty, =17 In addition, the map T, is multiplicative with

respect to x and satisfies the relations Fiyl"}yjz =Tk, and rf. =1d.

Proof. The latter two claims follow from the fact that the precomposition by the antipode is the inverse
map for the character group of a Hopf algebra equipped with the convolution product. Multiplicativity
of I'Y, follows by writing

=(de gfs)AT(ide gy Pyat

and exploiting multiplicativity of each of the constituent maps.
Therefore we check only the first claim. To do this, we use the usual idea of showing that

ny =mT,p (4.4)

i himpli PP P _17P

for every x which implies that I} "), = II rgf&“gf =1II,.
We show (4.4) by Noetherian induction over %y, with respect to <. In fact, we prove also the claim
that l'IPX = HPX r g As before, we separate the cases where T € (xk ,Z}, where 7 is planted and where T

is a product of planted trees. The first case is straightforward since A*X; = X; 9 1+1® X;,ATv=v®1l
for each v € V&= (=0 (as in the scalar valued case) and P acts trivially. We next consider the case where
7 is a product of planted trees. We first consider the result for Hi’ *. By the universal property, it is
sufficient to consider elements of the form ®fr> (¢e). We then utilise first the definition of x and then the

multiplicativity of IT?* and T g o write
X

Her P® HPXF *®(n 1) ® HHPXF P®

(T) e (ri) i=1 (Ti)

Since t; < 7 for each i, by multiplicativity of H?X we conclude that

T; T
obxr p® HHPX® Q.

(r) =1 (T;) (T)
For the claim involving T1%, we use the fact
p _ b
I l“gf =1I l"ng

since P commutes with the structure group. We then write P = (P —id) + id and consider the resulting
terms separately. The result for the second term is exactly the previous claim so it suffices to consider
only the first. Here, we use the second enumerated point in Definition [4.5|and the fact that we may
assume the result for all & < 7 to conclude that IT?*T gt (P— id) = H5 *(P —id). Therefore, in this case we

obtain II2*T o Q= k> ®{) which implies that

T
n'r,,®=0"rr, ® b r pP® HPXP® HP®

(T) ARt (T) (T)

It remains to consider the case where T = J[j o. By the universal property, it is again enough to consider
elements of the form ®fr> ().

K7l
By applying the formula for I'g ®<;; ) [{¢1} L ({)] which follows immediately from the equality
[ T

obtained in the proof of Lemma(3.32] we see that

J[jr k 5[k+jr
I'T,r @ (U e)] DfA[(co*H”rp@)(ce) Z%gﬁi @ U

! ,
&) @ ko™ A
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. T Akl .
=D/ A * IR -Y. Y %D”’”’A[((o 1L Q)1 (%)
(T) k ¢ oM (T)
_pi P (=% P
= DI A * T QI = Y — =D A0 + 1T Q@) ()
(T) k : (T)
J[jr
=15 @ [{uEe)
o

where the second line follows by the result for all o < 7. The result for 12" follows in the same way
because P acts trivially on planted trees. O

In order to conclude the section on algebraic renormalisation it remains to show that I?,rh) satisfy
the analytic requirements for a model. We emphasise that at this stage, this is necessary only for a fixed
smooth driving noise. In particular no uniformity with respect to something like a mollification scale
is needed. However, we also point out that in comparison to the scalar valued setting some more care
is needed since we cannot exploit finite dimensionality and linearity to get the right dependence on
0]l e ) - We will first prove the bounds on I1” and IT%* and then show that bounds on I'” follow as a
corollary in a more generic way.

It is convenient to subdivide the model norm into its components corresponding to individual trees.
To this end, we introduce

A
L v(p)l
IMlz;q = sup sup sup sup —— = (4.5)
@eB" 1e(0,1] X€ER peyén (D) AlTls || V”V@n(ﬂ
ITxyvlla
ITll;;g= sup  sup sup T (4.6)
xyeR a<ltls yeverm [X— Y| T Vyerm

0<|x-yls<1

which are analogues of the usual model norms restricted to V(™ and where we denoted | - ¢ =

Qg -l ®lolg_a VET@ - In order to conclude the bounds on I'?, we will need the following lemma which will
o=

be useful several times in this paper.

Lemma 4.19. Suppose that fori = 1,2, (II',T'?) satisfy all of the requirements of an admissible model on
a good sector W of order ord(W) < ¢ except for possibly the analytic bounds where admissibility is with
respect to a pair of noise assignments &' € d_ and a pair of kernel assignments A’ € . Then for every
T € By there exists a finite set By < By such that o € By implies that o < T and such that there exists
Cy, Ry, ke > 0 such that

e <Gl ik r b
IT g S Cr +£33x(|| lo;g+B@Ry + 1T lo:g+BRY)| -
T

Furthermore for each T € By

IT' =Tl S NA = A%llgo + max I =Tl g4 BRe) + 1T = T2 llg, 54 B(RY)»
w

where the implicit constant can be chosen to depend polynomially on

(ITI&}a)i miaX(lll_I’ lg, 548y + IT ;54 BR,) + 1A’ IImg)-
Proof. We prove both claims by Noetherian induction over %y, with respect to <. As usual we split into
the cases where T € {X¥, Z(}, where T is planted and where T is a product of planted trees.

In the first case, if 7 = Z it follows from the fact that T, , € %6 that T, , acts as the identity on V=™
In the case T = X¥, it follows from the fact that Fiy €% and I1,I'y, =11, that I“j'chk = (X+x-y)*. Both
claims for such 7 then follow immediately. It remains to consider the cases where 7 is planted or is
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a product of planted trees. Since @af}cy factors the multilinear, continuous and 7-symmetric family
QqT'y, ®F,, for the first claim it suffices to bound QT ®7,, as a multilinear map. A similar claim also
holds for I'' -T2,

In the case where 7 =[], 7; is a product of planted trees, we use the definition of * to write

where to obtain the final inequality we used the fact that x respects the grading and is a norm-1 bilinear
map. Since each t; satisfies 7; < 7, in this case we may set %B; = {t; : i =0,..., n} so that the inequality
above immediately implies the desired bound. For the difference I'' — I'? one argues similarly. It remains
to consider the case where 7 is a planted tree. As above, we may appeal to the universal property to reduce
Fkt .

<}["r> (Ce) ce BTk = Fok QryCe)ecEm
associated to the trunk, this means that the bound for such a tree is

a| a a;

Fiyéme) r;y*w(é(ce))io =1|*®"r;y(§(ce))fzo|1as 1

a=ap+-+apn i=0

Iy Qe
(Ti)

to obtaining bounds for symmetric elementary tensors. Since @

where ( is the entry in ({e)eEE(Jkr)
[

essentially the situation of the Extension Theorenﬁ given in [Hail4, Theorem 5.4] so that we can take
B 4k, to be the basis of trees for the smallest sector containing 7 in J (R). Whilst [Hai14, Theorem 5.14]
[

does not cover the case of two models which are admissible with respect to different kernels, the result
in this case is a minor adaptation which contributes the term ot — 42| e above. Since the adaptation
is straightforward, for brevity we omit the details. O

Lemma 4.20. Suppose that P is a preparation map defined on a P-good sector W, that A€ A with o >
ord(W) and that & € A°. If(HP, 02* 1% is the unique triple associated to (B, A,¢) as in Proposition
then (7, TP) defined above is an admissible model on W and (2%, 1P is a model on W.

Proof. It remains only to prove the analytic bounds. We start by considering the bounds for IT”. Here,
we will prove by Noetherian induction over %y with respect to < that the stronger bound

ITls

L v+ v < Crllvllyon |y — X2

holds uniformly over v € Ve, locally uniformly in x and uniformly over y such that |y — x|s < 1 for
some constant C;.

As usual, we divide into the cases where 7 € {Z, X*}, T is planted and where 7 is a product of planted
trees. We note that the case where T = X* coincides with the scalar valued case and the case where
T = Z follows immediately from the fact that for each compact set &, sup yeR IN)Y W) < [Ivll vérm by

continuity of the map N : Vi — C®°(R%). Therefore, we need only consider the cases of planted trees and
products of planted trees in what follows.

For the case where T is planted, IT¥ and HfZ’X coincide on V®¢?) so it suffices to consider only the
first of them. We want to simply appeal to Taylor’s Theorem. To get the correct dependence on || V]l s,
we recall that by construction, for all x € R?, T € I (R) the map ¥ z: V& ® — C®®R?) is linear and
continuous, that s, for all r € N, all compacts & < R?, and v € V()

P
I viicr ) Srar Ve

Therefore it is indeed the case that the desired bound in this case follows from Taylor’s Theorem since the
definition of an admissible model involves exactly the right Taylor jet for trees of this type. Therefore, it
remains only to treat the case where T = H?:o T; where 1o = X¥andfori=1,t; = J[ka,-. We first consider
fo and we note thatifevy : C*®(R?) — R is the evaluation at y then evyo nf}x : Ve (™ _ R factors the

multilinear, continuous and (z)-symmetric family (evy o Hf’ “o ®fr) ) o Therefore, by appealing to the
TET

statement regarding norms in Definition[3.8]it suffices to consider the case where v is an elementary

13We note that [Hail4, Theorem 5.14] assumes to be given a kernel of infinite order however examining the proof shows that on
the sector W, o > ord(W) is all that is actually used.
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symmetric tensor. Therefore we assume that v = ®fr) ((e)ecE()- In this case, we apply multiplicativity
and the induction hypothesis to write
P n
|Hx'x ®ZT) ((e)e(—:E(T) (y)l =

1

lnfix ® 4y CIEEn |-

Since each T; satisfies T; < T, we obtain

n
. P
N2 o7, Coeermy WIS [Ty =257 Coeesapllyoney S1y=x1E" T Iellvy,
i=1 ecE(T)

where the last inequality follows since ®g,) is a norm-1 multilinear map.
4
For the corresponding bound for I¥ v(y) note that

L v(y) =8 v(y) + 12* (P —id)v(y).

Since we already obtained the required bound for H? *, it suffices to consider the latter term on the right
hand side. For this, we note that by the definition of a preparation map, we can write

2P -idyv(y) < Y I8 Q, Pu(y)l

g

where the sum runs over those o such that Q4 (P —id)v # 0. Then since P is continuous and such o
necessarily satisfy o < T, we obtain by induction hypothesis that

2 (P~ id) v S Y 10l yomeor [y = X1 SN0l o |y — x5
[

where the last inequality follows from the assumption that |y — x|s < 1.
It now remains to prove the corresponding bound for I'? - However these follow by a straightforward
(Noetherian) induction from the corresponding bounds on I1? by use of Lemmam O

5 Stochastic Estimates for Models on T 5a»

In this section, our goal is to show that stochastic estimates for a particular choice of renormalised model
on I B2 (the BPHZ model) can be lifted from versions of the same estimate for suitably constructed scalar
valued regularity structures. Since this requires a more precise choice of kernel and noise assignment we
specialise here to the setting of Theorem[2.12] From this point onwards we work only with scalar noise
assignments, i.e. we make the assumption that V; =R for each [ € £_. We will often view ®€T> as amap

with domain [],cg, () Vi by abuse of notation by writing ®fr> (Ce)ecE, (1) = ®Zr> (o) ee E(r) where

Ce=

s JCle  e€Ei(D),

1 otherwise.
In particular, this implies that the notions of noise assignment s/ on 732" and s/°d on 74 coincide. We
expect that a similar strategy with suitable higher dimensional noise assignments could be implemented
in future work.

5.1 Stochastic Estimates for the BPHZ Model on I 52" — Annealed Estimates

We begin by defining a particular class of preparation maps that will include the BPHZ choice. As
in the scalar valued setting (cf [Brul8, BB21]), this is done by introducing an analogue of the extrac-
tion/contraction map used in [BHZ19] that only extracts subtrees at the root. Since by this stage we
have made many similar applications of our universal property, we omit the proof that this map is
well-defined.
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Definition 5.1. We define A; : Vg — Vg &, Vg to be the unique continuous linear map such that for each
T e T €Y the following diagram commutes

T
&

174 — T V@,,(T)

\ g
31E2)[A;T) ~

Vg &5 Vg
where A} is the coproduct defined at the level of combinatorial trees by

Aamo= Y Y —

CeClr] nxc.ec €C

n

n Py (m)(Tzc,nzc+7mec,e) ® (T/T3c, [n—nzcl,e+€c)
#C|] —
where we adopt the same notations as in the definition of A and A* and further have definedJ _(R) =
Uregm T-

Remark 5.2. The notation A, is reserved for the coproduct acting on drawing of trees. Note however that by

taking the ‘trivial’ Banach space assignment V = (R) ¢ ¢, the above yields the version of this coproduct acting
on isomorphism classes of trees, which we will also henceforth denote by A, : (J (R)) — (I_(R)) ® (T (R)).

The BPHZ model on J 83" will be an instance of a preparation map of the form (¢ ® id)A;, with £ a
suitable functional on J_ (R). However, if we wish to appeal to the results of Section[4.2] we have to be
careful about the following points. On the one hand, the choice of preparation map will typically depend
on a noise assignment which in turn in practice depends on the choice of ultraviolet cut-off at scale €. In
order to make sense of convergence of the corresponding models, it is necessary to construct them on
the same sector thus necessitating the construction of a sector that is simultaneously P¢-good for every
€. A second technical issue comes from the fact that the BPHZ preparation map P (at fixed €) is not given
a priori but rather is constructed in tandem with the BPHZ model I1.

This leads us to introduce the notion of the history of a set of trees in I (R). The definition is designed
to provide a sector that is P-good for every P of the form (¢ ® id)A; such that the sector is also closed
under the operation (id®1)A; where 1 is the constant map. The latter point is required for the intertwined
construction of the BPHZ model and preparation map.

Definition 5.3. Given a set of trees S < T (R), we denote by Hist(S) the smallest set of trees such that the
following properties hold:

1. S c Hist(S).
2. Hist(S) is the generating set of a good sector in T 52",
3. Forall ¢ € (T (R))*, [(id® )A; (Hist(8))] U [(£ ® id) Ay (Hist(8))] < (Hist(S)).

Definition 5.4. We say that a set S < J (R) is historic ifHist(S) = S. Analogously, we say that a good sector
w ofETBan is historic if Hist(Bw) = By .

Lemma 5.5. IfS c I (R) is finite then so is Hist(S).
Proof. Hist(S) can be constructed explicitly as

Hist(S) = [ #n(S) (5.1)

n=0
where #,(S) =S and for k=0,
H3i:1(S)={o €T (R):AT € G, T € #3;(S) such that Q,I'T # 0}
Hsir2(S) = o € T (R):30 € (T (R))* and T € H3p41 (S) such that @ (£ ®id) AT T # 0}
U{o €T (R):30 e (T (R))" and T € H3141(S) such that Q4 (id ® /)A; T # 0}
H3+3(S) = {0 € T (R): 3, k such that F* o € Har12(S)}
U{o € I (R) : At such that To € #3;.,2(S)}.
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We first claim that the map k — % (S) is eventually constant. If not, there would exist an infinite sequence
T;€ %kj+] (SN %kj (8) for some strictly increasing sequence j — k;. It is then easy to check by division of
cases that the map j — (|7 l#, |7 j|5) is a strictly decreasing sequence in N? with the lexicographic ordering.
But no such sequence exists, leading to a contradiction. The stated result then follows by noting that a

straightforward induction (dividing into cases) implies that if § is finite then so is #j.1 (S) \ #H(S). O

Lemma 5.6. Let W be a historic sector on T3, Suppose that ¢ € (Vor_ gy N W)* is such that ¢ [yenn =0
for everyT € I (R) of the form o, X*a. Then Py:= (¢ ® id)A} is a preparation map on W. Furthermore,
the sector W is P¢-good as per Definition[4.6

Proof. We start with the claim that P, is a preparation map on W. For brevity, we demonstrate only that
P, commutes with the structure group. It suffices to show that (A7 ® id)A*™ = (id® A*)A7. This follows
from the purely combinatorial analogue of this result (which is the contents of [Brul8} Proposition 4.6])
in the same way as in the proof of coassociativity for A* so we omit the details. Finally, the fact that W is
Py-good directly follows from the assumption that W is historic. O

We are now ready to introduce the partial order with respect to which we will inductively construct
the BPHZ model on T 82",

Definition 5.7. We define the age of a tree T € I (R) to be the length of the longest chain in the (finite) poset
(Hist({r}), <). More precisely,

Age(r) =max{neN:3o, - -,0, € Hist({t}) witho) <--- <o p}.
This notion comes with the following convenient inductive properties.

Lemma5.8. Lett € J (R). For all o € Hist({t}) \ {T}, 0 < T and therefore Age(a) < Age(t). In particular,
the following properties hold.

L. Ift =117, t; then Age(t;) <Age(t) foralli€{0,---, n}.
2. Ift= Jrka forsomele £, ke N4, then Age(o) < Age(T).

3. Ifo is of the formo = (¢ ®id)5;r oro = (id® 6)5;1 for some ¢ € (T (R))*, then Age(a) < Age(T).
Here we have written A7 = A7 - (id® 1) — (1 ®id).

Proof. The first claim follows by the construction of Hist({t}), since by case separation one readily
establishes that if o € %1 \ %, therflzl o < 7#,. To obtain the second claim, it suffices to note that
by the first claim, if ; < --- < 0, is any chain in Hist({g}), then ; < --- < 0, < T is a strictly longer
chain in Hist({r}). Finally, the itemstoare an immediate consequence of the second claim and the
Definition|5.3|of Hist({z}). O

Given a historic sector W of 782", it will be convenient to ‘filter’ it with respect to the age as follows.

Definition 5.9. Let By be the set of generating trees of a historic sector W of 78", We decompose
W =Upnen Wy, by setting Wy, to be the historic sector with generating set By, = {T € Bw : Age(r) < n}.

Thus far, we have worked in a purely deterministic setting. We now turn to defining the BPHZ model
associated to a random smooth noise assignment.

Definition 5.10. Let W be a historic sector, A€ A be a kernel assignment and & : Q) — A°Y*° be a random
smooth noise assignment. We say that a deterministic functional ¢ € (Vg g N W)* is the BPHZ functional
associated 1o (A,§) on W if € [ e, =0 for every T € I_(R) N RBw of the form F o, Xk, and if furthermore
E[P¢ v(0)] = 0 forall ve Ve witht € I_(R) N By

14We note that here we use Assumptionto deal with the case of integration.
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Since this definition requires that the expectation actually makes sense, we need to show that
integrability of the driving noise propagates to integrability of IT”. Since IT was constructed realisation-
by-realisation, it is useful to have a result that connects realisation-by-realisation constructions using
the universal property to their LP(Q) analogues (where (Q,%,P) will always denote the underlying
probability space).

Lemma 5.11. Suppose that X is a Banach space, that s is a symmetric set and that for eachw € Q, (f*(w,) :
V™% — X) geob) IS asd-symmetric family of continuous and multilinear maps. Suppose additionally that
foreach a, f*:V** — LP(Q; X) is continuous. For each w € Q, let f(w, ) be the unique map such that for
each a € Ob(3), the following diagram commutes.

an ®? ; V@!nd

fw)
&

fw,)

Then f: Ve [P (Q; X) continuously and for each a € Ob(3) the following diagram commutes.

a

yxa ) 3 V@;,é

N

LP(Q; X)

Proof. By the universal property applied to the 3-symmetric family of continuous multilinear maps
(f%) 4es, we see that there exists a unique continuous map g : V¥ — LP(€Q; X) such that the diagram

an ®-‘[" ; V@,[:)

™~ 4

LP(Q; X)

commutes. We simply need to show that f(v) = g(v) almost surely for each v € Ve 1t follows from
the definitions that for each ({¢)¢es, we have that g(®5((,)) (w) = f(w, ®§({,)) for almost all w € Q. Then
by linearity, we see that for each v € spanRan(®f), we have that g(v)(w) = f(w, v) for almost all w € Q
(where we emphasise that the nullset is allowed to depend on v). Finally, for generic v € V™ we
appeal to density of spanRan(®) to find a sequence v, € spanRan(®}") such that v, — vin Vé It then
follows that g(v,) — g(v) in LP(Q; X). By passing to a subsequence and relabelling we may assume that
this convergence holds almost surely. We also know that for each fixed w € Q, f(w, v,) — f(w, v). Since
g(vy) = f(-, v,) almost surely, we conclude that also g(v) = f(:, v) almost surely, as was required. O

We are now ready to show existence and the uniqueness of the BPHZ preparation map on a historic
sector.

Proposition 5.12. Let W be a historic sector. Fix a kernel assignment A € ¥ with o > ord(W). Fixa
random smooth noise assignment & : Q — A°%> such that for all z€ R? and € £_, the random variable
¢(z) has moments of all orders and such that the field | is translation invariant in law. Then there exists
a unique BPHZ functional ? associated to (A, &) onW.

We will call the preparation map given by P = (/ ® id)A; the BPHZ preparation map associated to
(A, &) on W and the corresponding model (I1,T) the BPHZ model on W.

Proof. We let W, be as in Definition[5.9] We prove by induction in n € N that
1. there is a unique BPHZ functional ¢,, on W,

2. the map v — DFIIPe " p(0) is continuous from V&™) to LP(dP) for every p = 1, k € N and
TE %Wn’
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3. the map v — D¥IT¥x v(0) is continuous from V&™) to LP (dP) for every p = 1, k e N% and T € By,

where (IT7¢#, IT1P¢» ) is the pair associated to (Py,, A,) on W, as defined in Deﬁnitionm

In the base case n =1, we note that W; < ver{) ~R so the result is clear. We turn to the induction
step, assuming the statements for k < n and establishing them for n + 1. We first establish the second
of the induction hypotheses by noting that the definition of ITI*“»+1" on W,,; given in Deﬁnitionm
depends only on ¢, so that it remains to prove the continuity property. Let T € By, ,,. If T is a noise
or a polynomial, the result is clear, so that we may assume that 7 is planted or a product of planted
trees. Furthermore, we note that for each fixed w € Q, since evaluation at 0 is a continuous map from
C*®(R) to R, we have that IT™¢»+1"* . (0) factors the (r)-symmetric family of continuous multilinear maps
) LI ®ft> -(0). By Lemmawith T =P ®fr) -(0) it thus suffices to check that foreach r € 7,

we have that ({¢)ecE, (1) — o tnen™ fr) ({e)ecE, (1) (0) is a continuous map from V*7 to LP(Q) (and by

multilinearity it in turn suffices to check only boundedness).
To check this boundedness, we divide as usual into cases. In the case where 7 =[]
and 7; # 1, then we have 7; € By, and we note that

n
i=1

T;withi>1
» T n p Ti
0™ QUe)eck, i 0) = [[ I Q) Ue)eck, r) (0)

(T) i=1 (Ti)

so that the result follows from continuity of the product map []}_, LP? — L? for pl= I pl.‘l.
It remains only to consider the case where 7 is planted. In this case,

kT .
[EiHHanﬂ’* % ((ce)eeamu{(})(m\p E / |D* AL (~y)|dy [E%Hann @(ge)eemm(m]” |
(Fk) T

where we used Minkowski’s integral inequality and translation invariance of 3 e ®Zr> ((e)ecE, (v)- The

result then follows from the induction hypothesis and the fact that | D¥* Al S AN ¢ <00 by definition
of a kernel assignment and Assumption[2.1]

Still in the induction step, we turn to the proof of item[I} For that purpose, it suffices to see that £,
is uniquely characterised on Vg N W, by the expression

Cni1(v) = —E[ITPn p(0)] = (£, @ E[IT - (0))A (),

which defines a continuous linear form by item of the induction loop. Here we use the fact that A}
strictly reduces the age to appeal to the induction hypothesis.

Finally, itemfollows from I 2ne1 = I 0n0™ (0 n+1 ®id)A; and the fact that (¢,,4+1 ® id)A; is continu-
ous since ¢4 is. O

Whilst the above result shows that the BPHZ lift of a smooth driving noise is well-defined in our
infinite dimensional setting, it does not show the required stochastic estimates to obtain stability as
a smoothing mechanism is removed. Our goal for the remainder of this subsection is to obtain the
annealed forms of such stochastic estimates for the BPHZ model on 92" for an arbitrary Banach space
assignment V and kernel assignment A.

Our strategy to do this is to lift the statement from the corresponding scalar valued results given
in any of [CH16, [HS24| BH23]. The key idea is to construct for each tree T a scalar-valued regularity
structures according to the recipe of [BHZ19] which contains a sufficient amount of information to
obtain the estimates on the range of ®2. We now do this for fixed 7 € T € J (R). We define a new set of
edge types

L) ={l,e):e€ E;(1),[=1;(e)}

equipped with the degree map induced by the degree map on £ and rule

R:(l,e)={((a1, k1), (@n, k) : N ki eNY ;= (I, €) € £(), (1, k1), oo (L, ki) € R(D}
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which we note is automatically subcritical, normal and complete so long as the same was true of the rule
R. We denote by T7 the reduced regularity structure (in the sense of [BHZ19]) corresponding to this type
set/rule pair. This construction is designed in such a way that if o € o € I (R) is such that

l(E(0)) € UE(T))

then T7 contains a distinct copy of o for each way of assigning an edge of 7 of type [ to each edge of o
of type [. In particular, if o € o € T (R) is equipped with a t-identification ¢ : ¢ — 7 then we obtain an
element o* of T” by assigning to each edge e of o the new type (I(e),((e)) and then defining o * to be the
resulting isomorphism|class.

We recall that a kernel assignment of order ¢ on T7 is simply a choice of A*(l,e) € S{L}[l for each
(I,e) € £.(1). Given ({o)ecE, (1) € V" and a kernel assignment A € 47, we obtain an induced kernel
assignment of order ¢ and noise assignment on T by setting

AT(Le)=AlCe),  SULe)=¢;. (5.2)

Let W be a historic sector of T2 of order ord(W) < ¢ and 7 € T € Byy. For a fixed tuple ((¢)ecE, (1), @
kernel assignment A € /7 and a random smooth noise assignment ¢ : Q — A*° satisfying the assump-
tions of Proposition we define ({17, 1'7) to be the BPHZ model for the kernel assignment A’ and noise
¢ on the regularity structure T7 as defined in [BHZ19) Theorem 6.18]. The purpose of this construction is
that the distribution 1, ®fﬂ ({e)ecE, () can be recovered from .

Finally, we observe that for each tree o* € Hist(r*) and each drawing o € o* the map

E(0)—E(), e—mls(e) (5.3)

is injective. Therefore each drawing o € 0* induces a 7-identified tree (7,5) where & has the same edge
set as o but equipped with the £-valued type map 7 o [ and where the 7-identification ¢5 is the map
given in (5.3).

Lemma 5.13. Let W be a historic sector of T%, let 1 € T € By and let ((e)ecE, () € V**. Fix a kernel
assignment A € 4 with o > ord(W) and a random smooth noise assignment &: Q — s1°¢4 op JBan
satisfying the assumptions of Proposition[5.12 Fix the induced noise assignment and kernel assignment
on T asin (5.2). Then, the BPHZ model (I1*,I'") on (Hist(1*)) c T7 is well defined and it holds that for
any drawing o of o™ € (Hist(t™))

Mo =T, 87, (is0)ecE. (@) - (5.4)
Proof. We prove by standard induction with respect to Age(c™*) the following five claims.
L 113 8%, Ciye)eck. @) = 1 0%,
2. M ®‘<_’t-,> Cipe)eck, ) =1 " 0%,

3. if o* is of negative degree then 2( ®‘<_’&> ({15(e)) ecE, ((,)) =07 (o*) where ¢, " denote the BPHZ func-
tionals on 782" and T7 respectively,
A 5 AT

4. Ie, (Cip0)eck. @) =11 07,

5. I, ®Z—,> i5(e))ecE, &) = [ILO™.

When either o = X* for some k € N? (which includes the base case 0 = 1) or o = = for some t€ £_
all five parts of the induction hypothesis follows immediately from admissibility of all models involved
and the fact that the BPHZ functionals vanish on such trees by assumption.

15We note that for elements of T7 we have broken our convention that isomorphism classes receive bold symbols. This is justified
by the fact that we will only be interested in trees in T in which each edge receives a distinct type so that each drawing has no
non-trivial symmetries.
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In the case where o™ is planted, we can write o = J[k w for some [ € £, k € N%. We note that the first
and the second points coincide with the fourth and the fifth points respectively. Furthermore, the third
condition is trivial since the functionals again vanish by assumption. We demonstrate how to show the
fourth part of the induction hypothesis in this case since the proof of the fifth is similar. It follows from
admissibility and the induction hypothesis applied to w that

A S A 7 AT % AT _*
1187, (1p(0)eck, @) = DX A1y e0) * M%) (L) eck. () = DFAT (Lig () » T w* =170 ™.

where e, denotes the trunk of o which we recall is of type ([, 5 (e«)) € £(7) by definition of 1.

It now remains only to treat the case where o = H?:Oai. Here we prove each of the induction
hypotheses in the order they are presented. Since the second is similar to the first and the fourth is
similar to the fifth, we will omit the details for the second and fourth claims. For the first of the induction
hypotheses, we note that due to its definition via Lemma we can write

_ n & n
7 X 7 X i T, X % AT, %Xk
IT; ®‘<7,—,> (Ci5(e)) ecE, (0) = H I ®G, ((Lgi(e))e€E+(&;) = [0 e =11 0
i=0 i=0
where the second equality follows from the induction hypothesis and Lemma|5.8
For the third part of the induction hypothesis, we note that by definition we have that

0(8%, Ciste)eck. @) = —EI 87 L4y (@) eck, 01 O] = (€O EM - )DA; @71 ) Ceer,p.  (5.5)

By the second claim in the induction hypothesis, we can immediately identify the first term as —[E[fIT’ “o* 0)].
To conclude that the second terms agrees with (¢* ® ) 0 G (0)DA; o™, we simply appejal to the induction
hypothesis and the third point of Lemma This allows us to conclude that ¢( ®‘<7(-,> ipe)ecE, @) =

77 (0*) as required. It remains to prove the fifth claim in the induction hypothesis in the case o = [ ,oi.
This now follows from the definitions and the previous hypotheses since

112 8%) Cipe)eck, ) = (COTAT 8%, Cip(e)eck. @) = (T )A 0" = [1}0™
O

With this identification in hand, the annealed forms of the stochastic estimates can be lifted as a
corollary of their scalar valued counterparts, so long as those scalar valued counterparts are assumed to
be suitably uniform in the kernel assignment and to hold on the regularity structures T* defined above
rather than only on ¢4,

Lemma 5.14. Let W be a historic sector of T%", let 1 € T € By and let ((e)ecE, () € V**. Fix a kernel
assignment A € dY with o > ord(W) and a random smooth noise assignment ¢ : Q — A% satisfying the
assumptions of Proposition[5.12, The BPHZ model on W satisfies the estimate
I
IEE HTT* A | P
< ”A”\;;(T)I Sup [ X . ((Px)' ] (56)
+ 4t leer, @ 1AT(L(e)) ”57%““’”

sup P Mv(@2)]]

veVen(n) ” U”v@n(f)

foreach x€ 8,¢ € B, A€ (0,1],1 < p < oo and for each compact & c R where the supremum over A* on
the right hand side runs over all kernel assignments on T* and fl; denotes the BPHZ model on T* for the
kernel assignment A".

Furthermore, given a pair of random smooth noise assignments &*,E%: Q — A% and a fixed kernel
assignment A € A2, writing now 11, for the BPHZ models on T 3% with respect to the noise assignments &'
and kernel assignment A, we have that

5 11(Fil _ Fi2 [P

peVER(® Vil yen @

1 ATl AT2 ok
by P[0 AT ()]
= [l Allgs " sup (5.7)

at leek, ||AT([(€))||7{<\}1(e)|

where f[fc’i denotes the BPHZ model on T" for the kernel assignment A and noise assignment &'.



5 STOCHASTIC ESTIMATES FOR MODELS ON g Ban 41

Proof. We start with the first claim where we recognise the left hand side as the norm of the map
v Il ¥ v(<p§) € LP(Q). By Lemma it then suffices to prove the bound in the case where v = ®fr> (Ce)
is a symmetric elementary tensor and with ||v|ls,«) replaced by [leeg, 1) I€ell Vi- 10 do this we note
that if we write f[fc[A’] for the BPHZ model on T with kernel assignment A ([, e) = A(({,) of order o,
then by Lemmal5.13|we have that

RN 1
E? [T v(@) 1P =EP ITLIATTT @011 < C [T 1AQlggpen = CIALGE ™" TT el

ecE, (1) Y eeE (1)

for all x € R and A € (0, 1] where C denotes the right hand side of (5.6). This yields the desired estimate
immediately.

Since the case of two noise assignments follows almost exactly as in the case of a single model, we
omit the details of this case. 0O

5.2 Stochastic Estimates for the BPHZ Model on 7 22" — Quenched Estimates

Let o € N. We now consider the Banach space assignment V = (3{1}”) leg,, and the kernel assignment of
order ¢ defined by Ay =1d: & L}” -X L}” on the regularity structure 782 (V). Let W be a historic sector of
order ord(W) < ¢ in 784 (V),

The goal of this section is to deduce quenched, i.e. almost sure, estimates in the model seminorms
on (11,1 and on (IT' —I1?,T'! = 1'?), in terms of the suprema over x, A and ¢ of the left-hand side of
and respectively. This essentially involves passing suprema through expectations. For the suprema
over x, A, and ¢ we will be able to proceed similarly to as in the scalar-valued case, see for instance the
Kolmovorov-type theorem for models in [Hail4, Theorem 10.7] or [HS24} Theorem B.1]. Here the main
difficulty comes from the supremum over v, which needs to be pulled inside the expectation.

Let us briefly describe our strategy, which is inspired by the one employed in [GH19]. Since Kol-
mogorov criteria for stochastic processes indexed by Banach spaces are very subtle, our almost sure
estimate will not be uniform over v € %l}”. Instead, we now fix throughout this section a kernel assign-
ment K € sdiq;(ﬁ of order 6 € N on T°4(R). Within %" we consider the curve (K?) cepe > which we embed

into a linear space by duality, i.e. by considering the vector space {{ (K[('))} spanned by a suitable space of
distributions ¢ acting on the upper variable.

One of the reasons to restrict ourselves to the curve (K{) g« in kernel space is the following identity,
rigorously established in Lemmal5.22|below,

T N
flev=v(e—1l, <<g>> (K)oep, )y forve (CH*® (5.8)
T

where in the right-hand side IT denotes the BPHZ model on (an appropriate historic sector of) the
regularity structure 537 ((% M e ¢.,), while in the left-hand side [T denotes the BPHZ model on (an
appropriate historic sector of) 753((C%) c ¢, ) for an appropriate choice of . Here w is a weigh of
the form w(x) := (1+ |x|s)! where [ € R and the corresponding spaces C% are defined below.

Definition 5.15. Let @ € R\N. We define C% < &’ (R%) to be the Banach space of distributions { when
a <0 and function g when a > 0, such that, with r := min{j e N: j > —a},

¢ ()]
I{llca == sup sup su
Cy x(-:RI; AE(OI,)I](/JEQI?’ w(x) A

||g|| = sup M +sup sup |g(x+ h) - Z|k|5<a %akg(X) hk|
ci xerd WX epdinl =t w(x) |h|¢

< 400, ifa<0,

<+oo, ifa>0.

The proof of the following lemma is standard, e.g. using (Daubechies) wavelets.

16For notational consistency, from Lemma onwards, the letter w will be typically reserved for weights which decay at infinity,
whilst w* will denote weights which grow at infinity.
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Lemma5.16. Leta <0, a* >0 along with weights w, w* satisfyinga+a* >0 and fRd dx w(x) w* (x) < oo.
Then the usual distributional pairing extends (uniquely) to a pairing such that for{ € C{}, g € Cg;

(@) S Il gl o -

We come back to our discussion of (IT,T). We shall show that the BPHZ model (I1, 1), defined on
an appropriate historic sector of gBa“((%l}”) lec, ), gives rise to an almost surely admissible model on
(historic sectors of) the smaller regularity structure 753 ((C%)c ¢, ) (for a, w to be fixed later) over the
Banach space assignment (C5) (e ¢, , with respect to the kernel assignment

Ai: ¢ — ! where K: R — R (5.9)

{ — K, xo— (KD ).
More precisely, K[( is the kernel decomposition with components K[( n(x) ={(K [(il (x)) for n e N.

Lemma 5.17. Assume that© = o + max(s), © = —a + max(s) and fRd dx w(x) < oco. Then A defined in (5.9)
is a kernel assignment of order o on J 53" ((C%)ieg, ) in the sense ofDeﬁmtlon Furthermore, the linear

;0 .
map ASY” 3 K — Aed? is continuous.

Proof. We fix [€ £, and suppress appearances of [ in the notation in this proof. Let { € C%,. We estimate
the kernel norm || A|| ol By the anisotropic Taylor formula of Lemmaand the fact that K € C° (%é),

we see that the n-th dyadic component A, := Kf , is of regularity C?° provided 6 = ¢ + max(s), and

0*Ap(x0) =¢(0F KD (x))  for |kls < 20

Furthermore, let w* = 1, and choose a* > 0 with a* + a > 0 sufficiently small so that by the assumption
6 = —a +max(s) and the anisotropic Taylor formula of Lemma we have for any x € IRd,

10K D gar S N0°KR Wl co S 1K oy 201711417,

In turn, by the pairing Lemma 10% A, (0] S IKI 0 1Z1l ce 2021 IU+Ikl$)7 which implies that || A({) Il%m S
K| o0 II(IICa This yields the desired boundedness of both linear maps { — A({) and K — A. O

In preparation for our almost-sure model estimate, let us now recall a version of Kolmogorov’s
continuity theorem in weighted spaces, the proof of which we omit since it can be obtained in the same
fashion as the usual (local) Kolmogorov Continuity Theorem.

Lemma5.18. Let NeN and lets € [Rif be a scaling in R, Let >0, p>max(1,2|s|/ ), and let w* be a
weight such that fRN dxw*(x)™? < oco. Let X : RN — R be a random function such that 8* X, exists for all
|kls < B. Then,

1

E? [|Xern—X Lok x, hk
[||X|| p Zm/p] < sup [Eﬂ[|Xc|”]+ sup sup | o lk}lfﬁ L3 ¢ i (5.10)
ceRN [hls=1 hlP

We now apply the above Kolmogorov Continuity Theorem in the situation of interest here.

Lemma 5.19. Let W be a historic sector in gBan((%lﬂ[l)[em) of order ord(W) < o. Let (11,1) be the
BPHZ model on W associated to the identity kernel assignment and a random smooth noise assignment
£ Q— AP, [etK e diqﬁ andt € T € By . Assume that© = o + max(s) and leta* >0, p = 1 be such
that a* < 6 —max(s) — 2|s||E4+ (1)|/ p. Let w* be a weight such that fwwum dxw* (x)™P <oo. Then for all
xeR? A€ (0,1] and e B,

7 [|fL(od)1)

vl

(5.11)

e eq;,0

1 T
P | [[(RHE i c A B, )]
E? [H(IR VD 50 @ (KE) e, iy (O1) | e ] <K' sup
(T) w* + ve(ﬂ{lou)éﬂﬁ

F!Mér @
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Moreover, if [T' and 11> denote the BPHZ models on W with respect to two smooth noise assignments é', &2,
and ile, K?%e sﬂiq;@, then

1 L . P )
- H| RHED 500 (H}C(%(K[v:,l)eemﬂ - ni(? (K[Cf'z)eea(ﬂ)((l’i)
T T
1 A~ A
Ev (1 - 113) v(¢2)|”]
vl

p
. 5.12
sz*] (5.12)

’

S ”Kl_Kznggeq;O'f' sup

veF!hsn F!Mér @

where the implicit constant can be chosen to depend polynomially on

E7 [|i20(p})|7)

(M@ ve(!Mhénm vl F#!Mhérn

£ [|flv(gd)|”] |

1 2
1K™ jeao + 1Kl jeqo +  sup B
+

ve(FHN)en®

Proof. We only prove (5.11) since (5.12) can be proved with an analogous argument using the multilin-
earity of the map I, Q7 i ((3{| [l) lee,) " —D'. Hence, we consider the random field

T
X: RHEFHD 500 nx<<g>) (K() ek, (#2),
T

to which we apply the Kolmogorov continuity theorem of Lemma where we identify (R?)F+®) ~
RN=AIE- (D] in combination with the anisotropic Taylor formula of Lemma|C.1} yielding

P]'

To conclude, it suffices to appeal to the fact that the symmetric set tensor product (®§) 4¢, is a collection of
norm 1 multilinear maps (recall Deﬁmtlon , so that for all ¢ € R4E+®@1 and (ke)ecE, (r) with |kels =0,

£ [IXI7,. | < max supE” 1 QR (05K e, (0)

kels=<O ccgpn @

ke 1-C
H® (@ eK: e€E, (1)

ke -, |E+ (D)
0K || oin < K| .
(H ) eg,)Pr® eE};[(T) Joec ki ey o5

This yields the claimed bound (5.11). O

We now recover and estimate the BPHZ model on (appropriate historic sectors of) the regularity
structure F 531 (C%) with the kernel assignment (5.9). For that purpose, we will use the following pairing
between symmetric-set tensor products of weighted Hélder spaces.

Lemma 5.20. Lets be a symmetric set and a € Ob(3). Let a <0, a* > 0 along with weights w: RY - R,
w*: RYU4 R, satisfying

a’ +lala>0, / dx w®¥ (x) w* (x) < co.
Rd\a\

Then there exists a unique (bilinear) pairing
(CE®D)® x ¥, RY) - R, (5.13)

. . . . . *ood
making the following family of diagrams indexed by g € C, . (R laly commute

& N
(Ca*T —= (Ca)*r

)
(Ta(®))(g) v
R
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where 1, = |Hom, (a, a)| " Y yeHom, (a,a) Y IS the symmetrisation map froms. Furthermore
[4EIIBS ”("(C,t},)ofono IIgIICai, (5.14)
w

uniformly over ( € (C%(Rd))@né andge CZ/* (R4laly,

We note that in this statement we have performed a slight abuse of notation in writing R?'%!, since
the order of the variables does matter to identify the pairing and should be considered to be fixed.

Proof. By our universal property of Definition[3.8]it suffices to prove that the maps (7, ® -)(g) are well-
defined, 2-symmetric, multilinear and continuous. To prove that it is well-defined, we appeal to the
pairing Lemma it suffices to prove that given { = ({1, ,{ n:=ja) € (C%)*%, one has 7,(8 f) € C& for

w = w®" and @ = na. By definition, for such a ¢,

ma@®0) =Homy(a, @)™ Y. L@y ®-®Lym e (CH®". (5.15)

yeHom, (a,a)

Recall e.g. the wavelet characterisation of C{, [HL15, Proposition 2.4], which in particular implies a
‘tensorisation property’ of the Hélder norms, namely for a < 0 that (C{)®" < C"'¢,, with

~Y
wen

n
6re--etuleys, STTCeg.
i=

We deduce that 77,4(8¢) € C}'%, with

n ~Y
wen

n
Ima@licna, STTINca.
i=1

It follows that the map (,(®-))(g) is well-defined. It is 4-symmetric by (5.15). It is also clearly multilinear
and by Lemmal5.16|bounded with norm

Ia@N@I S 18l car s

so that the continuity estimate follows from the fact that the factoring map -(g) has the same norm
as each of the factored maps ((4(®)(8)) scop s> recall Deﬁnition

By construction, the pairing is linear in the first variable. The fact that it is also linear in the
second variable is a direct consequence of the uniqueness of the factoring map in Definition[3.8] O

One simple but useful observation about the pairing defined above is that if g € Cf“)* R4l s 5-
symmetric then the pairing takes a particularly simple form.

Lemma 5.21. Suppose that s is a symmetric set and a € Ob(3). If g € Cﬁ} R4y is s -symmetric in the
sense that goy = g for all'y e Homy(a, a) then for ({¢)ecq C%(Rd),

a
R (8) =QRe)(g).
B eea
Proof. By its definition we can write

a

QW@ =Homy(a,a)l™ Y Q1)@ =IHomyaa)l™ Y  QUIEgoy)

B) yeHomy (a,a) e€a yeHom, (a,a) e€a
=@ ) (g),

eea

as claimed. O
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Equipped with the pairing of Lemmal5.20, we now prove that the BPHZ models on appropriate his-
toric sectors of I8 (% l}”) and 7 B2%(C%) are related by (5.8), and furthermore establish a corresponding
estimate. In order to clarify the notations due to working in these two structures, in the remainder of
this section, we will decorate by the superscripts X and C objects that correspond to these respective
regularity structures.

More precisely, we fix a historic sector W = W¥ of order ord(W¥) < ¢ in OJBan((%L”) e, ). We will
use the notation (1%, T'*) to denote the BPHZ model on W with identity kernel assigment and a given
random smooth noise assignment ¢ : Q — s1°4. Furthermore, given a kernel assigment K € 1°%° and
parameters a, w satisfying the assumptions of Lemma we will use the notation (I1¢,'¢) to denote
the BPHZ model on the historic sector (which we will denote by WE) of STBan((C *)ieg,) with generating
set of trees %y, with respect to the kernel assignment and noise assignment ¢. Similarly, when
considering two noise assigments ¢ 1,52 and two kernel assignments K 1 K2 ¢ &Qiq;ﬁ, we will use the
notations [161, f1%2 and 1%, [1%72 to denote the corresponding models.

Lemma5.22. LetK € 4°%° andt e T € Byy. Assume that © = o + max(s), and

0> q> PEE&-0 / dx w(x) (1+]x1¢)2% < co. (5.16)
|E4 (T)] Rd

Then forall x € R4, A€ (0,1], peB andve (C%)é’”(f) one has the relation

T
qC _ 5K C
(S v(g) = vfe— 113 ((X}) (K) ek (@), (5.17)
T
and moreover, forall1 < p < oo
N p Lo A [P
1 Cu(h E» [|[T% v
£ sup TIx fx | < ||K|||E§q%)| sup [T v(¢)|”] (5.18)
Ve(CE)8m(D I V”(C%)@nm  pe@henm vl &!henm
Furthermore, in the case of two models,
AC1_5C2y oAy |P TIAFL _ %2 Y|P
1 - Er |(TTy"" —1I v
|| g ETE@OI e . (T = 1177 v(y)| 5.19)
UE(C%)Q’”(T) ” U”(cg/)én(‘r) U€(f7{‘ou)®ﬂ<1) " U" (3{(\}”)6@”(1)

where the implicit constant can be chosen to depend polynomially on

1 1

7 [I1L AP l

Er ||l v(o Er
K jeqo + IKZ I jeqo +  sup "o (@], [
* ve(F!Mhén @ vl (HMydr (o) vex!henm

2 w(¢)|”]
ol

(%{‘)ﬂ)@z ()

Proof. The fact that the right-hand side of (5.8) is well-defined with the bounds and follows
from combining Lemma and Lemma where we have chosen w* (x1,+, X|g, (1)) = H'l.li*lml a+
|xi15)!%! therein.

It remains to prove that coincides with the BPHZ model on the historic sector of 7 53(C%) with
generating set of trees 9By,. More precisely we will prove by Noetherian induction over %y with respect
to < that for every elementary symmetric tensor ®! ., ({,) we have that

(1)
L 113 07, €00 = ®F, € [e— 13 oF, (KW,
2. II" ], () () = ®f, () [C — 1 e, (chee)(y)]’
3. L@, () =%, () [c — 0o, (Kf:)]’

4. flel, (1) =Ry (o) [ Tl (KW)],
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5. M ®f,, € (1) = @ (o) | e Tl ®F,, (K ()

where for a given tree 7, the statements will be verified in the order that they are listed above, and where
we have omitted the superscripts C and % in the corresponding models I1 for notational convenience.
As usual, we treat separately the cases where T € {Z, X k}, where 7 is planted and where 7 is a product of
planted trees.

In the first case T € {Z, X¥} so that each of the statements above follows from the definitions immedi-
ately. Therefore it suffices to fix a tree T which we can assume is either planted T = J[ka or is a non-trivial
product of planted trees T =[]}, 7; withn>1and 7; = J[]i‘al-.

In the former case, statement 3 above is trivial since both sides vanish and statements 1 and 2
coincide with statements 4 and 5. Hence in this case, we can consider only the first two statements. Since
the proofs are very similar (only differing by the potential presence of recentering in the admissibility
condition), we demonstrate only the first of these claims in this case. We fix a drawing 7 of T and consider
({e)ecE, ) € V7. We denote by { the value of {, for e being the trunk of 7. We then have

) R —x)J
i} 87,y €O = DA + 8%, Cogn - Y L=

j1<1F {7l

DM A # 11, 8%, (). (5.20)

By the induction hypothesis and the definition of A, we can rewrite the first term on the right hand side
as

[
((DFK) % 0, (o) [T 07, (K;;)] y=(® (?Z))(ce) [D"K{ * 11, 8, (K[)()
g
where the distributional pairing is in the variables denoted by ¢ and the convolution is in the remaining
variables. Rewriting the summand in the same way, we then note that the right hand side of (5.20) is

a X . 0l g A .
(e, [DkK;*nx@;g,) (K[:)(y)]— > b .,x) (@) [D’““K[*Hx@‘{,,> (K[|

@) \lo<tkrl I @)

By admissibility of the BPHZ model on W, we recognise this as the right hand side of the first equation in
our induction hypothesis.

It remains to treat the case where (T) is a non-trivial product of planted trees. In this case, we must
check all five of our induction hypotheses in order. We now consider the first of our five hypotheses. We
note that fl; ®fr> (K[';) () is a (T)-symmetric test function in the e,-variables so that by Lemma we
can write

T n
R [ 85, K| = ® @oflioh, KIW|=T] ® «|isl, &w)

(T) eeE, (1) i=le€E, (1)

wherefor the second equality we used that by the multiplicative definition of IT ol

e 11 oF,) (K W)| = e,

et ofl, (0]

Lemmal5.21]then shows that

® @iz, KIW|=®

ecE, (1;) (Ti)

1Y *e
f o7, (70
so that we may deduce from the induction hypothesis that

Re)

(T)

n T
el (0| =111 ® €W =MQCIW.
i=1

eeE, (1) (1)
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This completes the proof of the first claim in our induction hypothesis in this case.

Since the second claim in the induction hypothesis follows by essentially the same approach (replac-
ing I, by IT) we omit the details for this part and move to the third claim in the induction hypothesis.
We note that by definition of the BPHZ model, if A7 = A7 —id®1 - 1®id then

n T T N T1 T2
é(@(ce))=—[E 1 B0 f(@(ce))[E I Q) () (0)
(t) (T) TLT2 \(T1) (T2)

By the induction hypothesis and the previous parts of this induction step, the right hand side is equal to

®(ce) (H ®(K 6)(0))

(T2) (T2)

el (g)

T1,72(T1) (T1)

(n ®(1< 8)(0))

(T)

(T)

By Bochner integrability (which can also be checked by Noetherian induction), we may commute
expectations and the application of distributions to the effect of

n T T T . . T2 .
é(@(ce))=—®(ce) (rE " QK;*)(0) ) > ®(ce>( (®(K ‘“’)))@(Ce)( - ®(K *)(0) )
(T) (T) (T) TLT2(T1) (T1) (T2) (T2)
By Lemmal5.21} we recognise the right hand side as
-Q e ([E " @K ) (0) )— Y @ o ( (®(I< ))) X (ce)( I ®(K ©)(0) )
(T) () TLT2e€E, (11) (T1) ecE, (12) (T2)

I ®(K )(0)

(T2)

|

| 2.8, &)

71,72 e€E4 (1) (T1)

=-Q ([E

T
T @)(K;*)(0)
(T @

)— QR «o ([E[H (¢ eid)A; ®(K e)(O))

e€E, (1) (T)

- R ([E

T @)(K;*)(0)
® ®

By applying Lemmal(5.21|again, we see the right hand side is nothing other than ®7,, (¢e) ({7 (®fr> ( K['e)),
completing our proof of the third part of our induction step. O

At this stage, we know that the BPHZ model (I1¢,1'C) on a historic sector W€ of 783(C%) of order
ord(W€) < ¢, with respect to the kernel assignment A defined in (5.9), satisfies the ‘semi-annealed’
estimate (5.18). We now post-process this estimate into an almost-sure estimate on the model norm of
(11,1"), by means of a Kolmogorov-type theorem for models. This is a standard argument once is
known, see e.g. [Hail4) Theorem 10.7] which relies on a countable characterisation of the model norm
based on wavelets, and which we (partially) reproduce for convenience. See also [HS24, Theorem B.1] for
an alternative wavelet-free approach which could be implemented here with a bit more technical effort.

Lemma 5.23. Let W€ be a historic sector in T3((C%)c¢, ) of order ord(WC) < o, with finite genemting

set of trees By . LetK € gﬂeq O Letx >0. Assume that® = o + max(s), and that the assumption (5.16) of
Lemma- holds for allt € T € By NT_(R). Then for all compact sets R R%, and all pell, oo),

E7 [II(AIC, T6))” 1,

weil S

where the implicit constant can be chosen to depend polynomially on

E7 |1 u(g )|

IKl jeao + sup  sup sup sup  sup e
B reBy xe R+BRw) A0, 1 GEBT e )en @ vl %m)@,,m/l s
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Jfor some choice of radius Ry > 0 and integrability exponents q = gy, € [1,00). Furthermore,

%[”(HCI FG1). (162, rcz)”WC ﬁ]

L Ao
£ [|( - 1) o(p})| 7]
AlTls+x ’

<IK' - K2 4ewo T SUPp  Sup  sup sup  sup
sy T€Bw xeR+B(Rw) A€(0,1] peB” ue(?}{'”)®ﬂ<f> Il V”(%Ll\)gﬂw

where the implicit constant can be chosen to depend polynomially on

K| eq©+”K I

I R
£77 (|02 v(})| 7
eqo + SUPp SUpP  sSup  sup sup  sup

I (1,2} e By xe R+ B(Rw) A€(0,1] peB" pe@!en® vl (%gl)@n<r>ﬂlr‘s+K

Proof. In the proof, we suppress the superscripts C and ¥ from the notations for convenience. We
only deal with the case of one model, since the adaptation to the comparison of two models proceeds
analogously. More precisely, we prove by Noetherian induction on %y, with respect to < the property,
which we call ®(1), that for all p € [1,00) and R c R4, it holds that [E”p[llflllf;ﬁ] <1and [Ellp[llfllf;ﬁ] <1,
with the implicit prefactor being as in the statement. Let us denote by ®'!(t) the claim on IT and by ®' (1)
the claim on [' in ®(T). We first observe that for all T € By, {P(0)}g<r implies @' (1): indeed, this is a
straightforward consequence of Lemmal[4.19]in combination with Hélder's inequality.

Thus, it remains to prove that for all T € By, the properties {®(0)} 4 <7 and ®' (t) imply the property
®(1). To that effect, we divide into cases depending on the sign of |7|;. In the case where |T|; =0, then
7 =1 and the model bound is clear. If |T|; > 0, then by tracking for which trees{T_TIwe require control of
the model in the proof of [Hail4, Proposition 3.31], we have

||ﬁ||r;R§ sup ”ﬁ”a;ﬁ"f”r;ﬁ’

OERBY,0<T

whence the desired E!/ ’”[IIHIIp <1 by our induction hypothesis and Hélder’s inequality.
Finally, consider the case Where |T]s < 0. Then, by [Hail4), Proposition 3.32] (again tracking for which
trees we need to control the model in the proof)

znmsw

IMliz;e S(1+I7g)sup sup  sup  sup
nz0 xeA"nR 0€Bw, pe(CY)én(@) ||V||(Ca)®n(u>
lols<ITls

We recall that in the above ¢ denotes the scaling function of some fixed sufficiently regular multiresolu-
tion analysis, A] = Zd 2785 [ jej, kj € Z} is the dyadic lattice associated to the scaling s, and Risthe
1-fattening of the compact set R. Now taking the p-th power, replacing the suprema over n, x, o by sums,
and applying Cauchy-Schwarz, we deduce that

Zp]

On the one hand, by the induction hypothesis, EL/2 [(1 + IIfIIT Q)Zp] < 1. On the other hand, by assump-
tion, we may apply Lemmal5.22|to o € B NnI_(R), yielding

[”H”pﬁ] < Z 2n(\5|—p1<)’

n=0

A 2*’1

|Hx V\P% )|

sup ————
ve(CY)8n @ I U||(ca)®n(0>

EfY ) SEE(1+ITIn)” Y Y X 2"okE:

n20 xeA"nR TEBw,
ols<ITls

which is finite for p large enough in function of x, which concludes the inductive step. O

Remark 5.24. We note that this result is actually not restricted to the choice of the BPHZ model but would
apply more generally to any pair of models related by the expression (5.17).

17here we use the triangularity of ' with respect to <
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6 (Pointed) Modelled Distributions

In this section we discuss the behaviour of modelled distributions on J8an, Throughout, we will use the
definition of modelled distributions given in [Hail4} Definition 3.1], which we emphasise is blind to the
dimension of the homogeneous components of the given regularity structure and so makes perfect sense
in the setting of 7 gBan 1p particular, for a model Z = (I1,T') and a sector W, we will denote by &7 (Z, W)
the space of modelled distributions with respect to Z valued in W, and will use the shorter notation
DY (Z2), DY (W) or simply & whenever the sector and/or model is clear from the context. We will denote
by & the corresponding reconstruction map.

6.1 Multiplication and Multi-Level Schauder on 7 52"

In what follows, we show that the usual calculus of modelled distributions is compatible with the norm
structure on 7 52%, Since the multiplication results of [Hail4, Theorem 4.7, Proposition 4.10] apply
verbatim in our setting, we only provide a slight adaptation of the usual multi-level Schauder estimates.

Theorem 6.1. LetV = (V|)(ce, bea Banach space assignment, and let A€ A% be a kernel assignment of
order o €N. Let{ € Vy with |l| = B, let W < T B2 (V) be a sector of regularity a € R supporting the abstract
integration map 5. Fix an admissible model Z = (II,T) on T8 (V) and y > 0. For f € DY(Z, W), let
I} f be defined by

K f ()= I 0+ @0 f(x0) + N )

where J°, JVY( are defined as in [Hail4, Equations (5.11), (5.16)] with respect to the kernel A(({). Suppose
thaty + B €N and that o > max{y + f+ max(s), —a}. Then

IS Fllypig S NI I 5 A+ 1T, 52 (4 LAllge),

and RH; f = A(Q) xR f.
Furthermore, given a second kernel assignment A € A, admissible model Z = (I1,T), modelled distri-
bution f € DY (Z, W) and { € V| we have that

NHS £33 Fllypis SIF5 Flly + I =Tl + 0T =Tl g + 10 =l + 1A= Allge 6.1)
where the implicit constant can be chosen to depend polynomially on
I,z + IIflly;g +I, 5 + ||l=l||7;;,; Tl g5 + ”f”ﬁﬁ:ﬁ + 1Ny, + 1Ny, + I Allgge + IIAllgﬂg-
Proof. This is mostly just a minor adaptation of the proof of [Hail4, Theorem 5.12] making use of the

fact that |.F¢| + | A () || s S+ ||A||mo) IICII v, and being careful to track the norms of the trees involved.

The only real difference when proving (6.1) is that terms in the difference of kernels appear. For example,
when applying expressions of the type [Ha114 Equation 5.47] one will pick up an extra term of the form

MM (Q5 (F(x) = Ty f (1)) (D* K (x =) = D* Ky (x = ).

Since | K- K| b = = A -+ (A - AP b = I Allgze 1 =l + ¢ v | A= Allge, the only effect of such
terms is contrlbutlng instances of the ﬁnal two terms on the right hand side of (6.1).

Finally, let us note that the condition ¢ > max{y + 8 + max(s), —a} does not appear in [Hail4], since
therein the kernel is assumed to belong to Nyen X ﬁ, but it follows from tracking the regularity of kernels
that is needed in the computations (see also [BCZ24, Theorem 4.13] where such a condition appears in
the case of the Euclidean scaling). O

We record the following corollary, which immediately follows by applying with Z=Zand f = f.
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Corollary 6.2. In the setting of Theorem|[6.1} the map

LOVLENY <V, — L@ (Z,wW),2" 1z, W)
ALY — K,

is affind®|in Ay, linear in{ and continuous.

We now recall from [HS24] the notion of pointed modelled distribution, which will be the key analytic
tool to push models on 732" to models on T 4. Here, our setting is in one way somewhat simpler than
that of [HS24] since we only need H6lder pointed modelled distributions.

Definition 6.3. Given x € R?, Y,v € R and a model Z = (I1,T), we define DY"V*(Z) to be the space of those
feDY(2) such thaﬂ

If(y+h) - Wl
sup Iflle SAS, sup  sup A Lyeny/ Dl <AV
Y€Bs(x,2) YEBs(x,A) |hls=A |h|L¢

uniformly over A € (0,1]. We define || f II%V x to be the smallest implicit constant in the above.
Given a second model Z = (11,T) and f € DVV"*(Z), we write

If = Hlg I1ARf g
If; fllw,x Sup sup  Sup ~——————+Sup sup sup sup —————
{<y A€(0,1] yeBs (x,1) A {<y A€(0,1] y€Bs(x,A) [hls<A Ihll AVTY

where i ) i
Ahf(_)/) = f(y+ h) _ry+h,yf(y) _f(y+ h) +ry+h,yf(y)-

As in the non-pointed case, the standard multiplication results apply verbatim in our setting since
the proof and statement of [HS24} Proposition 3.11] apply even in the case of Banach components. We
now reproduce the contents of this statement for the convenience of the reader, and refer to [HS24] for
the proof.

Theorem 6.4. LetV = (V|)c¢, bea Banach space assignment. Lety1,v1,Y2,v2 € R. Let Wy, W, be sectors
ofSTBan(V) of regularity ay and ay € R such that (W1, W») isy-regular, wherey = (y1+az) A(y2+a1). Given
a model Z = (I1,T) and modelled distributions fi € DYVVVX(Z, W), fo € DV2V2X(Z, Ws), then

hxyfo=Qy(fixfa)e QIVTVEY(Z),
with
2
||f1 *y f2||y,v1+v2;x ,S ”fl ”}/l,vl;x”fzuyz,vZ;xH + ”r“}/lvyz,Bg(x,Z)) .

Furthermore, given a second model Z = (I1,T') and modelled distributions f, € DY"V*(Z,Wy), fo €
DY2VEX(Z, Wh), then

”fl *y fZ;fl *yﬁ||y,v1+v2;x ,S ”fﬁfl ”yl,vl;x + "fZ;fZHyg,vg;x +|IT' - 1:‘”}/IV)/Z,BE(JC,Z);

where the implicit constant can be chosen to depend polynomially on

”fl ||y1,v1;x + ”fl ”)/1,1/1;)( + "f2||yg,v2;x + ”fZ”yg,vz;x + ”r”ﬁvyg,Bs(x,Z) + ||F||y1vyg,Bs(x,2)~

In this work, we will need a variant of the reconstruction theorem that is not included in [HS24]. This
is because [HS24] is primarily interested in a 937/ «-type variant of pointed modelled distributions and
needs to obtain strong estimates for Holder type norms of the reconstruction which can be expected
only for a limited range of values of y (see [HS24, Theorem 3.15] for a precise statement). Since here we
use Holder-type norms for both distributions and modelled distributions that restriction can be lifted.

18The reason why this map is affine and not linear in A is due to the presence of the term .¥ ¢ in the definition of 3{(
9in line with the language of [HL17], we will refer to the leftmost estimate here as the ‘local bound’ and the rlghtmost estimate
as the ‘translation bound’
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Theorem 6.5. Suppose thaty >0, veR and f € DVV'* takes values in a sector of regularity a < 0. Then

|<9Rf; Qbi)l S /v/”f"y,v;x”H“y;Bs(x,Z)(1 + ”r”)z/;Bﬁ(x'Z))y

uniformly over L € (0,1] and ¢ € RB", provided r > —a. i
Furthermore, given a second model Z = (I1,1') with associated reconstruction operator R, and a second
modelled distribution f € DVV*, then

KR =R, dD S A (1 Fllyvie + ITT=Tlly;5, 2) + 1T = Tllys,6,2))

where the implicit constant can be chosen to be uniform over A € (0,1], ¢ € B’ (again provided r > —a)
and to depend polynomially on

”f”y,v;x + ”f”y,v;x + ”H”y;B5 (x,2) + ”H”)/;B5 (x,2) + ”F"y;Bs(x,Z) + ”r”y;Bs(xz)-

Proof. We give the proof only in the case of a single model since that of two models follows similarly. As
in the proof of [HS24, Theorem 3.15], by localisation we can find f) € @""* such that f} is supported in
Bs(x,21), fi = f on Bs(x, 1) and

— 2
”f/l”)/;Bs(x,Z) ,S /1‘/ Y”f"y,v;x(l + "F”)/;Bs[x,Z))

where | - ly; 5 is the usual seminorm for Holder modelled distributions.
Then by the Reconstruction Theorem in its original form [Hail4, Theorem 3.10], we deduce that

RS =T f (0), )1 = KR fr = T fa (), P01 S AV Iy ) 1 My s (L IT U2 1 )-

We then note that the local bound for pointed modelled distributions implies that Q. f (x) = 0. Mean-
while, for ¢ = v the local bound with A = 1 implies that [| f(x)l; < || flly,v;x. In particular, we can deduce
that

KL fQ, DS Y AMym, o2 1 Fllyvix S A Iy 20 1 lly, v
v=({<y

The result then follows by combining these two estimates and the triangle inequality. O

We now provide an adaptation of the pointed multi-level Schauder estimates o@ [HS24, Theo-
rem 3.19].

Theorem 6.6. LetV = (V|)(ce, bea Banach space assignment, and let A€ A be a kernel assignment of
order o €N. Let{ € Vy with |l| = B, let W < T B3 (V) be a sector of regularity a < 0 supporting the abstract
integration map J°. Fix an admissible model Z = (I,T) on T3 (V) andy >0, v € R. For f € DV"*(Z)
let 337 f be defined by

HEEF ) = I F ) + F DLW+ W PO - TS f )

where

(X+y—x)k

TS f) =Qepip| X (D* A * RN |.

|kls<v+p k!
Suppose thaty + p €N and that o > max{y + f + max(s),v + f + max(s), —a}. Then
II%)(/:)VCfIIerﬁ,wﬁ;x S L Ty, vix Ty By (,2) (1 + IT lly 4 ;B (,2)) (1 + I Allggo),
and
(-x*

RHEf=AQ*Rf~ Y DR AQ * RN
kloov+p K

20we note that the condition 0 < vy < min(W \N) appearing in [HS24] Theorem 3.19] is superfluous in our setting due to the

absence of the corresponding parameter restriction in our reconstruction result.
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Furthermore, given a second kernel assignment A € A7, admissible model Z = (I1,T), modelled distri-
bution f € DVV*(Z) and { € V; we have that

NF s F3 T s Fllys v e SUF3 Flly s + 1=y 2y + 1T = Dllya i o) + 16 = Cllvg + 1A= Allge,
where the implicit constant can be chosen to depend polynomially on

”f”y,v;x + ”f"y,v;x + ”H”)/;Bs(x,Z) + ”H”)/;Bg(x,Z)+||F”y+ﬁ;Bﬁ(x,2) + ||r||y+/3;Bs(x,2)
+ 1Ny, + 1Ny + 1 Allgge + 1 Allgge

Proof. This follows by a minor adaptation of the proof of [HS24, Theorem 3.19] in the same way that the
proof of Theoremis an adaptation of the proof of [Hail4, Theorem 5.12]. We recall that the fact that
the convolution in TY(jf is well-defined is not immediately obvious, however it can be justified thanks to

the assumption on ¢, see [HS24, Remark 3.17]. O

6.2 Variable Coefficient Abstract Integration on g Ban (C%)

Our eventual goal is to construct a model on J ®? by defining I1°? as the reconstruction of suitable
modelled distributions on T 83(C%). Admissibility of this model on T4 will be defined with respect to a
given kernel assignment K € sﬁiq. As a result, we need to lift convolution with K (as a function of z, z) to
an operation on modelled distributions on 782", In this subsection, we assume to have fixed a regularity
exponent a € R\N and a weight w, and define the corresponding Banach space assignment V = (C)c ¢, ,
as introduced in Subsection|5.2{above. We also fix a kernel assignment K € s1°%° in 574 of given order
6 € N. We then endow the Banach space assignment V = (C{y)c ¢, with the kernel assignment A defined
from K by Lemma We recall that it is well-defined and of order ¢ € N provided 6 = ¢ + max(s),
6 = —a + max(s) and f w < oo, which we assume to hold throughout this subsection. We also fix some
le £, and denote B =[[|.

Theorem 6.7. Let Z = (I1,T") be an admissible model on T 33 (C%) with respect to the kernel assignment
A, and let W be a sector of regularity a < 0 supporting the abstract integration maps 5. Fixy >0 and
meN. For f € DY(Z, W), define X f via

Xk

0 f )| (6.2)

%y,mf(x) = ®~<)‘/ Z

lkls<m

wherey = min{y + f,m,m+ a+ B}. Assume also thaty+¢N, ¥y >0,0 < m < —a —|s| — max(s) and
o >max{y + f+max(s), —a}. Then

19 mf gise S 0 I (L 1T i) (1 K eo) (6.3)

and
REy,mf(P) = KRf(P) = Qif(/K[Z(z— JPp(2)dz|.

Furthermore, given a second kernel assignment K € sdiqﬁ, admissible model Z = (11,T) and modelled
distribution f € DY (Z) we have that

1Ty, m 3 Fym Pl SNF5 Flly 5+ T =T, 5 + 1T =TI, .5 + 1K = Kl a0 (6.4)
where the implicit constant can be chosen to depend polynomially on
Il 5 + IIflly;g +II, 5 + IIfIIIY;g Iy g5 + ”f"Y+ﬁ;R + IIKllﬂiq;e + III_(llﬂiq;e.

Remark 6.8. We have stated Theorem|6.7 in terms of an arbitrary parameter m € N for the sake of
generality. Note however that the expression (6.2) does not depend on m as soon as m = y + max{f}, —aj.
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Remark 6.9. The condition m < —a — |s| — max(s) in Theorem is used to ensure that (—6)k6x € C% for
k
all |k|s < m, so that in turn ?}{7(,_5) Ox s well-defined on sy‘Ban(cg) by Theorem

Proof of Theorem[6.7] We begin with the single model case and first consider the local bound. For a
compact set R < RY, x, ¥ € R and 1 < 7, we write, by definition of the modelled-distribution norm,

Xk arks (-0)ks
> Al I Y suplEy @ % fllyipa
|kly<m ™ n |kl; <m x€R
= Y supll-9) Bxlicg 11,7+ T 520 A+ 1K jeqo),
lkly<m x€R *

where in the second inequality we have applied Theorem[6.1] The desired bound follows from noting
that sup ¢ |l (ELOA| ce < oo, since we have assumed m < —a — |s| — max(s).
We turn to the translation bound. Using the multiplicativity of I', we first decompose

Hy,m (O —TxyHymf () =T1 + Tz,

where
Xk Corks, Ty X (-0)ks
Tl = @<f/ Z F%y f(x) - Trxy%y yf(y) y
|kls<m
Xk _ oks
T = (®<7-,ny - ny@q-,) Z ﬂ%y yf(_}/)
lkls<m ™

The desired bound on the ‘truncation error’ T» follows as for the local bound after noting that Q3T x) —
I'xyQ<y = Q<3TxyQ>. Hence we focus on Ti, which we further decompose as

Xk -9k, (x— y)l (-o)k+ls
le Z F %Y f(x)— Z foy?/{y yf(y)
|kls<m |k+1s<m
Xk
= ) ~7 (T (k) + Ti2(K)),
|kls<m ™*
with
Y x-»' coris oy
T =% - Y Loy 0 = %, f ),
lk+lls<m I
(x—m! _o)ktls _o)kHs
nat= Y Lo -3, " o),
|k+lls<m :
where in the definition of T;,; we have written
(x—y)’
o= ofs, - Y I, (6.5)
|k+1|ls<m .

and used linearity of the map { — 3{§ We note that the powers of —1 appearing in are exactly such
that this term acts on test functions via Taylor expansion. We bound the terms in T7,; and T » separately.

_k
On the one hand, the desired bound on T7 » follows from applying Theoremﬂto 3{;, 00y f with y fixed.
On the other hand, applying again Theorem6.1]we obtain

xk
K

)3

lkls<m

TR = Y ||T1,1(k)||n_|k|

|kls<m

n
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S

Xy
(k,m

m—|k| _ _ _
Salx—ylg ™° LAy, & 0T, 5 A+ 0T, 6 5) (1 + IIKllgﬁq:@),

co LA I, 5 A+ TN, g5 (L + IIKllsgiq@)

where in the third inequality we made use of the anisotropic Taylor formula of Lemma|C.1} the fact that
X,y € R and the assumption m < —a — |s| — max(s). Finally, we note that the summands in the left-hand
side only contribute if 7 > | k|5 + (a + ) A 0 since the latter term is a lower bound on the degree of any
symbol in X* T} ; (k). Hence this bound is of order |x — y|§1+(“+‘”“°‘” as required.

We turn to the proof that RHy, , f = KR f (where we write K in place of K for notational conve-
nience). Fix ¢ € C°. By the uniqueness part of the Reconstruction Theorem, it suffices to prove that

| HKy,m f(x) = KR [) ((/)%)I = 0)-0(1) locally uniformly in x. We write

Ky m f) @D = Y T,

lkls<m

xk_
SR f(x)) (@D -,

@_ - Z X_k%(—a)k(SXf(x)) ((pﬂ.)
=7 kY x

|kls<m

The second term in the right-hand-side is already of order A7 (locally uniformly in x) by the local bounds
and the definition of a model. Thus, we may consider only the first term, for which we write by the
assumption of admissibility of (I, T) (see Definition[4.3)

xk
K

vk
HE P 0% f(x)

2 M

lkls<m

o)k (-nF
@h= ¥ m(# 5’“f(x))( - ¢§(-)).

lkls<m

Now applying the reconstruction statement of the usual multi-level Schauder estimates of Theorem|6.1]
at fixed x and k, we arrive at

(e (Fy,m f (X)) = KR f) (@3) = KR f () + OAT),
where we have written for z, z € R4

(z—-x)k

0K (2= 2) = —Kbom(z-2),

K™(z,2):=-K*(z=2)+ Y,
|kls<m
where ( gfn € CY is defined in (6.5). The remainder of the argument is analogous to the classical Schauder

estimates, we spell out some of the details for completeness. Using the dyadic decomposition of K, we
express

RS f( @)=Y 97%f(/dz¢§(z)l<i°:’”(z—-) :
n=0

Thanks to our assumptions, we can readily check that
A Com =y _ amo—npf [, [x,An2 "VA
dz¢i (2K, (z—2) = A"27"P (y ): @,

for test functions y!®*" such that supp (") < B4(0,2) and sup, g SUP 1¢(0,1) SUP =0 |1 * 4l o <
oo. Since R f € C® and o > —a, we deduce after summing the geometric series that K¥"R f (¢}) = O(A)
locally uniformly in x, yielding the desired reconstruction bound.

We now turn to the case of two models, where for brevity we provide only a sketch of the translation
bound since the local bound follows by easier applications of the same ideas. We write

%y,mf(x) _rxy%y,mf(_)/) - jy,mf(x) + fxyﬂzy,mf(y)

Xk
=G ). |77
lkigm L K!

+ (©<77ny - rxy®~<}7)%y,mf(_}/) - (®<)71:xy - l:xy@q'/)gzy,m]z(,)’)

[xy

B _ Xk Ak _ _(_mk -
Gy 0 (0 = P ) - = Ty Ty T ) =By )
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where we have used that ' and T have the same action on the polynomial structure.

Since the first term in the right-hand side is treated via the same strategy as in the single model case
(making use of the parts of Theorem[6.1|that apply to the case of two models and two kernel assignments),
we treat only the last line of the above display. We can write

|@<iTxy =Ty @ep)Hymf 1) = Qi Try =Ty @cp)Fym F D,
<[ @<jTay —Txy@ey — Qeylxy + fxy@ﬂ‘/)%y mf,
+ [ @i Ty =Ty Q) Fy,m f ) = Ky F D,
Noting that Q<jTxy — I'xyQ<j = Q<7I'xyQ>7 (and similarly for the first term on the right hand side of

the above display), we conclude via the local bounds that the right hand side of the previous display is
bounded by a term of order

3 r CE - o 7-n
(IIH—HIIYﬁJr IT =T, 5,5 + ”frf”y;ﬁ'i_ IIK—KIISdiq;@) lx—yls
as required. O

We now turn to the corresponding result for pointed modelled distributions. We note that the proof
of the above result relied only on the constant coefficient abstract integration and the fact that the map
(— ?/{f, is a continuous linear map. This suggests that one should define

xk

k' (a)ay ol

*cj{})fc,v,mf(y) = ©<}7 Z

|kls<m

However, we are ultimately interested in defining a model on 7 ®? by setting I, T = R f7 for a suitably
defined pointed modelled distribution f¥ on J8%(C%). Given f7, it is natural to postulate that f;7 =
K5\, mlx - We note that with the above definition, this would lead to

_ vy (y_x)k k -y
Mo Jt(y) =K «yT() - ) “———D K I T(x)
kls<F Tls

whilst the correct admissibility condition would be

B y-x0*
M Ft(y) = KTl — ). 0 D*[KTI,T](x)
lkls<|ITls :

(y-x*
=K« ILa(y) - Y yTD’“[ZHKZ*er(z)lz:x
lkls<|Fls :

y (-0~ J g -0kis
=KV« ()- ). — “pik [, (x).
e<igel, K j\J

This means that we will have to tweak the definition of our variable coefficient abstract integration to
realise the correct Taylor jet. Since it will be convenient to use K;f v.m as areference point when obtaining
the desired estimates, we first record the multi-level Schauder estimate for I?{,‘ v.m- Since the result follows
from the constant coefficient case in essentially the same way as the proof of Theorem[6.7} we omit the

proof.

Theorem 6.10. Let Z = (I1,T) be an admissible model on I 82" (C %) with respect to the kernel assignment
A, and let W be a sector of regularity a < 0 supporting the abstract integration maps .5 ¢ Fixy>0,veR
and meN. For f e DVVX(Z, W), define &y ,, ., f via

xk

k' (a)ay o).

‘O]z}{v,mf(y) = ®<)7 Z

[kls<m
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wherey = min{y + f,m,m+ a+ B}. Assume also thaty+ ¢ N,y >0,0<m < —a —|s| — max(s) and
o >max{y + f+ max(s),v +  + max(s), —a}. Then

”%;f,y'mf”j?,v+ﬁ;x 5 ”f”y,v;x"H”y;Bﬁ(x,Z)(1 + ||r"y+ﬁ;Bs(x,2))(1 + “K“&qiq;@)-

Furtherm_ore, given a second kernel assignmentf( € sﬂiq;@, admissible model Z = (11,T) and modelled
distribution f € @VV"*(Z) we have that

”%;/Cyvymf; %}{V,mf”f/,wﬁ;x 5 ”f;f”y,v;x + ”H - 1=[”y;B_r,(x,Z) + ”r - l:‘||y+ﬁ;B5(x,2) + "K_ I-(”Qgiq:@
where the implicit constant can be chosen to depend polynomially on
”f”y,v;x + ”f”y,v;x + ”H”}/;Bs(x,Z) + ”1:[”}/;Bs(x,2) + ”r“y+ﬁ;Bs(x,2) + ||F||y+ﬁ;BE(x,2] + ”K“wiq;@ + ”I_("diq;@-

With this preparatory result in hand, we now turn to correcting the x-centered Taylor jet realised by
the abstract integration map.

Theorem 6.11. Let Z = (I1,T) be an admissible model on T8 (C %) with respect to the kernel assignment
A, and let W be a sector of regularity a < 0 supporting the abstract integration maps J°. Fixy >0,veR
and meN. For f € VY (Z, W), define Ky ,, . f via

Fyij+l

! DIKCD'8x () |.

Xk _ oks
Hyvomf N =0sp| 3 Ty " f= )

|klg<m ™ Jllj+lls<v+p

wherey =min{y + B, m,m+ a+ f}. Assumealsothaty+¢N,y>0,v+ < m< —a—|s| —max(s) and
o >max{y + f+ max(s), v+  + max(s), —a}. Then

||%;/C,y’mf”17,v+ﬁ;x ,S ”f”y,v;x"H”y;Bﬁ(x,Z)(1 + ||r"y+ﬁ;Bs(x,2))(1 + ”K”Sﬁiq;@)y

and
(-xk

RHS ymf =KRf- Y DMK/ f)(x).

vV, m |
|kls<v+p k!

Furtherm_ore, given a second kernel assignmentf( € sdiqﬁ, admissible model Z = (11,T) and modelled
distribution f € BVV"*(Z) we have that

”%})f,v,mf; %}{V,mf”f/,v+ﬁ;x 5 ”f;f”y,v;x + ”H - 1=[”y;Bs(Jc,Z) + ”r - 1:‘||}/+[3;Bs(x,2) + "K_ I-(”Sdiq:ﬁ
where the implicit constant can be chosen to depend polynomially on
”f”y,v;x + ”f”)/,v;x + ”H”}/;Bs(x,Z) + ||1:[||y;Bs(x,2) + ||r||y+ﬁ;35(x,2) + ||F||y+ﬁ;BE(x,2) + ”K“&ﬁiq;@ + ”I_("diq;@-

Remark 6.12. Just as in Remark|[6.8, note that although we have stated Theorems|[6.10 and in
terms of an arbitrary parameter m € N, these statements do not depend on m anymore as soon as m =
max{y+ B,y —a,v+p}.

Proof. We give the proof only in the case of a single model since that of two models follows similarly. We
note that we can rewrite

x 7 X x*k r)’ij j i (=0)ks
Ky D=y mf D +Qp| D ) FTDJK VxR f(x)
Ikls<mljlo<v+p & ]
j+1
- ¥ ﬂDjK(—a)’éx «RL(2)).
J L+ s <v+B JH!
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By Theorem@ it suffices for us to consider H(y) = &y, ,,, f (y) - 5‘72}’,‘,% mf.

For this, we first consider the local bounds. Since H(y) is valued in the polynomial part of the
structure, this means that we want to estimate its coefficients in each X" term for || < 7. We write
QxnH(y) = Ty + T» where

T1=@xn( >

llesv+p  J' Kkt jla<v+p

Tyy X/ kr o
vy 2| pig-atsy * R f(x)

_ Z 0 'x) DIkC 9)k+! Ox 4 * R f(x)

Llk+j+1lls<v+p

|

xk I‘yxX

T2 = @Xﬂ ( k' ]'

LT pig-0tey *Q{f(x))

[Jls<v+Bv+P=lk+jls<m+]jlg
We treat the terms T; and 7> separately. For T;, we write

j )(y x)]+k n

D]K[kj R
jvk1|j+k|5<v+ﬁ(n_k jlk! * R f(x)

T, =
with

(=08, - Y =0 gty (6.6)
Llk+j+lls<v+p I

We now note that for any { € Cg, by recalling Definition[2.4/and Theorem|6.5|we have for | j|s <v + f that

IDIKE « R f ()= | Y RFDIKE(x=)

n=0

<Y 27 B Iy o) (L4 T Iy, (6 2) I lly v NS s

n=0

S My By x,2) X+ 1Ty By (e 2) 1 llyvix 1K geao 1T g (6.7)

where we used Lemmal5.17]and also the assumption on ¢ so that we could appeal to Theorem|6.5]
Since ||( ||cg <ly- x|v+ﬁ lie+Jls uniformly in y € B;(x, 1), by a straightforward computation using

the assumptlon v+ f < —a —|s| — max(s), we get

v+p- \k+]|5

IDIKET + R F(0 S 1Ty, 020 (L DT s, e | i LKL eqo |y = x (6.8)

which gives us

v+B—|k+]| | j+kls—
TS 2 M2 X+ 1Ty, 0e2) 1 fllyvix KL, o |y = x|y le g T+ Klen
Jklj+kls<v+p

S MMy, (o) (L + 1Tl (o) I v K e 1y = Pt

as required. To complete the proof of the local bounds it remains to treat 7. To this effect, we write
j —x)ftkn k
ITl=| ¥ y ( Jk)%DJK(—m %« R f(x)
1jlo<v+B kv Bl jrkls<m+]jls \TT ™~ J K

Ve
Sly—x2t” n||H||ny(x2)(1+”r“yBe(xZ))“f”yvx”K” eq0

as required, where we used and the fact that || (—0)k5yllcg <1over y€ Bs(x,1).
It now remains to treat the translation bounds. We define
XK Ty X7

o . k
H(y) = Z Z _'TD]K(—(?) oy * R f(x) - Z -
lkls<m|jls<v+p kt gt okl j+kls<v+p J'k!

T X]+k .
DI g0y g f(x)
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so that H = @q—,ﬁl and
Qxn[H(y) —TyzH(2)] = Qxn [H(y) - Ty H(2)] + Qxn(QejTyz — T )20 5) H(2). 6.9)
We now estimate each term on the right hand side separately, starting with the ‘truncation error’
Qx1(QejTyz —TyQp) H(2) = QT Q27 H(2).

We now note that we can further decompose H(y) = H; () + H,(y) where

. Xk, X/ [ Xite
my= Y DIk g p ) - L DIKCO g (),
i K J! jlk!
lj+kls<v+p
. xXkT, X7
Hy)= Y 22 DI 0y« R F(x).

| il
Ljle<v+B k:v+P<|j+kls<m+|jls & J:

We will again estimate each of these terms separately. For I, we note that

. xkr,, X7
my= Y T IR « R f ()
i k! j!
|j+kls<v+p

with { zi defined in (6.6). A short computation shows that

. B 1 (y_Z)k+l—]2?—lA (z—x)j_l i z’z
QrlyzGay () = ,Zk Z % Bl R—D G-t P KT« R f(2).

|]+k\5<v+ﬁ|l\5>y IKls | ka0)s=

Therefore, making use of (6.8), we obtain the estimate
|®X”ryz®~2yHl (Z)| ,S ||H"y;85(x,2)(1 + ||r"y;85(x,2))”f”y,v;x“K“ eq;@
|k+l| |[j=1ls+v+p—|j+k|
Z Z Z |y | 5 fll _ x|5] s p-lj s
ik fc,i
|]+k\5<v+ﬁ|l| >Y |]C| ‘kJr |
Since we are interested in the regime |y — z|s, |z — x|5 < A, we have the bound

|@xnTyeQzy F1 ()] S 1My, 62 (A + I lly;By 020 1L f Iy, vl Kl oo [y = 1% TAY P77
+

which was the desired estimate. Therefore to complete our estimate of the term coming from the
truncation error, it remains to estimate the term coming from H,. We can again compute that

@anyz@lzylflg(z)
l+k)(z-x)"ly—2kn ok
= D]K( 00, * R (x).
mfszwﬁ Z I<Z] ,g_,,( n ) kNG - D! f

V+ﬁ<lj+kls<mﬂjls|l|5>y Ikl

From this, we immediately obtain the estimate
Qx0T 2025 F (2] < WMl 002 (1 + 1T lly;3, e )1 lly v 1Kl e Ly — 2157 AY+PT
+

on the domain of y, z of interest. This completes our treatment of the truncation error.
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We are now left to treat the first term on the right hand side of (6.9). This term can be rewritten as

|

X ryx

o DJK[’CJ*SRf(x)

Qxn[H(Y) -TyH@I=Qxn| Y. Y.

[jls<v+Blkls<m

j-1
-y Y Y% —(y DI w00,

|jls<v+Blkls<m 0<l<j k!l!(
|1+kls=n

where

Al
(%j:(—d)kéy— Y (y=2) (—-a)k*1s,.

it jrllg<m 1
We deduce that

|Qxn [H(y) - T, H(2)]|

=1l k
S My 3o (v2) (L + 1T Ny, e ) 1y K oo D > > ly—xl ey — 217K,
+

ljls<v+Blkls<m 0<l<j
[l+kls=n

which concludes the proof since the assumption m > v + ff implies that each of the summands is of order
ly — 2|l TAv+P-T, O

7 Renormalised models on J ¢4

In this section, we show that one can leverage the calculus of pointed modelled distributions provided in
the previous section to obtain models on the usual scalar-valued regularity structure I °4 associated to a
complete, subcritical rule R from models on an appropriate instance of 752%(C%).

As in Section |4} in order to work with kernels for which we assume control on only finite many
derivatives, we need to restrict our attention to carefully chosen sectors. We fix a finite set of trees
9B < T (R) that is the generating set for a historic sector. The reader should have in mind that we aim to
construct [T, for T € B where I, is (part of) a model coming from a preparation map on J (R). Our
strategy will be to use the results of the previous section to construct a family of modelled distributions
fF on 7B (C%) indexed by x € R and T € B and define [1,7 = R fT. In order to do this we will need
to ensure that we are given a model on a good sector of T733%(C%) that contains the range of each f7.
Whilst there is room to optimise here, for simplicity we will appeal to a relatively crude construction
involving only the regularity of the modelled distributions.

Definition 7.1. Given yg > 0, we definey, € R recursively via
Yr=Yoforre{E X", yro=minfyr +anyota,  Ygr, =re+lls =kl

where a, = minsl where o is the grading for 1. We say that y, is admissible for B if yr € Ry \N for all
TER.

At this point, we would like to mimic the construction of [HS24} Equations (4.1 - 4.4)] adapting for
the fact that we wish to describe a model itself rather than the corresponding Malliavin derivative as is
done there. One subtlety in comparison to [HS24] is that due to the definition of the variable coefficient
abstract integration map given in Theorem[6.11} in the setting considered here, the pointed modelled
distribution associated to a tree .¥ 7 (defined below) will take values in the sector spanned by polynomials,
planted trees and products of polynomials with a single planted tree rather than the sector spanned by
only the first two of these. In particular, it is necessary to extend the abstract gradient to act on trees of
the form X*.9;7. At the analytic level, we can simply enforce the Leibniz rule which causes no problems
in the construction of the model since trees of the form X*.%t see no renormalisation at their root.
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This means that one only has to check that the trees that result from formally applying the Leibniz rule
conform to the resulting rule. Since derivatives appearing when applying the Leibniz rule may hit the
polynomials rather than the edge itself, this requires us to know that our rule is stable under reducing
the derivative decoration on edges.

Definition 7.2. Given a rule R, we define its derivative completion R to be the rule defined by
R ={(, ki)!'_, : there exist j; € N such that (t;, j;)?_, € R(t) and k; < j;}.

Replacing R by its derivative completion causes no problems due to the following technical result.
Since details about rules are not the main focus of this paper and the main challenge of the proof is in
appropriately reformulating definitions of [BHZ19], we provide only a sketch of proof here.

Lemma 7.3. Suppose that R is a complete and subcritical rule. Then so is its derivative completion R.

Sketch Proof. Normality (cf. [BHZ19, Definition 5.7]) of R is immediate from the definition. To check
subcriticality, one simply notes that any regularity assignment as in [BHZ19} Definition 5.14] exhibiting
subcriticality of R also exhibits subcriticality of R since removing derivatives increases regularity. Check-
ing ®-completeness of R (cf. [BHZ19, Definition 5.20]) is more tedious. Roughly speaking, one can prove
that a normal rule is ®-complete if and only if the set of trees conforming to the rule is closed under the
operation of contracting subtrees of negative degree and distributing derivatives appropriately on the
outgoing edges of the contracted subtree. Since one can also prove that the set of trees conforming to R
are precisely those trees that can be obtained by reducing edge decorations of a tree conforming to R,
the result then follows in a straightforward manner. O

We recall that we have fixed a complete subcritical rule R generating the regularity structure 7 1. We
fix R to be the derivative completion of R. All instances of 752" in what follows will be built over the
underlying set of combinatorial trees I (R).

Given y that is admissible for %8, we define the historic sector Wy, of gBan g be the historic sector
with generating set of trees given by Hist({T € T (R) : |T|s < Y+}) where v, = max{y; : 3j such that D/t €
%} where we have extended the definition of y, via Yoke = 'Yj[jr +1j—kls if k< jand j[]r € RB. This

construction accounts for the fact that %8 need not be closed under the operation of removing derivatives
at the trunk. We also define a. to be the regularity of the sector Wy, and m. = max{y. — a.,|FTls: Ik €

N9, J[T e B}

Proposition 7.4. Lety be admissible for B and suppose that —a > m. + |s| + max(s). Then there exists
o > 0 depending only on y. and the rule R such that if Z = (I1,T) is a model on Wy, that is admissible
with respect to A€ A and & € A% then there exists a unique family of pointed modelled distributions
fF e DY0ITIsi¥ satisfying the recursive relations

k
= vk T ko x;1
i =Qcy Lyat forT € {E, X7}, KO=rK *Yro Iz ' =D %)J/C,,Irls,m*f;

where 3{)’,55 m denotes the integration operator as in Theorem corresponding to 5. Furthermore,

given a second model Z on Wy, which is admissible for A € g and & € A4°9, denoting by fT the respective
modelled distributions, there is an r > 0 such that for every T € B it holds that

Iz S L W yeinigx SN2 ZIwyg,Botor + 1A= Allge

where the implicit constants can be chosen to depend polynomially on || Z|| Wyo,Bs(x,r) T 1Zll Wyy,Bs(x,r) T
I Allgge + IIAllgﬂg-

We remind the reader that for T € {X k,E[}, Ve ~ R so that it is legitimate to identify T with
1 € V=™ (which matches the usual scalar valued setting).
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Proof. At this point, we have all the ingredients to reduce the proof to a (Noetherian) induction over
BB. For T € {E, X}, one can check that QT 7€ GV Itlsix for every v > 0. The claim in the case of two
models for these values of T follows by noting that

T = FE(0) =@y @y —T )07

Stability under integration and differentiation follows from Theorem (recalling Assumption [2.1)
whilst stability under multiplication follows from [HS24} Proposition 3.11]. Here we make use of the fact
that % generates a good sector to appeal to the induction hypothesis. O

For the remainder of this section, we assume that a finite set of trees 9 < J (R) and an admissibleEr]
Yo for @ have been fixed. We assume also that —a > m. + |s| + max(s).

Definition 7.5. Given a model Z on Wy, we define ®,(Z) : B — D' RY) via D (Z)T = RfF.

The idea is that we will eventually show that ®,(Z) = Hiq |g foramodel Z®9 = (Hiq, I'‘d) on (RB) c T 4.
In particular, bounds obtained for @, (Z) will also immediately imply bounds for the model Z¢9. With
this in mind, we note here that combining the reconstruction theorem for pointed modelled distributions
given in Theorem [6.5|with the result of Proposition[7.4/immediately yields the following quantitative
estimates. In the following statement | - ||+, is as defined in (4.5).

Lemma 7.6. Given a pair of models Z ,Z on Wy, that are admissible with respect to A, A € ¢ and
&,& € A% respectively with o as in Proposition|7.4, for each T € B

1920 S 1, 1D(2) = D(Dll;8 SNZ5 Zllwyy, &4 By xr+1) + 1A= Allgo

where the implicit constants can be chosen to depend polynomially on || Z || Wy, Bs(x,r) T 1 ZIl Wy, Bs(x,r) T
I Allgo + 1l Allgge

7.1 An Exact Formula for Models on J ¢4

In this section, we assume to have fixed parameters © = ¢ + max(s), 0 = —a + max(s), [ w < oo, a smooth

noise assignment ¢ € 1°4 and a kernel assignment K € s1°? on I7°4. Furthermore we recall that if

Ban _ B : : : . it
gran = GJR a1(Cyy) then the kernel assignment K also induces a kernel assignment A: @ee, Cf, — K4

as described in Section This kernel assignment is such that K[y (y—x) = A(6y)(y — x). Given this
data, we aim to exhibit a preparation map on the historic secthE] of 71 generated by 9 such that if
we denote the corresponding model by (I1°9,1°9) then we have I3}t = @, (287 for all T € B where
zBan — (1Ban 1Bany j5 the BPHZ model on the historic sector of J Ban generated by 8. In fact, the results
of this section would apply to any preparation map on 52" of the form specified in Lemma

We recall here that the correct notion of preparation map on J ¢4 is that of a state-space dependent
preparation map as is defined in [BB21} Definition 5.1]. We remark that in principle the construction
of a model from a state-space dependent preparation map in our setting does not quite follow from
[BB21] due to our weaker assumptions on kernel assignments (required to deal with the coefficient field
in C” rather than C* topologies). However, the adaptation to [BB21] runs along similar lines to the
adaptation to the translation invariant setting considered in Section[4] The only significant difference is
that one does not expect I1, T to be smooth in this setting since we cannot appeal to integration by parts
to move derivatives off of the kernels K. However this issue can be circumvented by instead constructing

M,TeLl®

d . . . . k
loc(|—y) and noting that in place of appealing to Taylor expansion to control I1,.¥" 7, one can

g
instead appeal to a straightforward adaptation of the proof of the Extension Theorem given in [Hail4}

Theorem 5.14] to obtain the right mapping properties of K; on these spaces. In order to avoid significant
repetition, we leave the details to the reader.

2INote that such a y exists since we have assumed that 9 is finite.
22\e note that the usual scalar valued regularity structures are a special case of our vectorial construction with the Banach space
assignment V| = R so that it makes sense to talk about historic sectors in this context.
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For our purposes, the most important class of state-space dependent preparation maps are those
arising from A; in a similar way to Lemmal5.6] We recall that given a state-space dependent functional
ly: 94 — R such that the dependence on y is continuous, P(y,1) = (¢y®id)A} defines a state-space
dependent (strong) preparation map. This means that in order to exhibit a preparation map on 79, it
suffices to exhibit £7.

To do this, in order to capture the difference between taking derivatives on 9 °*" where the “upper
slot” is frozen and on J 4 where derivatives may hit the “upper slot”, it is convenient to introduce an
intermediary class of trees with an extra decoration that accounts for the use of the Leibniz rule on 7 ¢4
to split derivatives between the upper and lower slot before passing to 78",

Ban

Definition 7.7. An over-decorated tree is a decorated tre@r = (1,n,¢) equipped with an additional edge
decoration t : E, (1) — N% such that for each e € E; (T), |kels < m.. We will often writet = (T,n,¢,k) to
denote an over-decorated tree and will write I (R) = {(t,n, ¢, %) : (T,1n,¢) € T (R)}. We extend the degree
map to over-decorated trees by writing

[(T,n,e,R)s =1(T,n,0)ls

and writeI_(R) for the set of elements of I (R) of negative degree.

We then define a linear map ¢ : Ty — FBan yjg
T, k) =80, [(-0)*61) e, )] (7.1)

which we note is independent of the choice of 7 € (T,n,¢, %).
With this notation in hand, we are ready to define our state-space dependent preparation map on
T 4. We define ¢! on T°% via ¢3! = £5 01, 0D where

’D(‘r,n,e)zzl(e)poj (t,n+mk,e—C,k+0) (7.2)

where the sum ranges over all edge decorations %,¢ on (t,n,¢) € 71 c F¢. We note that the sum

appearing above is a finite sum due to the binomial coefficient and the projection onto J_(R). We
remind the reader that the map 7 converts edge decorations of a tree to node decorations via

nh(w)= Y k(e

WeN(1):v<w

e=(v,w)eE(T)
where < denotes the usual partial order on the vertices of a rooted tree. Our goal in this section is then to
establish the following proposition.

Proposition 7.8. Suppose that B < T (R) is the generating set of an historic sector in J ®4. Fix a smooth
noise assignment ¢ € A% and a kernel assignment K € Sﬂiq;@. Denote by Ae A the kernel assignment
on T B3 (C%) associated to K as described in Section

Fix yo that is admissible for B and suppose that o > ord(Wy,) and that 6 > ord((B)). Let Z°4 =
(IT%4,T°9) denote the model on (%R associated to the preparation map P, = (Zf,q ®id)A;, the noise assign-
ment ¢ and the kernel assignment K. Then we have that

4t = o, (287

for every T € B where ZB is the BPHZ model on Wy, with noise assignment { and kernel assignment A.

We note that it straightforward to establish this proposition when Z82" and Z®4 are replaced with

the corresponding canonical lifts. As such, the main challenge is dealing with renormalisation at the
algebraic level. We note that the definition of @, (Z52") via the recursive definition of the corresponding
f¥ is not particularly convenient for dealing with this challenge. As a result, before turning to the proof
of Proposition we will reformulate the definition of f} in terms of a coproduct-type operation that
can be formulated non-recursively.

ZStrictly speaking, a decorated tree will be an isomorphism class of such trees where the relevant notion of isomorphism also
preserves the ‘over-decoration’
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7.2 An Algebraic Representation of f;

In this subsection we derive an explicit algebraic expression of the pointed modelled distribution f*
defined in Proposition based on a new character y and a new map A which acts on trees by a suitable
cut operations reminiscent of positive renormalisation. We assume that all objects as in the statement of
Proposition[7.8]are fixed. We define

R S | ki .
IR ={r=X l:[J[ 7; : T conforms to R, Yj[ki-,- >0}

and denote by pg_: (T (R)) — (I~ (R)) the associated projection. We note that (J.) is an algebra for the
tree product. Furthermore, we define %5.. < J. to consist of those 7 as above such that each 7; lies in
9. The following definition will be used to describe the coefficients of f7 in the polynomial part of the
regularity structure.

Definition 7.9. Given x, y € R%, we define an algebra morphism Xy (B) — R by setting x3Xi) = yi — xi
and

1Tk

Fyij+l

X! , -9)'8y;
= kG| Y 5 (JC0 0 g fron + 4 7 ) - :
It o
ol I

(DI A(((-0)'6 ) * ng;)(x)).

|

|j+ls<|Tls+Ills
Note that we can write

j xk
£y = ®<y,( Y D’( “’“”fo)

X k
k)
IKls<rm k! [

which has polynomial part
X
®<Y j ( Z |Xy(jk+]7:))
T\ ket jls<ms k

For a tree T € , we will write J[e‘ 7 for its planted version where the trunk carries decoration e and
over-decoration k.

Definition 7.10. LetA: (T (R)) — (I (R)) ® (T~ (R)) be the linear map recursively defined by
1. A==Z201and AX; =X;®1+10X;,
2. A -0) =(Qyy,, ®id) (AT Ag),

3. AJIjT:(@<yjjr®id)(21sj2|k+l|5<m* (&I @id)AT+ X ks jloem, X 0.5 7 )
[

We remark that a straightforward induction shows that A(%) < (J (R)) ® (%..) so that in particular,
the expression (id ® y7, %A is well defined on (%).

Lemma 7.11. Foranyx,y € R? and any T € B, the following identity holds
[T =0y®y)AT. (7.3)

Proof. We proceed by Noetherian induction over 9. It is clear that holds if T € {Z(, X*} so that it
suffices to consider separately the cases where 7 is planted and where 7 is a product of planted trees. In
the latter case, the result is straightforward since all objects involved are multiplicative. Therefore, we
consider only the case of planted trees. In this case, we write

. k )
(y® yDATFT -(Ly®xy)(©<yj eid)( Y ¥ (])( g/ sid)dr+ Y X—'®j[k+]‘r)
I<jlk+lg<my l k! |k+jls <M k!
i\ xk K+l xk
@,<yj ®id) (Z > (;)(k' DI~ lJ( ? 6y®id)(ty®xy)Ar+ Y gkti ))
I<jlk+1g<my [k+jlg<my ™°
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We then write

D! x*

i\ x* . kelg, J
l)( - DI~ j y®ld)(ty®)(y)AT Z Z (l)

I<jlk+1ls<m. ( 1= |kl <m.

, Xk Copks
=pi( ¥ = Yf;(y))
|kls<m °

where we made use of the induction hypothesis to pass to the second line. Treating the term with
X;(J[k” T) similarly, we see that the induction hypothesis implies that

_ . X oo ok
’ k
e rPATfT=Dleg, | ¥ =i "R ¥ 5l T))
|k|5<m* * |k|5<m*
SDIEE = £
as desired. .

We now show that in a similar way to A and A™, it is possible to reformulate the definition of A
non-recursively. This will be essential to identify how it interacts with A; . Since the operation A acts
solely at the level of combinatorial trees, rather than on 52", in the remainder of this section we are in
a setting analogous to the one considered in [BHZ19] where it suffices to work with the distinguished
basis of (isomorphism classes of) combinatorial trees. As such, the difference between drawings and
isomorphism classes becomes less important in the arguments that follow. In order to simplify notations
and bring our proofs more in line with the similar arguments given in [BHZ19] we will therefore make
sense of operations on isomorphism classes at the level of drawings in the remainder of this section with
the implicit understanding that the operations considered are independent of the choice of drawing and
thus define operations on isomorphism classes.

Similarly to [BHZ19], it will be convenient to formulate the action of A in terms of colourings. A
coloured tree is then an (over-)decorated tree 7 together with a distinguished subset of edges 7 < E(7)
which is the edge set of a subtree of 7 containing its root. We will write (7,7,n,¢) and (r,%,n,¢,%) for
coloured decorated and over-decorated trees respectively. Finally, we define the contraction operation €
via

C(r,T,n,¢e,k)=(1/%,[nls,¢, k) (7.4)

where [n]#(v) = ¥ yeu,.;e M(w). Here we implicitly identify E(7/0) as a subset of E(7) in order to restrict
edge decorations to the quotient graph. We extend this definition to decorated coloured trees by
identifying a decorated coloured tree with its over-decorated analogue with # = 0.

Proposition 7.12. The map A has the explicit form

Arme= ) Y ) Z( " )( ¢ )LL (7.5)

~ =1l e=!
CeC 11 M2¢ e foye €C nye "pzc kzc- €e:
®<y(mm)(Tzé,nzé+7'[(ftzé+86),e—[¢é,ftzé+[zc~)
®pg C(T,Tye,n—Nyer e +E¢6),

where C. 1] = Clt] NP (E+ (1)), the second sum is over maps Nye: NT — N4, the third sum is over maps
Cyerfoge i E(Tye) — N9, and the last sum is over maps ez : C — N<.

Proof. We prove that the right-hand side of (7.5) satisfies the inductive identities of Definition We
cover separately the various cases, leaving the cases where (7,1, ¢) is either a noise or monomial to the
reader.
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Case of A(tg): We assume to be given 7 = (1,14, ¢;) and 0 = (0,1, ¢), such that At and Ao satisfy the
explicit expression (7.5). In the definition of Ato, we note that we can write C, [10] = C,[1] ® C4 [0]
where we set C,[t]® Cy[o] = {C;uC,: C; € Ci[1],Cy € C,[o]}. Furthermore, for a fixed C=C, uC, €
Cilr] @ C o], we can write £z = Cxc, + € zc, With £xc, (e) = €c(e)1exc, ecE(r) and similarly for xc.
We also write e¢ = £¢, + €¢, with £c, (e) = ec(e)1eec,. Finally, we write nzc = fizc, + fizc, + n° where
nP(v) = nzc(p)ly=p and ity (V) = nzc(WV)lyzc, venm)\(p) Where p denotes the root of 7.

Substituting in these decompositions, and adopting the usual convention that sums run over decora-
tions with the correct support, the expression (7.5) can be rewritten as

~ ng ng |(n+ng er ey 1 1 1 1
A(TO-) ) Z Z Z Z ( L )( L )( )( )( )
CreCLIT] fiscr Cxc s, £0r \112Cr ) \T2C nf  \Cxzc, )\lzc, ) kzc. ! kzc,! €c! €c,!

o€C+10) frscy Lacy fozcy “C0
nP

®<7m (T;CTUng, Iglzcr + Iglzcg +nf + ﬂ(ﬁ,y_cr +éec,)+ ﬂ(ff,y_cg +éec,),
(er = Cxc,) + (eg — Cxc,), (Rzc, + €xc,) + (Rzc, +fzcg))
®pg. QS(TU,Tch Uoxc,, ny —fizgc,) + (ho — fizc,), (er +€c,) + (eo + Ec,,)) .

We now use the Chu-Vandermonde identity in the form

n+ng| Ny | [N
nP=nf+ny \'T
The result then follows by substituting in the result of Chu-Vandermonde, again re-indexing the summa-
tion via nxc, = fizc, + n? and similarly for o and noting the multiplicativity properties

(TzCTO';fCU, rol;gcr + rol;gca +nP +m(hzc, +€c,) +nlhzc, +€c,),
(e —Cx¢,) + (6o — U3c,), (Rzc, + 02c,) + (Rxc, + 02c,))
= (t2co iz, +mlkzc, +€¢,),er = zc, fxe, +C3c,)
(02¢, nzc, +7lhzc, +ec,) to = Uxc, ke, +2c,),

and

C(1o, 720, Uozc,), Ny — nzc,) + g — nxc,), (6r +£¢,) + (¢g + €¢,))

=C(1,12¢,, 0 — Nzc, e +€¢,) - €(0,03¢,, 10 — Nzc,, to +EC, ),
along with the multiplicativity of ps and the identity
®~<ym (7o) = ®<ym ((®<YT 7)- (@<y0 6))»

which follows from the definition of y .

Case ofAJ[]T: We assume 7 = (7,1, ¢;) is such that At satisfies (7.5). We write p for the root of J[]T and
e, for the unique edge adjacent to p. In particular, e, has type [ and decoration j so that we can write
J[] T = (FT,ng,er + jle, ) where we extend ny, ¢; to J[] 7 by 0. We then divide the contribution of the sum
over cuts in the expression for J[] 7 into the case where the cut C = {e.} and the remaining cases
where C c E(7).

In the former case, since n(p) = 0 we have that the sums over ¢x¢, ¥xc and nyxc are trivial. Further-
more, for this cut ((J;7)zc,n + m&c, ¢,0) = X*. Therefore this case contributes the term

1 . 1 _
;E@q'j[erk®p§(3’[‘[,n,€+k+]) = Z _,©<}'j[jTXk®(J[T,ﬂ,e+k+])

k:lk+jls<my
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where the projection pg can be removed since the same condition is enforced by the projection Q< |
J'T

on the other term and the fact that the effective range of summation is over k which satisfy |k + j|s < m.
follows from the fact that the projection on the first term enforces that |k + j|s < y.5,r < m. by the
definition of m.. We recognise this as the second summation in the recursive definition (3) so it remains
to show that the contribution where the cut is above the trunk contributes the remaining terms in that
recursive definition.

The contribution where the cut is above the trunk can be written as

n er+jle, ] 1 1 )
Z Z Z Z( T )( Tt ]le )_'—'(Q}, j (Ft2c,npc+m(hgc+Ec),er + jlex —Cxc hzc+€2c)
CEC,4 [1] MizC fogc,Oc £ \TH2C lxc fzc!ec! g

®ps €(T, 20,y — NxC, e +EC) (7.6)

where to exclude the trun}( in the second component of the tensor, we used the fact that the node
decoration at the root of J[] 7 vanishes so that removing the trunk leads to the same tree after contraction.

We now decompose £x¢ = €5+ " where £* = l3cl,, and kzc = R+ k" where ¥ =%zcle,. Due
to the disjoint supports, we can write

er+jle,) (e [ 11 1
tzc | L\ Rac! RLARAY

(Fitz2c, ngc+ (ke +Ec), e+ jles — €z, fozc + 020)

Furthermore, we have that

5 =l RO
= x* j[] (T;;_C,nzc+n(fcéc+£c),et—l;c,fe;C+€;C).

Therefore, we can rewrite (7.6) as

(QY{T ®id)

i Xk* s pk oo * -
Y (]*)(—*'J[] O+ ®id)Ar
k*,g* k k .

To complete the proof, it remains to see that the effective range of summation satisfies |2 * +£*|5 < m.. We
note that the projection on the first component of the tensor enforces that a, +&* +¢* +|l|s —|jls <y Gig
[

Since |l|s —|jl|s > 0 by Assumption andy gip S M+ ax by assumption, the desired restriction on the
[

range of summation follows. O

7.3 The Proof of Proposition|7.8

With the ingredients of the previous subsection in place, we are in position to prove Proposition[7.8] The
proof will be by induction in Age(t) over T € 8. The part of the inductive step that deals with the case of
products of planted trees will involve a lengthy combinatorial computation which we separate out into
a lemma which is stated and proven after the remainder of the proof which is presented immediately
below.

Proof of Proposition|7.8 We proceed by induction in the age and also enhance the induction hypothesis
to include the statement

eq,x__ __ X T
" t=R"f;

where R* denotes the reconstruction operator associated to the model Z Ban,x _ (yBan,x pBany e note
that since both models have second component '3, the notion of modelled distributions agree for
7Ban and ZBanx g0 that R * f7 is well-defined.

In any of the cases where T € {X k ,Z(} (which includes the base case T = 1), the result follows immedi-
ately from the definitions. Therefore, as usual, we need only consider separately the case of planted trees
and products of planted trees.
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In the case of planted trees, we note that I15* ™ and I15 agree on such trees and that f¥ takes values
in the subsector of Wy, generated by trees of the form X k%0, X*. Since 152" and I1%2™* agree on this
sector it suffices only to prove the result comparing I1°4 and 118" for such trees.

For this, we write

FiT i - [ i ;L
R :%D]%})f;,lﬂs,m*fxr :D]%‘%;;,Irls.m*f;
By Theorem this is nothing but
g ) —x)k .
af=pika- Y DMK
lkls<IF/7ls

so that by the induction hypothesis and admissibility of TS}, the result for the case of planted trees
follows.

In the case where T =[]
former case, we write

n

" ,Tiis a product of planted trees, we treat IT,"* and IT; separately. In the

n n
M 2 () = [T 7 (p) = [T £ 0 0) = I £ () () = R*fE ()
i=0 i=0

where we have made use of the fact that for smooth models, the reconstruction is given by diagonal
evaluation of the model applied to the modelled distribution.

Therefore, it remains only to consider IT5. To this end, we use the definition of IT5, the induction
hypothesis and Lemmal(7.11]to write

T (y) = (€5 T )A 7(y) = (51 ™™ £, (A, T
= (e ™ or 1y @y (de M)A, T.

On the other hand, we have
RIT () = (M ouy] @ yDAT(Y) = (07" @ T )AL 1] ® yF)AT()).

We then extend A, to J (R) by simply having it ignor the over-decoration. We note that with this
definition,

T
ALy, e, k) = A7 Q=08 yleer, 1) = ZP AT TI(=0)*¢5 ) eer, ) = 1y ® 1)) AS (T, 1,6, ).
(T)

Therefore, we obtain
RfI(y) = (LB oLy ® H?an’x o1y [1(y) ®X§)(A; ®id)AT.
Therefore the result follows if we can show that
W3 e ™ o1y (1] ® x3)id® NA; T =R f{ (1) = (€% 01y @ T*™ 01, [1(y) @ 1)) (A, ®@id)AT.
This is the result of a combinatorial computation that we separate out in to Lemma below. O
Lemma 7.13. In the context of Proposition|7.8, suppose that T € B. Then

(5 @ (5™ o1y [1(1)] @ ) (d® M)A, T = (€% 01y, @ TT}*™ 01, [1(y) ® ) (A, ®id)AT.

241f ArT= o' ® 6% in Sweedler’s notation, then the edge sets of o can be naturally identified with those of 7. We simply carry
the over-decoration along this identification.
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Before proving this lemma, let us introduce some pieces of notation which we will need. For a given
tree 7 and an edge decoration f (i.e. a function f : E; — N%*1) we shall write for a given set of edges
CcE

Y@= f@lecveck.r  FO@):= f(@)lecc 7.7
aswell as f=¢ = f>F+ f=Cand f#C(e) = f - f=C.

Next we define an extension of A to coloured trees by

— n 4 1 1
AT, 7,n,0) = Z Z Z Z(n )(gzc)gzﬁﬁ (7.8)
CeCylr) 20 3 b2C o 2C)\"yc) by MO
CnE;=9

- N >C N _ p=2C p=C =C
@<Y¢(m/_n,¢)(7zc’7rnzc+”(Ez@+kc)’e gzc’ezc-'% 2)

®pg (T, Tye N~ Nye e+ Re),
where in the middle line we used the extension of the projection maps Q, to coloured trees given by
Qey (1, %,1,0) = Lig(r,2,n,0)<y (T, T 1, 0) . (7.9)
These extensions are chosen such that the following lemma holds.

Lemma 7.14. For every coloured tree (t,7,n,¢), such that (t,n,¢) € B
Ao€(r,%,n,¢) = (C®IDA(T,7,1,0) .

Proof. First note that by definition €@y (7,7, n,¢) = Q< &(7, 7,1, ¢). By unraveling the definition of the
right hand side we then find that

@eidAw,tn0= Y Y ) ( )([fc) >1 f:
Che \MB2C E; ¢!

CeC.[7] "zc[ C =
CnE(®)=0 #
72C §=C , p>C
Qayeiine €T30 1) ”;ﬁch”(E Grhe)e- Lot 050

®pg (T, Tye, M~ Nye et Re) .

Comparing to A€(t,%,n,¢) the claim follows directly from the formula by recalling the canonical
bijection between the edges of the tree €(7,7) and the set E\ E(7) and a simple application of the
Chu-Vandermonde identity in order to see that the node decoration at the root agrees on both sides. O

Proof of Lemma[7.13 Our strategy of proof is to unravel the definitions of (A; ® id)A7r and (id® A)A; T
respectively and perform several changes of variables in the resulting sums. This step is analagous to
the proof of [BHZ19, Proposition 3.11] with the main difference being that we do not have the extended
decoration o considered there but do have an additional ‘over-decoration’. Unlike in [BHZ19], it is
not true that a procedure of repeated substitutions will show that the two terms match since negative
renormalisation does not commute with the projection Q,, and we do not introduce an extended
decoration to handle this mismatch. Instead, we show that due to the definition of y;, this mismatch
vanishes when H?anb] (y) is applied.

Throughout the proof, we will adopt the convention that C denotes a generic element of C[7] and
C denotes a generic element of C.[r]. For a pair of cuts C;,C,, we write C; = C, if for every e; €
C) there exists an e; € C, with e; = e;. We define C; < C;, similarly. We warn the reader that the
quantifiers appearing mean that it is not true that C; = C; if and only if C, < C,. By Proposition[7.12]and
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69
Definition[5.1] we have
(A; ®id)A(T,n,¢)
Z Z Z Z ( -)(n2€+n(k2~é+gé)) ([ -)ﬁ,l-l L'LJ1|(‘L'zév"zé+7t(f¢,:zc”+£€C',e—/zé)|5<Y(r,n,e)
C#C 3¢ hyelyce0Ec \M2C Nzcue 2C) Fzc ECTEC
Nyxcue

Ps_ (Tycuer Nacuc tEC, ¢ = Lyer by + Uyc)
® @(Tzc',‘[zc, Ryec—Nyouc+ T[(f?,z(; +éEp),e— fzc' + Ec,ﬁ,zc' + fzé)
®pg €T, Tye, M~ Nye e +Ep).
We define L(t,n, ¢) = (id®Q-o®id) (A, ®id)A(7,n, ¢) and note that (ZBaHOLy®H§a“'X oty [1(y)®x ) L(T,n,¢)
0 so that omitting L(t,n, ¢) will not affect the final result. We then have that

(A7 ®id)A(T,n,¢) — L(T,n,¢)
Yy Y ¥ Z( )(nzc*m(fézms@))( e) Ly .
~ ~ - _ ~ Cr C o o C)ls (t,n,e)
CEC e hyelycecie \M=C nxcuc Oyc)hyctect et Tremre RO TOT R ‘
Nycuc
Pg. (Txcue Pacuc +EC e = Cyor g+ xc)

® @SOQ:(Tzé,Tzc, Nye—Nyouc+ ﬂ(f{,zc' +éEp),e— Zzé + Ec,fézé + fzc)
®pg (T, Tye, N~ Nyp, e +Ep).

We then note that since A;7 =) o2 implies that |72 = |7|5, we have that

IC(T46,T2C, Nye — Nycue T (Rye tEp) e —lyetec hya+ 4e)ls 2 |(Typ Ny + Whya+Eq,e = O40)ls.
Since y(,n,¢) > 0, this implies that

(A7 ®id)A(T,n,¢) — L(1,n,¢)
_ ”zc"“”(ff’z(‘:"'fé))( ¢ ) 11 1
Z Z Z Z ( )( Nycuc %

~ enl gl
czC ”zc ke lycECEc \M=C Fyelect e¢!
Nxcué

(7.10)

P5 Txcue Pacuc +TEC e = Cyer g+ 0xc)
® @go@(‘[zc',‘[zc, Nye—Nyouc+ ﬂ(f&zc +éep),e— [?;C + ECrkz(j + é?;C‘)
®Ppg. Q:(T,Tzc,n— Nye, e+ £p).

We now turn to consider (id ® A)A; (t,n,¢). By Proposition and Deﬁnition we have
(id® A)A; (1,n,¢) =

Z Z Z ZZ n—nxzclletec] 1 1 1
’ ’ k T,T L

C2CMCMaCECEC (20 =G nzc)\ Nxc 4>C ec! o) ee! ffc' €020 s+ RZE+ER) s <Y e ngcan-nyc.evec)

pg_(T#c, hzc +TeEC, )

®C(Typ, Txo Nuyp +TERES +e5),0— 028 + 60, 82C + 029

2O V2O Nxe #C c) #C Cy

®Pg. 6(1,126,11 —Nzc— Nye, e+ éct £p).
We again separate the right hand side into two parts depending on the sign of the degree of the middle
tree in the tensor product. We note that since since y, was constructed recursively starting from y, that

is admissible for 98 and % is the generating set of a historic sector, we have that Ye (7, r4c,n-nyc,e+ec) >0 -
Therefore, as before we can drop the indicator function in the part of the sum where the middle tree in
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the tensor is of negative degree. This leads us to

(id® A)A; (T,n,¢) — R(T,n,¢) =

Yoy ZZZ()(z)()l L

; et e n 02C el eql 2,201
CzCnZC'nzCSC,Ec[;gk:g zC #C C-&¢C k;ﬁC'

nye
pg_ (TZC! nxc +7eEc, B)

=C >C >C | p=C
®®50€(126,12C,nzé+n(k26 +56)’9_£2@+5C’k2@ +€2C)
® pg._&(T, Ty M= NzC — Nyer e HEC+ £p)

where (¢824 o Ly ® Hljan’x o [1(y)® xj‘,)R(r,n, ¢) = 0. We now perform a series of substitutions into the
above expression to bring (id ® A)A; (t,n,¢) — R(1,n,¢) closer to the form of (A7 ® id)A(t,n,¢) — L(z,n,¢).
We begin by writing C appearing in the sum above as C* L C" where C' = Cn C. We note that this

implies that C* # C and that given C* and C we can uniquely recover C' = {ee C: Ae’ € C*,e > €/}. We
also decompose ¢ = £c+ + €t. We can then write

(id® A)A; (7,n,¢) — R(T,n,¢) =

X X )IEDY Z( " )(n_na_‘C*uC‘)(e+EC*) 111

N . . =C* le el gl 52C*
C*?;C”zc*uév"zc‘fc*vscfyfégig* fig* Nxcue nye [26 Ecr€cr- E¢: f“zé :

Po (TZC*UC" Rycsuet n(Ecx +Ect),¢)
~ ~ B >C* 5 _ p=C* , p2C" >C*
8Q<0C(Tye, Tycrue Npc t ARG +eg)e—Co6 tec ke +056
®Ppg. Q:(T,Tzé,n— Nye—Nye, e+ Ect +E¢)
where we made use of the supports of ec+ and €+ and the fact that the contraction operator is invariant
under changing the edge decoration on the coloured component in order to simplify expressions.

We now make the substitutions &z = £¢ + £, My = Nyorye T Nyc and fiyceue = Nyceuc + TECH
We introduce the convention that % = 0 if k < 0 so that the resulting constraints on the domains of
summation are automatically encoded in the multinomial coefficients. This leads to

(id® A)A; (t,n,¢) — R(T,n,¢) =

> X 2 X Z( " )( = Tyceuc +TECH )(Q+EC*) 1 1

- _ - SR . ZC*
Cr#C figerotolizc ot B =0 p,=C* \TtzCruC ~ TECH [\ T3¢ — Mgcxuc T TECH G
2C #2C

2C Ectlec! (Eq—€ct)!

720 PT- (Txcrue gcuc + 1 (EC),©)
#2C °

_ _ >C* = >C* >C* >C*
®Q<0C(Tye) Tycrue ipc — Rigcrue (RS e +Ep)e—Coa +ec RIE +E54)
®pg~¢(r,rzc,n—ﬁzc,e+§5)
We then note that

n N—Tycryc+ e | [ 1 Nye 1 1 &)1
ﬁzc*ué—ﬂgc’r ﬁ;ﬁé_ﬁzc*u()"’”gc’r flzc ﬁZC*UC'_ﬂECT’ ect! (Eg—€ct)! Ect E"Cv!.

Substituting in these identities and noting that the trees do not depend on &+, we see that the sum over

£+ factors out in the form
ect \Iizcruc ~ et [\ Ect Nycue
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where the equality follows from the Chu-Vandermonde identity (see also [BHZ19, Lemma 2.1]). Therefore,
we obtain that

(id® A)A; (t,n,¢) — R(T,n,¢) =
S Y YYY ( n )(fzz@+ﬂ£‘é)(e+ec*) 1 1 1
~ 7 7 & * « \Aym 7; *,0 2(5* *'__" =C*y
C*zCnZC*UC’nZCEC*’Eéfig k;g n’ZC nzc uC [ZC Ecx E¢: kzé .
P Tyexuer figcrue T ECH), 0)
_ _ >C* | = >C* >C* >C*
®Q<0C(Tye) Tycrue ipc — figcruc (RS e +Ep)e— 0 6 +ec RIE +E56)

zC
®Pg (T, Tye, N — Tiye, e+ Ep).

We now observe that the left-most tree in the above expression and in (7.10) differ. This is accounted for
by the fact that we apply £5 o1, to the left-most tree in the latter expression but £} = /82" 0, 0D to

the left-most slot in the former expression where we recall that © was defined in (7.2). We have that that
Dopg =D since |[(T,n+7ak,e— ¢,k +¥)|s =|(1,n,¢)|5. Therefore,

@ eideid)((id®A)A; (7,n,¢) - R(T,n,¢)) =
> S Yy ( n )(flzé+ﬂé‘é)(e+ec*)( ¢ ) 1 1 1 1
C*2C My oonTiye €07 G [;g* k;g* ﬁZC’ ﬁéC*UC‘ [;g* "ﬂzC*UC‘ EC*!EC! ﬁ,;g*!kzc*uc!
[zc*uc“kzc*ué
Ps Txcrue figcruc TEC +Rycsye)r e —Cacruer Cxcrue + Fxcue)
®®50€(TZC’TZC*UC’ﬁ26_ ﬁzc*uc+n(k:g +§(j),€—[2q* +€C*,f{,:g* +[;g*)

2C
®p0j~¢(‘[,‘[zc,t‘l— flzc, e+E@).

e+ Ec _ 4 e+ Ec _ 4 4 Ecx
ol B Ve | s B Ve I ZC I Vo | Vol
#C 2C 2C #2C [;C :F;é +Z;C #C #C

where the last equality follows by Chu-Vandermonde. Writing £ 4+ = 0 ;g* +¢ ;g* + 4y thisyields

We now write

@ eideid)((id®A)A; (t,n,¢) - R(T,n,¢)) =

Sl L (o A (A KR
C*2C hgeroooigcece ke Uue 4 #C #C*uC 2CJ\Eye JEC € RyE T Tgcruc:

=C* c
e kzifué
g (Tacrue fizcrue tEC +Rycrue) e = Cacrue Cze + Racrud)
® Q08T 40 Tycruc e~ Mgcruc +HRSE +80),e=Lye =058 +ec REE + 0y + 058

Z
®pg. Qt(T) TZC'vn - ﬁzé, ¢+ (Z:C'v)

To prepare to perform the sum over Z;g*, we substitute £cx = g¢x — Z;g*, Rycrue = Myeorye ni;g* and
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>C* C CpR—
=k 6 T [ . This yields

@ eideid)((id®A)A; (1,n,¢) - R(T,n,¢)) =

P L e o R

. . .y =C « + 07C Y ER (B ZCT _ p=C”
ChigexyerlizcEctEe f}cc* ﬁ;g Azceué ”[ #C 426 (Ec +[zc NEq (kzc ¢
#2C k;ﬁ(“*u(“

—fe, - g (Tzc*ucv”zc*uc"‘”(fC* +kzc*uc) e_gzc*uc’[zCJrf"vzc*uc)
Z *

- JRE S _ 62C* 2 Vo _p .= g =C* _
®Q<0C(Tye) Tycrue igc — Mycruc ke +Ep) e—Llyc+Ec hys +0y0)

®pg (T, Tye,n—Tyge, e +Ep)

where we note that the constraints on the domain of summation appearing due to our substitutions are
encoded by our convention on the multinomial coefficients. We note that

= j=C* j=C*

(EC* +036 ) 1 1 :(fﬂzc ) 11
=C* | @ +2-C ) (BZC —Cy1 | g=C* |ecr B2C1
8 e+ N RS -\ 758 Jee R2S

Substituting this in, we see that the sum over V3 ;g* factors out in the form

g =C*
Z (kz(:
| j=C*
e (ZC

where the equality follows by Chu-Vandermonde. In total, we have obtained that

( ftzé+7'[5‘é ) _ (ﬁ?ﬁé-’-”(é(f"'ﬁz;g*))

A~ o 7=C* A~ N
gcrue =6 Nyc-ue

@ eideid)((id®A)A; (7,n,¢) - R(7,n,¢)) =

s Yy YY ¥ (nzc)(ﬁzé+2(éc+~ﬁ;g*))( 9)1L;;'

C*#C Nycryofizc EcrEe e k;g

Fscruc
Ps (Txcruer igceue T EC +hycrue) e = Cacruer O+ Rycrud)
7 i p=C* | = = g=C*
® Q0T3¢ Tycrue Mge — Mgcruc TR +Eg)e—LyotEc hoc +yc)

®pg. Q:(T,Tzé,n— ﬁzé,e +E¢).

We now substitute iy« ¢ = Agcsye TR yor ¢ and sethye = f%;g* +FRycx e Wenote that since Ry cx ¢
5 >C* P . . .
and )‘é; s have disjoint supports, both can be uniquely recovered from % . This gives us

@ eideid)((id®A)A; (t,n,¢) - R(T,n,¢)) =

S Y Y OY ( )(ﬁzc+n(éé+kzc—kzc*ué))( ) 11 L
C*#C Nyc hyelycEcr Ec nxe nZC*UC‘_ﬂﬁ/XC*UC' ch ftZC' Ec+! &c!
Tiycx e

ps (Txcruér ﬁZC*UC‘ +MECH, e — ch*u(?jzé + fczé)
® Q0T Tycoucr ixe — figcruc T Ryc +E¢) e = Ly +Ecn Ry +yc)
®Ppg. Q:(T,Tzé,n - flzé, e+Eq)

where for the edge decorations in the middle tree, we made use of the fact that the contraction is invariant
under changing either edge decoration on the coloured component. We now note that (up to relabelling)
this matches the expression (7.10) except for in the second multinomial coefficient evaluated at vertices
INTyee @

ZC*uC
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However, we can observe that
Ban _ A . N N = _ N = N ) —
IT, oLy &(T4e, Tyoruer g — Mycrye T (Rye HEp) e —lyp +Ec, hye+l46) =0

unless iy — iy o+ T(Rye+E6) = 00N Tyer e sSince H?an[tyol (y) = 0if 0 has a non-vanishing polyno-
mial decoration at the root. This implies that the problematic part of the second multinomial coefficient
is identically 1 on the region of summation that contributes to (£} ® Hﬁa“ on 1y @y ide NA; (T,n,¢).

By a similar argument, the contribution of vertices in 7x¢ in the second multinomial coefficient of
is identically 1 on the region of summation that contributes to (%o, ® H?an ol ex)Ar e
id)A(7,n,¢)). Therefore we have established that

S eI o1y [1(y) @ x3) (id @ M)A, (7,1n,¢) = (€% 01y, ® T} 01, [1(y) ® 1) (A} ®Id)A(T, 1, ¢)).

8 Proof of Theorem - Convergence of Renormalised Models

The goal of this subsection is to assemble the ingredients of the rest of the paper to obtain the proof
of Theorem Since the vast majority of the hard work has been performed in earlier sections, this
mostly involves appropriately tracking the parameters and arranging the individual parts in the right
way.

Proof. We fix & as in the statement of the result and a value of © > 0 which is assumed to satisfy a finite
number of constraints that are collected throughout the proof. We fix also an arbitrary choice of y, that
is admissible for 9 (as defined in Definition[7.1). We fix a regularity parameter @ < —m, — |s| — max(s)
where m. is defined above Proposition and we fix a weight w that is to be specified later in the
proof. We let Wy, be the corresponding sector of g Ban(Ca) as defined above Proposition We remind
the reader that 784" (C%) is defined with respect to the rule R arising as the derivative completion of
R as defined in Deﬁnition For K1,K> € Qﬁiq;@), we let A1, A% € ¢ denote the corresponding kernel
assignments on g Ban(C %) where we require throughout the proof that ¢ + max(s) < ©.
For fixed € > 0, we define the (state-space dependent) preparation map P¢ on (%) via

PEl(y, 1) = (5% ®id)A;

where ¢°% is defined as in Section (see and the preceeding discussion) where 32" appearing
there denotes the BPHZ functional on W, with respect to the kernel assignment A' as and the noise
assignment ¢¢ as defined in Lemma We denote by (I151 781 the corresponding models on J (R).
We first obtain a uniform in £ bound in L”(Q) for || Z¢||(g); . For notational convenience, we tem-
porarily suppress the decoration i. We note that the proof of Lemma[4.19]did not use that the kernel
assignments were translation invariant. As a consequence, it suffices to obtain bounds on [[IT¢ || (gy. 5.
As a consequence of Lemmal(7.6]and Proposition[7.8} if ¢ (and hence O) are sufficiently large in a way
that depends only on the parameter y, and the rule R, we find that for every compact set R there exists a
compact set £ and k € N such that
1
EP [ITI°]]

<1+ ||A||§f +

P > p ¢
5 €
()] E? ["Z I ;fz])

WYO

where we have set p = kp and where Z¢ denotes the BPHZ model on Wy, with respect to the kernel
assignment A and noise assignment ¢¢. Therefore, for our uniform estimate, it suffices to bound the
expectation appearing on the right hand side above. By Lemma for this purpose it is sufficient to
bound

L .
7 |57 v( )|

AlTls+x

sup sup sup sup sup
TeBiy, xeRACO, 11 PEBT e (g llls)on ||V||(3d}n)®,,<r>
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uniformly in € where ¢, € [1,00] is a fixed parameter depending on T and p, £ is a compact set
depending on R and %Wm and x > 0 is a parameter that we are free to choose (so long as we do so
uniformly in €). Here Z&% = (I15% ,1'$%) denotes the BPHZ model associated to the noise assignment
&€ and kernel assignment given by the identity map on the historic sector of 788 (% l}[ ls) generated by
Bwy, -
The required bound on this quantity follows from Lemmal5.14]so long as we can bound

o )
57 (| (o)
sup sup sup sup sup
TeBiy, xe R ACO,1] peBT AT AT K [Toe g, () ||AT([(e))II3d}r(en

uniformly in £ where for each T we fixed an arbitrary choice of 7 € T and denoted by Z7¢ = (I1%¢,['7¢) the
BPHZ model associated to the kernel assignment A* and the noise assignment induced by ¢¢ as defined
in on the regularity structure T* defined above Lemmawith respect to the rule R. We recall
that the supremum over A’ is a supremum over all kernel assignments of order ¢ on T°.

We note that since T7 is the regularity structure with one-dimensional components corresponding to
a complete subcritical rule and A" are translation invariant kernel assignments, we are in the setting
of any of [CH16}[HS24} BH23] and therefore the required uniform bound will follow from any of these
paperf_g] as soon as we verify their hypotheses on each regularity structure T7. It is then a straightforward
exercise to check that for each of these papers, the required assumptions on J (R) imply the same
assumptions on T?. This is essentially because T* differs from F (R) only by introducing duplicate copies
of trees allowing edges of the same type to correspond to different kernels. Since the important detail
from the perspective of [CH16}[HS24, BH23] is the regularising effect of the kernel rather than the precise
choice of kernel, this does not affect the assumptions. Since F (R) differs from F (R) only by removing
derivatives from edges, it is in turn straightforward to see that any of the required sets of assumptions
are stable under passing from ' (R) to 7 (R). This completes our proof of the uniform in £ bounds.

To prove convergence of Z¢ as € — 0, one follows the same line of argumentation for the quantity

EVP(IZE, 20| f%; &) Indeed, by Lemmaand Propositionin combination with Hélder’s inequality

and the uniform bounds on moments of | Z&¢ || Wi established in the previous part of the proof, we
o
obtain the existence of p € [1,00] and a compact set K such that

1 1 P
- &1 _ 62 P 1_ 42 . = &1, 76;2P
E? [”H I ”<93>;ﬁ] SIA" = Allag +EP [”Z Wz ”Wm;ﬁ

where the implict constant depends polynomially on || A || oo
As a consequence of Lemma and Lemma|5.23] we therefore deduce that there exists a compact
set £ such that

1
> &1 _ 0:2 P
EP |l 1 ”(9&);5%

677 (A5 - ) ()] )

AlTls+x

< ”KI—KZ”deq;O"‘ sup sup sup sup sup 8.1)
+

TRy, xe A1 GEB’ e (glll)on(m IVl g1ty o)
where the implicit constant depends polynomially on || K| 4eao and where we emphasise the fact that
+

the models appearing on the right hand side are the BPHZ models associated to noise assignments &%, &0
respectively and the kernel assighment given by the identity map. By taking K! = K? in the above and

5strictly speaking, those papers yield the bound without the extra x in the power of A. Since % is a finite set, this can be
absorbed into redefining the degree assignments on T7. Since this kind of argument is standard in the literature, we omit the
details. Furthermore, we note that [HS24}[BH23] do not track the requirements on kernels as finely as we require here. However,
the proofs do yield the input required here in a straightforward manner so long as ¢ is sufficiently large. In the case of [HS24]
(which shares more analytic tools with this paper), the required modifications are very close to those that we perform in Sections@]

and
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appealing to the last estimate of Lemma|5.14|in combination with any one of [CH16} [HS24, BH23] as in
the uniform bounds part, we see that for any compact set &

EP (12520017, ) —~0,  ase,6—0. (8.2)

By Markov’s inequality, it follows that Z¢ is Cauchy in probability in J( ((%8)) and hence converges in
probability to a limiting model Z. The fact that E[|| Z%; Z|| f’%); ﬁ] — 0 for each R then follows by passing to
an almost surely convergent subsequence in § in and sending 6 — 0 with the help of Fatou’s lemma.
With the convergence result in hand, the locally Lipschitz dependence on the kernel assignment
follows by sending ¢, — 0 along almost surely convergent subsequences in (8.1), again with the help
of Fatou’s lemma. The final statement of Theorem [2.12] pertaining to the form of the counterterm is
immediate from the definition of £° given in Section[7.1} O

9 Decompositions of Green’s Kernels for Parabolic Operators

In this section, we provide the remaining ingredient to show that Corollary covers the case of suitably
nice variable coefficient heat operators. More precisely, we prove that Assumption holds in the

setting of heat kernels of second-order differential operators 0 R'* of the form
d d
L=0;- ) a;j(t,x)0;0;— ) bi(t,x)0; —c(t,x). 9.1)
i,j=1 i=1

Due to the assumed form of the operator, we now assume that the scaling s is given by s = (2,1,...,1).

9.1 Setting and Statement of Heat Kernel Decomposition

Throughout this section, we make the following assumptions on the coefficient fields a, b, c. We fix an
ellipticity radius A > 0.

Assumption 9.1. For some p € N, the coefficient fields a: R™*% — Sym(d), b: R'*% — R'*% gnd c: R'+4 —
R, satisfy:

1. (Uniform parabolicity): Forall z € R4, andall{ e RY,

d d
AP < Y aj@l<A7WP, where  [(1P=) (.
i,j=1 i=1

2. (Regularity): Fori, j € {1,---,d}, the functions a;j, b;, and c, are of class C®, with

lalp= max |la;jllce <oco Ibllp= max [billce <oo lcllp=licllce <oo
e e gy Y ’ e ey ’ e

J
where C® denotes the space of (globally) p-Hélder functions with respect to the scaling s.

Definition 9.2. We will denote by A, the vector space of triples (a, b, ¢) satisjj/ingAssumption which we
endow with the corresponding norm ||(a, b, ¢)llp = lallp + 1bllp + licllp. We also define A =NpenAp, Which
we endow with the family of semi-norms (|| - Il o) pen-

It is well-known (see e.g. [Fri64} [Gri04]) that the heat kernel of L can be expressed as the ‘Volterra
series’
(&)
r=zx)Y (-6 9.2)
k=0

where:

26in this section, contrary to the rest of this paper, we work in the ambient space R*4 instead of R?, in order to capture the

different role of the time and space directions
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1. =* refers to the space-time convolution operator, defined by the expression
u*v(z,z) = / dlu(z,v((, z), forz,ze R!*4 (9.3)
Rl+d

whenever the integral converges.
2. Z: R4 x R1*4 _ Ris explicitly expressed as
Z(2,2) = W(z~2), 9.4)

where W" denotes the fundamental solution of the differential operator L =0, -); jai j(w)0;0;
whose coefficient is “frozen” at w € R'*¢, which is in turn given by

—Zd all(w)x;x;
1 10 i,j=1 i

WY(t, x):=
(t,x) (Am)42 det(a(w))1/2 td4/2 4t

(9.5)

1

Note that here and throughout we denote by a'/ the entries of the inverse matrix a~! of a.

3. Eisequal to LZ away from the diagonal where by convention the differential operator L acts on
the first 1 + d variables of Z. Explicitly, we have that

d d
E(z,2)= Y. (a:j(2) - a;;(2))0:0;Z(2,2) ~ Y. bi(2)0; Z(2,2) - c(2) Z(2, 2). 9.6)
ij=1 i=1

In order to construct a kernel assignment satisfying Assumption[2.15|we will need a more refined
decomposition based on Taylor expansion in the coefficient field. For the first term in the Volterra series
and to first order in the expansion, a similar Taylor expansion in the coefficient field was used in [Sin25,
Lemma 2.7] in order to show that due to symmetry assumptions Z * (—E) does not contribute a need for
renormalisation in the situations considered there. At the level of generality considered here, appealing
to qualitative symmetry assumptions is not possible and so we instead use Taylor expansion in the
coefficient field for a different purpose. Namely, we show that all parts of the kernel that contribute a
genuine need for renormalisation can be written in the precise form described in Definition[9.3|below.
To the best of our knowledge, no decomposition to arbitrary order and obtaining a form such as in
Definition[9.3|is available in the literature. Therefore, the remainder of this subsection is dedicated to
providing such a decomposition, see Proposition[9.8 below.

We introduce a class A of (families of) translation-invariant kernels, which encode a property of
‘locality in the coefficient field’.

Definition 9.3. Let a, b, c satisfy Assumption[9.1|with respect to p € N, and let r < . We say that a family
(KW) werl+d Of translation-invariant kernels belongs to the space A, (we simply write A whenr, a, b, c are
clear from context), if it can be expressed as a (finite) linear combination of kernels of the form

Py =y D)WY (yi = yis1), 9.7)

1
=0

KﬁlN,p(Z—Z) =F(w) /dJ/1"'dyN

1
for I e N, with the convention yy = z, Yn+1 = 2. Furthermore, in (9.7) we require that

1. the PV are rational fractions of the form

PUil(,x) = V2 QU (12 1712y, for some polynomial Q'

2. the function F is a polynomial in the entries of a, a™", b, ¢ and their derivatives of degree up to r i.e.

F(w) = p((0'a; j(w),8'a" (w),8' b (w), 8" c(w)) 11, <rsi, jeqr, ), for some polynomial p. (9.8)
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Remark 9.4. We note that the spaces A thus defined depend on a, b, c through and the appearance
of WY in (9.7). One may readily prove that the integral in is (absolutely) convergent outside the
diagonal z = Z.

Remark 9.5. We note that by the transpose-of-comatrix formula expressing the entries of a! as rational
fractions in the entries of a, the function F in is also a rational fraction in the entries of a, b, c and
their derivatives, with nowhere vanishing denominator. In particular, it is thus a smooth function thereof.

Example 9.6. As a simple example, note that the family (W")  cg1+a defined by 9.5), belongs to A¢. In
this case, N =0 and P! = F=1.

Recall that the spaces X ,ﬁ of translation-invariant regularising kernels from Deﬁnition are not
strictly speaking spaces of functions F, but rather spaces of dyadic decompositions (Fy,) ;en. As already
noted in Remark[2.6} one can pass from the decompositions to a function F by summing the coefficients
Fp,. In the converse direction there is no unique way of constructing the coefficients F,, given a function
F. In this section, we will prescribe a way of performing such a decomposition by fixing once and for all
a suitable dyadic partition of unity. More precisely, we now fix once and for all a smooth cut-off function

Y eCP®™),  suchthat  1p,01/2 <x <15,0,1) 9.9)

and define for z = (t,x) € R'*%, ¢(2) = y(2) — y(4t,2x), along with the dyadically rescaled ¢, (z) =
(/)(22” t,2"x). Thus, by telescoping, one has 1 = (1 — ) + 3,0 ¢, on Rt {0}, whence the decom-
position F = R+ Y7 F, with R = (1 - y)F and F,, = ¢, F. Note that by construction, one automatically
has for all n € N that supp(F,) € {(z,2): 12— z|s < 27"}, so that in the remainder of this section when we

write that F € %f we will mean the corresponding statement for the family (F,) en-

Definition 9.7. We define y A, to be the space of kernels of the form K" (z - z) = y(z — 2)K¥ (z— Z) with
KeA,.

Given r € N, we will denote by C} . the space of functions on R!*9 x R1*9 of class C" (for the scaling
5), endowed with the family of semi-norms

IFlcy ,n= sup sup sup |0]'0)F(z,2)|, for T > 0.
' ljils+lj2ls =<7 x,yeRd |1=s|<T

We are now ready to state the main result of this section.

Proposition 9.8. Forallr, M €N, there exists p = p(r, M, d) € N such that if the coefficient fields a, b and c
satisfy Assumption[9.1| with respect to p, then the kernel T’ defined by the series can be decomposed in
two ways, as

['(z,2) =K*(z—2) +R(z,2), (9.10)
=K*(z-2)+R(z,2), 9.11)

where K, K, R, R depend only on r (and a, b, ¢, but not on M) and
K, KeCMFHi)nxA,  RReC]_,.
Furthermore, the decomposition can be performed in such a way that the following maps are continuous:

A, — CMFAIeC]

loc, ¢

(a,b,c) — (KR, (a,b,c) — (K,R).

A, — CMFEIeC]

loc, ¢

9.12)

We note that the output of Proposition[9.8]implies that the locality property encoded in Assump-
tion [2.15| holds for a value of N which depends only on r,M and d. Indeed, K € yA, implies that
K*= f((ala(z), 6lb(z),alc(z))u|5£r) for some function f, and similarly for derivatives in the ‘upper slot’
of K since A; is stable under differentiation.
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Remark 9.9. The decomposition is not an immediate consequence of (9.10). Indeed, since our
strategy is based on the Volterra series (9.2), each summand of which is not symmetric in z and z (see e.g.
04, ), inverting the roles of z and z in our proof requires an argument. To that effect, we use the fact
thatT(z,z) =T7(Z, z), whereT'* is the heat kernel of the adjoint differential operator

d d d d d
L*=-0;—- Z aij(z)aiaj—z(ZZaja,‘j(Z)—b,‘(z))ai—(C(z)—zaibi(z)+ Z aiaja,‘j(z)).

ij=1 i=1" j=1 i=1 ij=1

See [Fri64, Chapter 1,Section 8] for a relevant discussion of the adjoint equation. In particular, one may
constructT* as the seriesT* =) j0 Z* * (=L*Z*)*k where Z* (z,2) = W?(z — z), where W is as in (94).
Up to interchanging the role of t and t in the various scales of spaces ¥, ®, C(¥), C(®) which we shall
introduce in this section, the decomposition can be established in the same way as (9.11). Thus, in
what follows we concentrate on establishing the latter decomposition.

Let us also record the following (straightforward) corollary in the case where all derivatives of the

coefficient field are controlled. We define the space C*® (%fo) =Nper CY (3{12\4), which we endow with its
natural Fréchet topology.

Corollary 9.10. In the context of Proposition[9.8, for any r € N, the following map is continuous

A — Ccx@becy,
(ar b) C) — (K, R).

Remark 9.11. The remainder R does not play a crucial role in the rest of this paper since it is not included
in the construction of the model. However, if one wishes to apply the corresponding solution theory of
[Hail4,|BCCH20] it must enjoy a number of properties, some of which we now briefly comment upon.

For example, in the setting of spatially periodic problems, to directly apply the results of the papers
mentioned above, R must be itself periodic in space and of sufficiently fast decay at infinity in time. If the
coefficient field is assumed to be periodic in space then both of these properties can be read off analagous
properties of T itself by writing R(z,z) =1'(z,2) - K*(z - Z).

Furthermore, we note that [Hail4,|BCCH20] assume that R is smooth, while Proposition only
provides a remainder of class C". This is not problematic since the results of those papers remain valid
provided r is large enough in function of the equation under consideration, which can be guaranteed in
our context provided the coefficient field is itself chosen regular enough.

9.2 Proof of Heat Kernel Decomposition

This section is devoted to the proof of Proposition[9.8/which proceeds by first showing suitable conver-
gence of the Volterra series and then by post-processing it to obtain the locality statement.

For the convergence, we find it convenient to follow the approach of [Gri04]. We introduce in
Definition[9.12]a scale ¥ = (¥'¥) ren,a>0 Of spaces which are a minor adaptation of [Gri04} Definition 2.1]
and are, sometimes called a ‘heat calculus’. These spaces satisfy various stability properties, in particular
with respect to multiplication and convolution which allow us to control each term of the Volterra series
(9.2). Since this part of the proof is only a minor adaptation of the construction given in [Gri04], we only
briefly sketch the details.

The main point of this section is that the heat calculus mentioned above is insufficient to account
for the locality property that we demand in the form K € yA,. Indeed, on the one hand, while Z
satisfies the claimed decomposition by Example[9.6] the same is not true of LZ, due to the presence
of the terms a;(z), b;(z), c(z) in the right-hand-side of ({9.6). Furthermore, the following property of
a kernel F, “F(z,z) = F*(z - Z) for some (F"),, € A”, is not stable by convolution, since F * F(z,Zz) =
f d{ F¢(z— () FZ( - Z) needs not be of the desired form, due to the presence of { instead of z in the ‘upper
slot’ of the first factor in the integral.

To resolve this difficulty, the idea is to perform Taylor expansions in the coefficient field within each
term of the Volterra series, which leads to expressions of the desired form modulo terms coming from
the Taylor remainders which we show to be much more regularising.
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We now recall the definition of the ‘heat calculus’ scale ¥ = (¥%) ey, a>0. We note that our definition
slightly differs from the one in [Gri04], since here we allow for time-dependent coefficient-fields and
work on R? rather than a compact Riemannian manifold. In comparison to [Gri04], we have also changed
the convention for the exponent a so that here a > 0 represents the regularising degree of the kernel.

Definition 9.12. Leta € R and r € N. We define V¢ to be the space of functions F : R'+% x R'*¢ — R such
that there exists a function F : R'*% x R1*9 — R such that

a X—X

F(2,2)=1,5(t—-10 2 ﬁz,(t—i)”z,m (9.13)
and such that for each T € Ry, n € N we have that
IFllg,riTn= SUp sup sup sup (1+|5c|)”|6{6§15(2,z)|<oo. 9.14)

zeR1*+4 te[0,T1/2] xeR4 | jls +1kls =T
In particular, the family of semi-norms (9.14) turn W% into a Fréchet space.
We will also consider the subspace of ¥¢ consisting of translation invariant kernels.

Definition 9.13. We define @7 to be the subspace of Y} consisting of translation invariant kernels
(equivalently, F defined in ©-13) depends only on (t— 1'% and (;fg)’ﬁz ), endowed with the induced family
of semi-norms.

We note that contrary to the spaces X7, the spaces ®¢ do not come with the assumption of having
support in the unit ball. Examples of functions belonging to ¥¢ with suitable a are provided in the
following lemma, which can be established by elementary computations involving the chain rule and
Taylor’s theorem. The most subtle term treated below is the contribution of E as defined in (9.6).

The important point for this term is that whilst taking two derivatives typically loses two degrees
of regularising effect, the term a;;(Z) — a;;(z) above restores a degree of regularising effect by Taylor
expansion at the cost of the loss of one derivative (which corresponds to up to two degrees of regularity
due to the parabolic scaling). For brevity, we leave the remaining elementary computations required for
the following lemma to the reader.

Lemma 9.14. UnderAssumption we have that Z € ¥2,0,Z € ‘Pé, 0;0;Z¢€ ‘I’g fori,jefl,---,d}, and
Ee \Pé—z- Furthermore the following maps are continuouﬁ

. 2 . 1 . 0 . 1
Z:Ay—Y5,  0iZ:Ag—Y,,  0;0;Z:Ag—Y,  E:A,— ¥ ,.

In what follows, a key role is played by families (Fy,) ,cg1+« of functions uniformly belonging to W¢,
which we introduce now.

Definition 9.15. Let a € R, r € N. We say that a function F = F,,(z,z) of the variables w,z,z € R4,
belongs to C" (Y?), if furthermore for all m € Nt with |m|s <randall we R*9 one has 0mF, eVy,
andifforallneNand T >0,

|Fllq,r;T,n = sup sup ||62/1Fw||a,r;T,n < 00. (9.15)
weR+d [mls<r

The family of semi-norms (9.15) turns C" (V%) into a Fréchet space.
Similarly, the space C" (®%) is the space of C" curves on R'"* ¢ (with the scaling s) valued into ®%, which
we endow with the family of semi-norms induced by (9.15).

Example 9.16. One can prove similarly to Lemmal9.14 that the function F,,(z,z) = W™ (z — Z) belongs to
CO(®Z.). Furthermore the corresponding map A, 3 (a,b,c) — W € Ce(®%)) is continuous.

The most important property of these spaces is their stability under convolution.

27Here we slightly abuse notation by identifying Z with the map from (a, b, ¢) to Z and similarly for the other maps.
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Proposition 9.17. Letr €N, a, > 0. Then the convolution map defines a bilinear and continuous
map from P¢ x ‘I’f - ‘I’fﬂﬁ (and hence from ®% x (I>£j - @‘rxﬂﬁ), as well as from C" (¥%) x C’(‘I’}B) -
C’(\P‘:Jrﬁ) (and hence from C" (®%) x C’(@E) - C’(@‘erﬁ)). Furthermore, we have the following estimate,
valid for both families of seminorms and (9.15): foralla >d andneN,

a—d
"F * G”a+ﬁ,0;T,n Sn,d B(T' g) ”F“a,[);T,n”G”/S,O;T,n+d+ly (9.16)

whereB(a, b) = fol ds(1 -5 b1 js the beta function.

Proof. Since this is similar to [Gri04, Proposition 2.6] we remain brief here. Taking F,,(z,z) = F(z, 2),
one sees that the result in C" (¥%) x Cr(\PE) — Cr(‘I’iHﬁ) implies the one on W% x ‘Pf — \P;Hﬁ. Thus,
we consider the former case throughout. Writing explicitly the integral expression of convolution,
with integration variable { = (s, ), and performing the successive changes of variables s — (s— )/ (¢ — 1),
y—y-sx—(1-9)%andy— (sQ-9)(- i))71/2 ¥, we obtain an expression of the form

~ _ a+f-(d+2) - - X—X
FuxGu(z,2)=1yp(t—=D" 2 F*Gw(t,x,\/t—t,m),

for the function F * G, of the variables w € R1+d, (t,x) € [R”d, ueR,,andve [Rd, explicitly given by

1
— a B
FxGy(t,x,u,v) :/ ds(1-s)271sz 7!
0

/ dyGw(t, X, uys, yV1—s+ v\/E)
R4

Fw(t+ ws,uyyv/s(l—s) +x+uvs,uvl1-s,vvV1—s— y\/E). 9.17)
From that expression one may readily insert the bounds on F and G and deduce the claimed

continuity after some elementary calculations. We rather prove (9.16) in detail, since it will be an
important estimate later. Plugging the assumptions on F and G in the explicit expression (9.17),

1
—_— a_1 B_
|F*Gw(t,x,u,v)|s||F||a,o;T,nanﬁ,o;T,mM/ ds(1-s)z 7 tsz7!
0

1
d .
/Rd y(1+|U\/1—s—y\/§|")(1+|y\/1_s+ vy/s|rd+ly

Noting that (1+|vv1—s—-yv/s> )1 +|yv1-s+vy/s?) = 1+ |v|? the latter spatial integrand may be
bounded by a constant multiple of (1 + |v|") ™ (1 +|yv1 - s+ vy/s|%*1)~ L. Plugging into the integral and
performing the change of variable y — yv/1 — s+ v+/s therein, we obtain (9.16). O

We note that the convolution map defined above is associative in the obvious sense as a corollary of
Fubini’s Theorem since all integrals in the proof are absolutely convergent. Iterating the final statement
in the above result then yields the following corollary.

Lemma 9.18. Suppose that > 0 and that M is such that M > d. Then forall j €N,

(M+i-1)p-d p

”R*(M+j)
2 2

, i
. *M J
loreppoirr SIR M InporrlRlg o ygi | |1B
i=

with the convention that the product is 1 if j < 1.

Proof. The proofis by induction in j. The base case j = 0 is trivial whilst the induction step follows by
applying Proposition and the induction hypothesis. O

With this result in hand, we provide the required convergence result for the Volterra series defining I'.
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Lemma 9.19. Suppose that p = 2. Then the series

r=Y zZ+-p**
k=0

converges in CO2(R% x RU\ A) for A = {(z,2) : t # I} to a heat kernel for L. Furthermore, there exists K such
that the map

Ap3(a,b,c)— kZKZ* -B*ect?

is continuous.

Proof. Since all bar the final statement in this result are a direct analogue of [Gri04} Proposition 2.10], we
focus on proving the final statement (which also implies the convergence statement). We fix jj, jo» with
Jils +lj2lssr=p—-2.

We note that if k is chosen so that k > d + r then

. ~ k-ljtls—lj2ls=d &

sup 107022 (Z* (-E)*M) I ST 2 10)'00 Z % (~E)™ a4k j11s=jolo.0:T0-
z,Z

|t—t|<T

We now estimate the right hand side by use of Proposition and Lemma We have
2+ M-ljils—d (k—M)—lj2ls
2 ’ 2

j M } k—M
IIG{IZ * (—E)" ||2+M—|j1|5,0;T,0||a£2(_E)*( )||(k—M)—\j2|5,O;T,d+1

J1 a2 k
107 05" Z * (=E)* " ll24 k=1 j s~ jo1s,0570 S B

under the assumption that first M is chosen large enough so that 2+ M — r > d and under the restriction
to k large enough so that k— M > r.
It follows straightforwardly by differentiating the expression (9.13) that

10 Z % (=B)* Ml s M= j110,0m0 S L+ T) 2 1Z % (=E)*Mllpins, j116:730-

Meanwhile, by Proposition and a similar derivative bound, we have

J2 k-M
12 (—E)* )||k—M—|j2\5,0;T,d+1

k—-2M—-d M-—|js,| lizls (ke .
<B , > la+1) 2 |(-E)** om0 ra |E M||M,|j2|5;T,2d+2

~ 2

under the assumption that M > r and restricting to k > 2M + d. Then by Lemma we have that

k=3M
(k—2M) «M k-3M
I(=E)* lk-2m,0;1a+1 SNE™ a0, m,a+1 1ENT 070040 [T B
i=1

M+i-1-d 1)
2 2)
under the assumption that M > d and restricting to k = 3M.

Combining these estimates and absorbing all terms that do not depend on k in the implicit constant
(which we can do since we are interested in summability in k), we obtain

A Evr = ko 2+M-—|jils—d k—M—|jo|
sup 101'0,(Zx(-B)")(z, 2 S T™ llEll’f,o?%d+zB( T ]25)
Z,Z

|[t—£|<T

’

2 2

)

k-2M-d M—|j2|5)k‘3M
2 2)

[] B

i=1

M+i-1-d 1)

The right hand side is summable in k (starting from a large value of k) locally uniformly in Z and E due

to the fact that B(a, b) = B(b, a) ~ a~? for b fixed as a — co. This establishes convergence of the series.
Since the convergence is locally uniform in Z, E and the map (a, b, c) — (Z, E) is continuous, the

desired continuity claim follows by use of the continuity statement in Proposition|9.17| O
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Since the above result shows that the tails of the Volterra series can be included into the remainder
part of the decomposition I = K + R, we turn to providing suitable decompositions of the remaining
finitely many terms of the form Z % (—E)*K. Here the strategy will be to apply the anisotropic Taylor’s
formula presented in Lemma|C.1]and show that the resulting remainder terms can be included into R in
our decomposition of T.

Proposition 9.20. Fixr < p. For any w € R'*%, we can write

Z(z,2)= Y. E-wrzZMez-2+ Y E-whziM(z2) 9.18)
|kls<r kedsr

where we have written 041 = 0{j : |j|s < r}. Furthermore, the above decomposition can be made such
that Z'¥ € co-Ikls (@2 YN A, and Z0:lkl ¢ C“(‘Pg Ikl )for any a < p —k||s. In addition, we have that

(t—H~V2 7 € A,. Furthermore, the maps (a, b, c) — ZW, z0%! gre continuous.

Proof. By applying Lemmato the function Z in its first argument, we obtain a decomposition of the

form (9.18) with

~ X
Z[k](Z) _1 ot d/26/1€Z(w; t“zym),

w+y(zZ-w);(t- )1/2,% aki@ay).

1
Z2WK(z,2) = —lt>t(t—t)_d/2/ EGAPA
l Rl+d

It follows from the definition of Z and an explicit computation of the derivatives 6’1“2 that ZI¥ ¢
co-lkls (@go) NAj, and that (£ - f)‘l/zZ[k] € Ar. The continuous dependence on (4, b, ¢) can also be read
off this computation.

For the remainder, we distinguish the cases km k) = 1 and kit > 1 where m(k) is as in Appendix[C|
In the former case, we have m(k|) > m(k) which implies that the integrand appearing is constant on the
support of @ . Writing out the definition, we therefore see that

Fl/2 (x =) )

1
0,[k] —-dl2 5 .
Z (z,2) = —1 (t—1 6 Z(z, HZ , W oWy (t , -
l >7 0 m(k) m(k)+1 d (1t t)1/2

12 (x—X
( _ Z)I/Z)

_61 Z(ZO;er(k)—lrwm(k)vwd’(t t)

From this expression, it follows that in this case Z%* e C%(¥? ,) forany a < p k|| and that the

o-lk)ls—
map sending (a, b, ¢) to 791 js continuous.
In the other case, we have

Za,[k](z z)
_ (x—X)
k |lf>t(t_t) dlz/ [6 Z 205+ Zm(k)-1 Wm(k) T Y(Z = Wm k), Wmk+1)---» Wa; (£~ n'z —( _2)1/2)
(= = 12 (x=%) -1
—allZ(ZO,--me(k)—lvwm(k)’ , Wy, (F— ) ,m) n(l_y)" dy
where 7 is the first non-zero entry of k| It again follows that 70kl ¢ ce (\yg Ik 1o o) forany a <p—lkils
and that the dependence on (a, b, ¢) is continuous. O

Next, we obtain a similar expansion for the term E. The proof is similar but computationally much
longer.

Proposition 9.21. Fix2 < r < p. Then there exists sets of multiindices A}, A% such that for any w € R4
we can write

Ez2=) G-w'EPz-2+ Y Y @-w'EH(z2
keA} ke A2 Ik
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where EXl € CO~7 (@) ) n A, and EOFI e c@ (‘IJHlk sy for any @ < o — r. Furthermore A? may be
chosen to have the property that k € A% implies that lk|ls = min{|j||s : j € 05r}. Furthermore, the maps

(a,b,c) — EW EOKLL gre continuous.

Proof. For brevity, we prove only the decomposition. The continuity statement follows from the explicit

formulae provided for the terms in the decomposition.
We first assume for simplicity that b = 0 and ¢ = 0 and focus on the leading order part. In this case,

we can compute that

E(z,%) = (t— )—I/ZZL;ZZ(Z)) Zaii’(é)ajj’(Z)W—a”(Z) Z(z,2).

i/,j,
We now expand each term separately. First by applying Lemmato a;j we write

(z-w)*-(z- w)k

aij(2) - aij(z)= ) % o a;j(w)
lkls<r :
(z—w)k -w)h
+k§'r(k—l!/6k[a Laijl(w+ (Z— w)y)QF (dy) - —k' /5k[6k1aij](w+(z—w)y)@kl(dy)).
R}}k:;,z,Z)

By writing (z — w)* = (z— Z+ Z— w)* and binomially expanding, we rewrite this as

(z—w)* iz - z)’

aj@-aij@=- Y Y ——————0"a w+ Y Riwz2.
Wa<rocizx (k=D kedgr

We next turn to the middle term. We first note that
- sy (x=X)p(x—X) z—w)k ot ar (x—=X)y(x—X)jr
Z a'’ (z)al’ (2)4 — Z wak(a” all )(w)#
i r—1 S K r—1
z—w)kl PR (x—X)p(x—%)jr
+Y Y M/(Sk[akl(a” (W + (- w)yek ([dy) ——— T
i',j' kedsr kl! J t—t

-
il gl

R;{' )J 'k(w,z,Z)

and

., 7wk . 7 — w)ki .
a’(z) = Z %aka”(w)+ Z %/5k[6kla’]](w+(2—w)y)@kl(dy).
lkls<r kedsr | J _

l]k

(w,z,2)

In total, we obtain that

Y @ @l (X2 O0 i

l'!'jl t—t
Z-w)* w) il x=X)p(x=3)j .
=) [Za (a a”)(w)#—a af(w)]
lkls<r -

1 .
(z— w) [ZRut J' k(w,Z,Z)JFR;'é'k(w,z,Z)

)

keasr

2,k =
Rij (w,z,2)
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With these expansions and the decomposition of Proposition for Z in hand, we can write

1 2 3 -
)]C +ke+k’—1 (Z—Z)l

_ - (Z—w 1
E(z,2) =(t— D~ V? =% a;;
EA=0-D70 2 2 L a4
3

a=1,2,
2. i il (x—)'c),-r(x—)'c)jr 2 i (K] ~ - _1/2 B
Y 0¥ (@ all)(w)—————-0"d(w) | Z; ' (z-2) + (t- 1) Y. Rawz2)
o - Ac{1,2,3}
A#@

where the sum over A includes all terms that include at least one of the terms Rf‘jk or Z%¥ in place of
the terms appearing above. Here the set A indexes which of the three terms is of the remainder type so
that the first sum on the right hand side above corresponds to the case A = @. For brevity, we don't write
each R, explicitly here, but we will write Ry;; below to demonstrate how these terms are dealt with. We
will show that the first sum on the right hand side contributes the sum over A! in the statement whilst
the second sum on the right hand side contributes the sum over AZ2.

For the part corresponding to AL, we simply note that we can rewrite the first sum as

Lpieasa (=2 p
26K gy
o D - D e

a=1,23

> c-wt

|kls<3r

(x =)y (x— B

— o aliw)|(t-p 12z (2 - )

(Z o* (@' ally(w)

i’:j,

We then define A] = {k: |k|s <3r} and define E ,[A’f] (z — Z) to be the term appearing in the square bracket
above (noting that it may be possible that this is 0 for some values of k).

With this definition, we do indeed have that E (k] ¢ cg’" (@éo) N A;. This follows from the fact that
(t—D~V2zlksl ¢ Cg - (q)cl)o) N A, and that this space is stable under multiplication with polynomials in
(t(f%, polynomials in (¢ — 7)!/? and polynomials in 0% a; j (w), 8% a'/ (w) for |kls < 7.

We now demonstrate how to deal with the term R4 when A = {1} by way of example for all the
remainder terms. This term already demonstrates the techniques for the remaining terms and the

appearance of the sum over [ in the statement. We write

. k2 —¥): - %)
Z—w 2 s (x—X)p(x—%)
Rywz2= Y Y Zﬂyhuzai—f—[za“m”mnww——J—r—i—
K eder ki Toar 1] k= i t=t

a=2,3

sz aij(w)]

3 3
z-w)* zF(z-2).
We now rewrite
1
z-w)"

Lk = _
Rij (w,z,2) = kll!

/ [6k1 0" a;;1((z— w)y) - 61105 @) (w + (z— w)y)]@kll dy)

G- w —(z-w)h
+
klll

/5k1 0" 4w+ (z— w) )@l (dy)

and treat the parts of the expression for Ry} corresponding to each term in the above expression sepa-
rately. It is straightforward to check that the contributions from the first term can be included in the sum
over AZ in the statement with [ = k. For the latter term, the same result follows by binomially expanding
1 1

z—w)f =(z-z+z-w)" and using that (z — )" improves the regularising effect by |7|s.

It remains to treat the case where b, c may be non-zero. For brevity, we demonstrate only how to treat
the term c(z) Z(z, z). The other term is similar. Here, we write

1 2
i E-wkF-lz-z! o K. - i
c@Z(z,2)= ) Y. M 0“ c(w)Zy '(z—2)+ ). Ra(w,z2)

|k%|s<r I<kl Ac{l,2}
a=1,2 A#Q
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by use of Proposition[9.20for Z and Lemma|C.1|for c. Here we have binomially expanded (z — w)" =
(z—Zz+z— w)". The summands of the first sum are clearly of the form required to be included in the
sum over Al so we consider only an illustrative example of the term R4. We again demonstrate the
computation in the case A = {1}. In this case we have

Kk - 1

_ (z—w)™ lz-2 ) ) 1

Rywzz= Y Y 3 N = DU ZL[fZ](z—z)/(skl 0% cl(w+ (z— w)y)a* @y)
kledsr [k2|s<r I<k! i(ky = Dik?!

which we again see if of the correct form for the sum over A2. O

With these two results in hand, we now show that Z * (—E)** can be decomposed in a way that is
compatible with our main assumption.

Lemma 9.22. Fixr >2 and suppose that o = 3r. Then for each n € N, we can write
Z % (—E)*"(2,2) = Kj(z2— Z) + Ry(2,2)
where K,, € Cr(dﬁ) NA, and R, € Y. Furthermore the maps (a, b, ¢) — K, R;, are continuous.

Proof. We write

zZW(z-z ifi=0
AN (z-2)= f,”d( ? .
Wi E, ' (z—2) otherwise
along with
Z3M (2, 2) ifi=0,1=k
A%z, =10 ifi=01#k
E?,}[k]’l (z,2) otherwise.

By Proposition and Proposition we then have for all w € R'*¢

Zx(—E)*"(z,2) (9.19)
n i i
YooY [TAN G-t @Cin-wr e ...dg,
IKOls<r k*eAl ¥ i=0
a=1,..,n
v Y Y Y Y A ¢ G - w) T ARG~ G G~ w)F dgy . dg,
Ac/{&.é,n} kO paglt1a@ 10<kf ) ieA igA

a=1,..,n aeA

where we have adopted the convention that {( = z,{,+1 = Z and where the sum over k9 on the second
line runs over |k%|; < r if 0 € A and k° € 047 otherwise.

We now write ({;+1— w) = ;‘;é_l ((j+i+1 = j+i+2) + ((n+1 — w) on the first line on the right hand side
and binomially expand. This yields that this line is equal to

ki
Z Z Z i H sz Cz+1)((1+l _(z+2)Z ’qﬁl il
[KOls<r Ic"‘eA1 ﬁ’+ +pl —k’ ﬁo 'Bn i

,,,,,

ARV ¢, -2z w)Er=nPuvdg, ...dg,.

We then define K% (z — Z) to consist of the part of this sum where ﬁﬁ;_i, =0 for each i’ < n. We note that
we can discard the remaining terms since they vanish when w = z. We then note that KY is a linear
combination of convolutions of one term in C” (®2)) N Ay, with a number of terms in C"(®1) N A;. By
Proposition[9.17]and the stability of A, under convolution, we see that K, has the desired form.
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It remains to show that the sum appearing in the second line of can be written as R;(z, z) +
Remainder where the remainder vanishes upon setting w = z and where R, is of the form required in
the statement. Since this argument is similar to the one for the first term but notationally more heavy,
we simply sketch the required changes.

By again binomially expanding ({;+1 — w)¥' as above, we see that the typical summand on the second
line of can be written as a linear combination of terms that vanish when setting w = Z and terms
of the form

/ I1 A?,;ffi]’li((i,fi+1)((i+1 ~Cis)” I1 A[u’jf} Ci=Cir) i~ Cis)F Oy dl

i€A igA

where I, ki =0 if i = n and Yicall +Yiga Ki=Yieal +Yiga k'. Since A, (z,z) € C"(¥%) implies that
(z-2)lecCr (‘I’?H”ﬁ) and ka‘ |s = r—2 for each a € A, by Proposition we see that this term defines an
element of C” (‘I’/;3 ) with

B=2+Y (L+Ikils =115+ Y 1+ Y 1Tls+ Y Ikl

i€eA igA i€eA igA
i#0 i#0
22+1%s1oea+ Y (1 +1k{ls)
i€A
i#0
22+ (r=2)lgea+ Yy (r=1=r
i€eA
i#0

where to reach the second line we used the identity Y ;¢ 4 I +Xiga kK=Yeall +Xiga k. The desired form
of R, then follows from the continuous map C” (¥}) — ¥ given by setting w = Zz. Finally, continuity of
the maps (a, b, ¢) — K, R,, follows from the continuity statements in Proposition[9.20} Proposition[9.21]|
and Proposition(9.17 O

We are now ready to provide a proof of Proposition[9.8]

Proof of Proposition[9.8 Without loss of generality, we may assume that M = 2r. Let y be the smooth
cut-off function fixed in (9.9). Choosing p large enough as a function of r, d and M, by Lemma and
Lemma we can write

[(z,2)= ) xz-2Ki(z-2)+ Y 1-x(z-2)Ki(z=2)+ Y. Ru(z,2)+ Y. Z*(-E)*"(2,2)
nsN nsN nsN n>N

where N is chosen to be large enough so that the final term defines an element of | _,, Ry € prrd+2
and K, € CM(<I>§VI). We define K% (z) =Y ,,<x ¥ (2) K" (z) and R(z,2) =T'(z,2) — K%(z - Z). The result then

. . . . . . . 2
follows by noting that multiplication by (1 - x) is a continuous operation from C"(®7) to C}| ., and

multiplication by y is a continuous operation from C*(®3) to C" (H?).
Continuity of the decomposition as a function of the coefficient field follows from the corresponding
continuity statements in Lemma and Lemma|9.22 0O

Appendix A Existence of Tensor Products for Symmetric Sets

Proof of Proposition For uniqueness, we note that if (Vé’”é, (®) 4es) is a second »-symmetric tensor
product then by applying the universal properties, we obtain the existence of unique f, f such that the
a-indexed family of diagrams

a

yxa ) 3 J/@,,Z)

faf

V@,,a
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commute. In turn, this yields the commutative diagrams

Q4

an 3 ) V@,,o

id fof
N

By uniqueness of the factorisation, we deduce that f o f = id. Similarly, we see that fo f = id. Since
Ifl=1e®fl=1and similarly for f , we deduce that f is the desired isometric isomorphism.

For existence, we adapt the definition given in [CCHS22| Equation 5.5] to appropriately include
topology and show that the resulting object satisfies the universal property described here. We first
recall that given a € Ob(3), the non-symmetrised projective tensor product V¢ is characterised by the
fact that multilinear map f : V** — Z there exists a unique bounded linear map f® : V&% — Z with
I£®1 = I 1l such that the diagram

an ®”} Véﬂd
)

x g

Z

commutes where &, : V*% — V814 denotes the usual tensorisation map. In particular, ify: a — bis an
isomorphism of typed sets then by considering the commutative diagrams

®

yxa a; Vénu

®boy\) <

Vé,,b

we see that y can also be viewed as an isometric isomorphism between V®1@ and v, which we denote
by the same character since the meaning should always be clear from context. The fact that the map y
constructed here is an isometric isomorphism follows similarly to the analogous fact for the maps in the
uniqueness part of this proof.

We now define

yont = {(Ua)aeob(a) 1VgE V®”“,y€ Hom, (a,b) = y(v,) = vb} c H yéna
ag0b(3)

We equip Ve with the norm 1(va) aeobw) | yers = IVpllye,p for any choic of b € Ob(3). A natural
symmetrisation map 7, 4 : V7% — V® is given by setting for b € Ob(s)

(M5,a(va))p = Hom, (@, b)I ™" Y. y(va).
y€Hom, (a,b)

We then define ® =, 50 ®,.

We now show that (V®, (®Naeob()) satisfies the universal property. To this end, we fix an -
symmetric family of multilinear maps f%: V*% — Z. By the universal property for the tensor product
V®r4 each f factors through a linear map f%® : V®1% — Z which is of the same norm in the case where
Z is a Banach space. We claim that for any y € Hom, (a, b), f*® = f?®oy.

To see this, we note that f>® oyo®, = f»®o®, 07 since the action of y on V®14 was defined via the
universal property. Then by definition of f%®,

fPPosyoy=floy=r*

where the last equality follows since (f%)4cob() is 3-symmetric. This shows that f%® oy factors f¢ so
that by uniqueness of the factoring map for the usual projective tensor product, the two are equal

285ince any symmetry in 3 induces an isometry and  is a groupoid (and in particular, is connected), this definition is independent
of the choice of b.
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thus proving the claim. In particular, it follows that f : Ve — 7 defined by f((va)aeobe)) = f be () is
independent of the choice of b € Ob(3).
To see that f defined in this way does factor the family (f%) scob() via (®) zeob(), We note that

F® (o) rea) = [(M,a®a (V)xea) = Homy (@, @)™ Y. f*°((®a(Vi)xea))

yeHom, (a,a)

= fa’®(®a(’/x)xea) = fa((Vx)xea)

where the second to last line follows by symmetry invariance of f*® and the last line follows by definition
of f*®,

In the case where Z is a Banach space, we note that since f((v4) zeob@)) = 2w, |l (Va)aeob) lyens =
lvpllyerp and ||fb'® I = ||fb||, itis immediate that || f|| < ||fb|| for any b € Ob(3). For the converse inequal-
ity, we note that if vj, € V®rb satisfies

F2€ )l = lvpllyons (1 F71 - €)
then by symmetry invariance of f”®

|f s o)l = 1F22 ) 2 10pll yors (LFP N =€) = 117 b Upll yens (LFP N — €)

where the last inequality follows by the triangle inequality. Since € > 0 was arbitrary, we conclude that
Il =1 7221 =11 f21l for any b€ Ob().

To complete the proof that (V®, (8% zeob)) satisfies the universal property, it remains only to show
that the factoring map f is unique. This follows from the fact that the linear span of the range of ®¢ is
dense in V¥ which in turn follows from the fact that the linear span of the range of ®,, is dense in V¢4
and the fact that m, , : V®ra _, ®1 is a continuous linear surjection.

To complete the proof of the proposition, it remains to establish the representation of its norm
in terms of symmetric tensors. By the uniqueness statement, it suffices to do this for the explicit
(Vo (®) acob(x)) constructed above. Recall that by definition of the usual projective cross norm we can
write

(0] o0
1(va) aeobe) lyexs = Vbl yenn = inf{ NI ATSI7EDY ®b(l’;)x€b}
i=0xeb i=0
for any b € Ob(¥). On the one hand, if v, = Y22 ®b(vi) reb then since vy, is symmetry invariant,
(Va) acobs) = s,pVp = Z ®, (V;C)xeub
i=0
where we used the explicit representation ® f =1, p © ®p. This establishes that
inf Y [T Ivilvi, v =) 85 W)xea ¢ < IVpllyens = 1(Va) acobe) Il yons -
i=1Xx€a i=1
For the converse inequality, we note that if (v4) seobp) = X0 ®§’ (v,‘;) xep then
vp=> [Homy(b,D)I™" Y y(®p(V})xep)
i=0 yeHomy (b,b)

Therefore

(o] o0
. . .
lupllyors < ;)|Homa(b, b)| Y TTvglvie = X TT 10k,

i yeHomy (b,b) xeb i=0xeb

Taking an infimum over such representation of (v;)4ec0b(;) in this inequality establishes the bound
lvpllyers < 1(Va) acobe) llyexs Which completes the proof. O
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Appendix B Some Facts about Topological Hopf Algebras

In this paper, the construction of regularity structures from Hopf algebras that is well-understood in
the literature was applied in an infinite dimensional setting in which issues of continuity of maps are
less automatic. This requires some minor adaptations to the standard construction to appropriately
introduce topology. These modifications are fairly routine and as such we simply gather the necessary
modifications to definitions and results in the algebraic setting that are important to us for the reader’s
convenience.

Definition B.1. We call a tuple (7, /L, 1, A, €) a topological HopfAlgebrﬂ if
1. # is a complete locally convex topological vector space,

2. (#,M,1,A,¢) satisfies all of the defining properties of an (algebraic) Hopf algebra but with all tensor
products replaced by projective tensor products,

3. the maps JL, A, €,1 are continuous.

We define topological algebras, coalgebras, bialgebras and comodules by adapting the definition of their
algebraic counterparts in the obvious analagous way. We will often write x * y = Ml (x, y). We say that a
topological (bi-/co-/Hopf) algebra is graded if # = @ ,,en %y, is a graded topological vector space (where
the direct sum is given the inductive limit topology) and all the operations respect the grading in the same
way as in the purely algebraic case.

For our purposes, the important fact will be that the structure group can be realised as an appropriate
group of characters over a Hopf algebra and that its action on a given regularity structure will be continu-
ous. The lemma below adapts the standard properties in the purely algebraic setting to appropriately
include topology.

Lemma B.2. Suppose that 7 is a topological Hopf algebra. We define’ 6 ={ge #* : g(x + y) = g(x)g(y)}
where we emphasise that #* denotes the topological dual of #. Then G is a group for the product
g+ h=(ge®h)A and inverse g™ = godl. Furthermore, if V,p:V — V &,%) is a topological comodule
over # then

g-v=(>ideg)p
defines a continuous action of € on V' .

Proof. Since € is a subset of the algebraic character group of # with the induced product and inverse, to
see that G is a group we need only check that it is closed under the operations. This is immediate from
continuity of A and of. Similarly, to see that € acts continuously on 7', we need only check continuity
since the fact that the map defined is a group action is proved in the same way as in the algebraic case.
However, continuity is immediate from continuity of p and g. O

The last ingredient on Hopf algebras required in this paper is a method to show that suitable topolog-
ical bialgebras admit a continuous antipode. We expect that the algebraic analogue of our construction
is well-known but we are only aware of references covering the case of a connected graded bialgebra
which corresponds to the case d = 0 in Lemma[B.4]below. We thus provide a construction appropriate
for our purposes for completeness. In preparation for Lemma|B.4} we need one preparatory result.

Lemma B.3. Suppose that # = @ ,,cn# )y, is a graded topological Hopf algebra such that # is the free
commutative topological algebra oveﬂX =(gi:i=1,...,d) where for each i, g; is primitive. Then
€ly, =0 for n =1 and €|y, is the natural projection onto the span of the unit in #y induced by viewing #
as the (topological) symmetric tensor algebra over X.

291n the wider literature, it seems that the object we define here would be called a ‘Hopf monoid in the category of complete
locally convex topological vector spaces with monoidal structure induced by the projective tensor product’. Whilst this way of
thinking unites the introduction of topology to the various objects under consideration, for brevity we choose a simpler naming
convention here.

30We insist on a finite generating set only to make the topological structure unambiguous and continuity properties simpler to
obtain.
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Proof. The former property is a standard fact about graded bialgebras which follows the fact that A
respects the grading and the counital property. For the latter fact, we note that g; = €(g;)1 + (1) g; by
the counital property and the fact that g; is primitive. Since ¢ is an algebra morphism, we deduce that
£(gi) = 0. Again using that ¢ is an algebra morphism and that % is the free commutative topological
algebra generated by X, the result follows. O

Lemma B.4. Suppose that (# = @ ,,en#n, M, 1, A, €) is a graded topological bialgebra such that % is the
free commutative topological algebra over (g;:i =1,...,d) where for each i, g; is primitive. Then X isa
graded topological Hopf algebra.

Proof. It remains to construct a continuous antipode f which we do by induction in the degree. In the
base case n =0, we first note thaton (g; : i =1,...,d) we mustset dg; = —g; since Ag; =g;®1+1®g;
so that the defining property of an antipode (in combination with the requirement that it is an algebra
morphism on %) imply that sl g; + g; = £(g;)1 = 0 where we made use of Lemma(B.3] We note that o is
automatically continuous on (g; : i = 1,..., d) by finite dimensionality. Then by the universal property of
the free commutative topological algebra over a topological vector space X, 9 has a unique extension to
a continuous algebra morphism on %}. Since A and ¢ are algebra morphisms, this extension satisfies the
required property that /l(d ® id)A = €(:)1 = M (id @ A)A.

For n > 0, we proceed inductively and construct o according to the first identity above. We will then
show a posteriori that it satisfies the second automatically.

We assume that 7 € %), for n > 0. We note that by Lemma|[B.3]and the counital property, we have that

AT=T®1+1®T+AT

where A : #,, — <, ® H<,. Therefore the first identity holds on %, if and only if define gt = —7 —
M (A ® id)&r which is well-defined by the induction hypothesis. Since this is a linear combination of
compositions of continuous linear maps, it is continuous. It then remains only to show that with this
definition /i (id ® 1) AT = Jl (s ® id) AT which can be equivalently written as J (id ® ) At = il (sd ® id) At
by definition of A. We again proceed induction in 7 where the base case n = 0 was handled already
above.

We insert the definition of  into the expression on the left hand side to obtain

J(id ® A)AT = A [id ® (—id — M (A @ id)A)] AT
= —JMAT - M(id® ) (id® 4 ®id)(id ® A)AT
= —MAT - M (M ® id)(id® A ®id) (A ® id) AT

where we applied associativity of J{ and coassociativity of A (which follows from coassociativity of A) to
obtain the final line. Since A : %, — # <, ® #<,,, we may apply the induction hypothesis to rewrite the
right hand side as

~MAT - MM ®id) (A ®id®id)(A®id)AT = —MAT - MM 2 id)[(-sl ® 1 - 1 ®id) ® id]A7
where we applied the definition of si. The right hand side is nothing but /(s ®id)At, as was required. [

Remark B.5. In this work, the main application of Lemmal[B.4 is in the proof of Lemma(3.29 To apply the
result in this setting, we note that when Vg, ) is graded by the number of edges, its degree 0 component is
Vg, - Since X k is a tree with no edges, for any Banach space assignment V, V5, 18 nothing other than the
space of polynomials with real coefficients in commuting variables X, ..., X4 equipped with the inductive
limit topology arising from viewing it as the limit of the finite dimensional spaces of polynomials of degree
at most N. To see that this is the free commutative topological algebra over (X, ..., Xy), we recall that the
space of polynomials in commuting variables is the free commutative algebra over that set. Therefore,
for every linear map T : (X,...,Xg) — A into a commutative algebra A, there exists a unique algebra

morphism T : Vo, — A extending T. It remains to show that if T is a continuous linear map into a
topological algebra then T is continuous since this would imply that Yoy satisfies the universal property
of the free commutative topological algebra. By definition of the inductive limit topology, this is true if and
only if the restriction of T to the space of polynomials of degree at most N is continuous for each N. This is
in turn automatic by finite dimensionality.
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Appendix C An Anisotropic Taylor Formula

We state here an anisotropic Taylor’s formula with a remainder that is in increment form. The statement
and proof are a minor modification of [Hail4}, Proposition A.1] essentially following by being more
restrictive in applying the Fundamental Theorem of Calculus in the inductive proof given there and
by making a change of variables to rewrite the measures. In comparison to [Hail4] the statement here
is convenient both because it often allows us to save a derivative in favour of a Holder bound and
also because we have rewritten the measures to more easily access the polynomial contributions. In
particular, we implicitly made use of this property in Section|9]
We define measures on R via

mk)-1 d
Qk(dy)=( [T 51(dJ’i))11[0,1](1_J’m(k))l_ldJ’m(k)( I1 5o(dyi))
i=1 i=m(k)+1

where we have written m(k) = min{j : k; # 0}. We additionally define for k # 0, k| = k — ey (). We then
have the following statement.

Lemma C.1. Let Ac N9 besuch thatke Aandl <k implies that 1 € A. DefinedA={k¢ A: k| € A}. Then
iffeC" andforallke A, |kls < r we have that

D¥f(o ky
fo=Y If,( N % /R 84108 fl(ivd ek @)
keA : kedA .

where 5[ f1(y) :f(yl,...,yem(k),o,...,O)—f(yl,...,yem(k)fl,o,...,O).

Appendix D Index of Notations

Symbol Meaning

Qﬁiq;@) Space of kernel assignments of order © on ¢4
b Space of noise assignments on J 4

el Space of smooth noise assignments on 4

Ay Space of kernel assignments of order ¢ on 82"
o Space of noise assigments on J Ban

aAx Space of smooth noise assigments on J 52"
Age(T) Age of the tree T

RBT Ball of test functions

C’(?f’{f) Space of C” curves valued in 3{5

Cc4% Holder space of regularity a with weight w

Clr] Set of cuts of combinatorial tree 7

DY Space of modelled distributions

PrVix Space of (Holder) pointed modelled distributions
A Coaction on combinatorial trees

A Coaction on Vg

At Positive coproduct on combinatorial trees

At Positive coproduct on Vo

A7 Negative rooted ‘coproduct’ on combinatorial trees
Ay Negative rooted ‘coproduct’ on Vg

A ‘Coproduct’ on combinatorial trees related to f7
Hist(S) History of set of trees S

F¢ Abstract integration map on J 8an

J¢ Component of abstract convolution map on J 831
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Symbol Meaning

R Generic compact subset of R?

g 1-fattening of compact set &

Ikl Rescaled degree of multi-index k € N¢

X ,ﬁ Space of translation-invariant S-regularising kernels

57{)(, Abstract convolution

FHym Variable coefficient abstract convolution

3{}(,5 Pointed abstract convolution

K vm Pointed variable coefficient abstract convolution

K¢ Translation-invariant kernel obtained by testing K against ¢ in the ‘upper slot’
g Degree of the type [ or of edges of type [

L(E,F) Bounded linear maps between normed spaces E and F

£ Generic set of types

L4 Set of kernel types

£ Set of noise types

SBT(IC] Lifting map

(D) Space of admissible models on regularity structure I
Mo(9) Space of smooth admissible models on regularity structure I
J\fy( Component of abstract convolution map on J 5%

ord(W)  Order of a good sector W

Qy Projection onto components of homogeneity y

Q<y Projection onto components of homogeneity <y

Q. Projection onto V®7()

R Complete and subcritical rule

R Reconstruction map

(S) Free R-vector space over a set §

5 Generic scaling

3 Generic symmetric set

T Concrete combinatorial tree

T Isomorphism class of combinatorial trees T

(T) Symmetric set associated to the isomorphism class =

|Tls Degree of T

|7l Number of noise edges in T

g Set of (isomorphism classes of) decorated trees

T (R) Set of trees that strongly conform to the rule R

I+ (R) Monoid of positive degree trees

I_(R) Set of negative degree trees

Iplant Set of trees of the form X/ Jlkr

Tpoly Set of monomials

T (R) BHZ reduced regularity structure for the rule R

ged BHZ reduced regularity structure for the given equation

g Ban(v)  Infinite-dimensional regularity structure over Banach space assigment V/
T, ﬁf Component of abstract (pointed) convolution map on J Ban
v Generic Banach space assigment

Ve Structure space over set of trees 7/ associated to Banach space assignment V
w Generic sector

< Inductive ordering on trees
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