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The aim of this article is to extend the scope of the theory of regularity structures in
order to deal with a large class of singular stochastic partial differential equations of
the form

Ou = Lu+ F(u,§),

where the differential operator £ fails to be elliptic. This is achieved by interpreting
the base space R? as a non-trivial homogeneous Lie group G such that the
differential operator 9y — £ becomes a translation invariant hypoelliptic operator on
G. Prime examples are the kinetic Fokker-Planck operator 9 — A, — v - V3 and
heat-type operators associated with sub-Laplacians. As an application of the
developed framework, we solve a class of parabolic Anderson type equations

Oru = ZXZZu +u(€—c)
i
on the compact quotient of an arbitrary Carnot group.
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stochastic partial differential equations
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1. Introduction

The theory of regularity structures [41] provides a framework for the study of
subcritical stochastic partial differential equations (SPDEs) of the form

Ou — Lu = F(u,§), (1.1)

when the operator £ is uniformly elliptic. This article extends the theory of regu-
larity structures in order to solve equations where the differential operator stems
from a large class of hypoelliptic operators. This is achieved by building on the
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fundamental idea of Folland [29] to reinterpret the differential operator in question
as a differential operator on a homogeneous Lie group and extending the theory of
regularity structures to these non-commutative spaces.

The treatment of singular SPDE via the theory of regularity structures can be
divided into two parts, an analytic step and an algebraic and stochastic step.

(i) The first, analytic step, is to introduce the notions of a regularity structure,
models and modelled distributions and generalized Taylor expansions of
both functions and distributions. Given this set-up, sufficient analytic tools
are then developed to allow for the study of abstract, fixed-point equations
in the spaces of modelled distributions. Crucially, a reconstruction operator
maps modelled distributions to genuine distributions (or functions) on the
underlying domain. For the case of constant coefficient, hypoelliptic equa-
tions on compact quotients of Euclidean domains, this aspect of the theory
was already worked out in full generality in [41].

(ii) The second step, which was carried out on a case-by-case basis in [41], was
then fully automated in the subsequent works [13, 14, 17]. In [14] the authors
construct concrete (equation-dependent) regularity structures and models
together with a large enough renormalization group. Then, in [13], the ques-
tion of how this renormalization group acts on the SPDE in question was
answered. Convergence of renormalized models for an extremely large class
of noises, known as the Bogoliubo—Parasiuk—Hepp-Zimmerman (BPHZ)
theorem, was proved in [17].

In much of the above work translation invariance on R?, of both the equation
and the driving noise, plays a major role. In this paper we will instead work with
equations that are translation invariant with respect to a homogeneous Lie group
G (Euclidean spaces being special case).

The bulk of this paper is dedicated to implementing the analytic aspects of the
theory in the case when the underlying space is a general (non-Abelian) homoge-
neous Lie group. The second step is then carried out for a specific class of equations.
While the theory developed herein remains, somewhat surprisingly, close to that
of [41], there are a number of key conceptual and technical obstacles to overcome.
The main causes of these deviations are the non-commutative structure of the base
space and the fact that the notion of Taylor expansions, a crucial element of the
theory, heavily depends on the underlying group structure. We discuss these issues
in more detail in § 1.3 along with some wider context in § 1.4. For the convenience
of readers the article aims at being self-contained and thus arguments that adapt
directly from [41] are clearly marked as such.

The central motivation for this extension to homogeneous Lie groups is to allow
for the study of singular SPDE with linear part given by a hypoelliptic operator,
which may fail to be uniformly parabolic. Two motivating examples are the heat
operator associated with the sub-Laplacian on the Heisenberg group and the kinetic
Fokker-Planck operator on R x R?",

u(t,z,y,2) = Ou— (Ap + Ay + (2 +3y*) AL )u and u(t, 7,v) = du—Ayu—v-V,u.

(1.2)
We will carry these two operators and their associated homogeneous Lie groups,
throughout the paper as working examples of the theory. In the final sections we

https://doi.org/10.1017/prm.2025.1 Published online by Cambridge University Press


https://doi.org/10.1017/prm.2025.1

Singular SPDEs on homogeneous lie groups 3

develop a full solution theory for Anderson type equations associated with sub-
Laplacians on general stratified Lie groups (Carnot groups), the Heisenberg group
of which is a well-studied example.

More generally, however, the analytic results of this paper apply to any differen-
tial operator, £ on R?~!, such that the following combination of results by Folland

applies to £ := 9, — £, with respect to some homogeneous Lie group structure on
R<.

THEOREM 1.1 ([29, Thm. 2.1 & Cor. 2.8]). Let G be a homogeneous Lie group
of homogeneous dimension |s| and £ be a left-translation invariant (with respect
to G), homogeneous differential operator of degree 3 € (0,|s|) on G, such that £
and its adjoint £* are both hypoelliptic. Then there exists a unique homogeneous
distribution K, of order B — |s| such that for any distribution, ¢ € D'(G)

Llp*K) = (Lp) x K = o,
where the convolution is with respect to the given Lie structure.

Referring to § 2 for a more thorough discussion of homogeneous Lie groups
and their properties, we recall here that a differential operator ® on R? is called
hypoelliptic, if for every open subset  C R? one has that

Du € CP() = ue C>?().

The following celebrated result of Héormander (almost) entirely classifies the family
of second-order hypoelliptic operators.

THEOREM 1.2 ([40, Thm. 1.1]). Let r < d and {X;},_, be a collection of first-
order differential operators (i.e. vector fields) on R? and recursively define Vi =
span{X; 1 i =0,...,1}, Voy1 =V, U{[V,W] : V €V, W €V, }. If a differential
operator can be written in the form,

D= X+ Xo+c, (1.3)

i=1

for some ¢ € R, and there exists an N > 1 such that dim(Vy) = d at every point
in Q CR?, then ® is hypoelliptic on .

REMARK 1.3 By Frobenius’s theorem, [34], if the condition of Theorem 1.2 fails in
some open set then ® is not hypoelliptic on that set. However, the statement is not
truly sharp; for example the Grushin operator 92, — v, is hypoelliptic, while the
conditions of Theorem 1.2 are violated on sets intersecting {v = 0}. On the other
hand this type of exception cannot occur if the sections V; are continuous, since in
this case it can be shown that the map x +— 1;4im v, (x)=a} 1S upper semi-continuous.

While Hormander’s theorem gives an almost sharp characterization of second-
order, hypoelliptic operators it does not say much about fine properties of the
fundamental solution. For example, it gives no direct route to a refined regular-
ity theory for hypoelliptic equations. This observation highlights the contribution
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of Folland’s theorem (Theorem 1.1) since translation invariance allows access to
many additional tools in the Euclidean setting, such as harmonic analysis and
singular integral methods. Viewing the class of translation invariant operators
satisfying Folland’s theorem as analogous to constant coefficient, elliptic opera-
tors on R? a programme was successfully carried out in the works [29-31, 63],
establishing a full L? regularity theory for general, smooth coefficient, hypoel-
liptic operators. We refer to [12, Ch. 3] for a concise introduction to this
programme.

1.1. Related literature

Non-translation invariant and non-uniformly elliptic SPDEs have been well-studied
in the classical, i.e. non-singular, regime, and we do not attempt to present this
large literature here. We refer to standard texts such as [22, 26, 56, 61] for a
general overview and references to more specific works contained therein. However,
in the more specialized setting of semi-linear SPDEs on homogeneous Lie groups, we
mention the works [60, 65, 66] which treat both hypoelliptic and parabolic SPDEs
on some classes of Lie groups and sub-Riemannian manifolds. A solution theory for
conservative SPDEs based on the kinetic Fokker—Planck equation (see § 4.4) in the
It6 case was developed in [27]. Using the theory of paracontrolled calculus this was
extended to the singular regime in [49]. The kinetic Fokker—Planck operator and
its associated homogeneous Lie group fall into the analytic framework developed
in this paper; however, we postpone a concrete application of this theory towards
a kinetic Anderson type equation to a future work. Recently, in [10], an Anderson
type equation on the Heisenberg group with white in time and coloured in space
noise was studied using It6 calculus techniques, up to the full sub-critical regime
of noise regularity. We treat a closely related problem in the final sections of this
paper. A fuller discussion of the similarities and differences between the results of
[10] and those of our approach is postponed to Remark 6.7.

Singular SPDEs with non-translation invariant, but uniformly parabolic or ellip-
tic linear part, have also been considered, especially using the recently developed
pathwise techniques of [38, 41, 58, 64]. Some of these works are discussed in
more detail in § 1.4. Quasilinear SPDEs have been studied using regularity struc-
tures, rough path-based methods and paracontrolled distribution theory, see [4,
9, 36, 59]. Recently, an approach inspired by the theory of regularity structures,
but technically distinct, has been developed in [54, 55, 58]. SPDEs on domains
with boundaries have been treated using both regularity structures and paracon-
trolled distribution-based methods, [21, 35, 37, 52]. Finally, a number of works have
considered parabolic, singular SPDEs on Riemannian manifolds; a paracontrolled
approach using the spectral decomposition associated with the Laplace—Beltrami
operator has been developed in [3, 5, 6]. An approach via regularity structures has
been applied to the 2d parabolic Anderson equation on a Riemannian manifold in
[23], while [7, 20, 47, 64] develop some aspects required to treat non-translation
invariant, uniformly parabolic equations. Finally, the work [46] gives a comprehen-
sive extension of regularity structures to singular SPDEs on Riemannian manifolds,
with only the renormalization of suitable stochastic objects left to a case-by-case
treatment.
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1.2. A motivating class of examples

In this paper we restrict ourselves to linear operators satisfying the criteria of
Theorem 1.1 and use the Anderson equation as a main motivating example,
although we stress that our main analytic results apply in the full generality treated
by [41]. The parabolic Anderson model

Opu = Au —ug, uli=o = uo, (1.4)

on Ry x R? describes the conditional, expected density of particles, where each
particle moves according to an independent Brownian motion and branches at
a rate proportional to the random environment &, see [16, 51]. Rigorously, this
description is derived by discrete approximations and it is well known that in the
case £ is a spatial white noise, when d =2 and d =3 one needs to recentre the
potential in order to obtain a non-trivial limit as the discretization is removed, [38,
41, 43, 44]. We point out that if the environment is also allowed to depend on time
and is for example, white in time, then martingale methods can be used instead to
develop a probabilistic solution theory, see [19, 24, 25, 67].
If one replaces the Brownian motions with a general diffusion,

doy = V2 X;(z,)dWy,

i=1

where the vector fields satisfy Hormander’s rank condition (Theorem 1.2), then, for-
mally the conditional expected density of particles is described by the hypoelliptic
Anderson equation,

T
Opu — Lu = 8tu—ZXi2u:u§. (1.5)
i=1

When realizations of the environment are sufficiently singular then a pathwise solu-
tion theory for (1.5) is expected to require renormalisation. Since the vector fields
{X;}7_, satisfy Hérmander’s condition, the operator £ is smoothing and therefore
in principle, an extension of the theory of regularity structures should be applica-
ble to find a renormalized, pathwise, solution theory for (1.5). In § 6 we apply the
analytic tools developed in the paper to demonstrate such an extension to the case
where £ is the sub-Laplacian on a compact quotient of stratified Lie group (Carnot
group).

We show a result analogous to those of [41, 44], finding a notion of renormalized
solution to (1.5), when £ is a coloured periodic noise on a stratified Lie group.
More precisely, we show that when ¢ is replaced with a mollified, recentred noise
§e — ce, for (specific) diverging constants {c.}.c(o,1), solutions u. to (1.5) converge
in probability to a unique limit independent of the specific choice of mollification
scheme. We stress that this result does not cover the full subcritical regime of (1.5).
The treatment of this full regime would require an analogue of the BPHZ theorem
on homogeneous Lie groups, see [17, 48].

A notable example of a stratified Lie group is the Heisenberg group, H™ =
R?" x R, see § 2.4.1 for a description. In this case the collection of left-translation
invariant vector fields, which generate the associated Lie algebra, is
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Az(xvyvz) :azl +yzaz; Bl(x,y,z) :a% _xiaza for Z:]-vvn

It is readily checked that the collections {A;, B;}!" , are left-translation invariant
with respect to the group action described in § 2.4.1 and that one has C(z,y, z) :=
[A;, B;] = =20, for all i = 1,...,n. The associated sub-Laplacian is the linear
differential operator,

naturally extended to a heat type operator as in (1.2) and (1.5), cf. § 4.4.1 for
further discussion. A phenomenon of interest for Anderson equations is that of
localization, the concentration of the solution at large times, taking arbitrarily large
values on islands of arbitrarily small size [16, 51]. Since one expects the geometry
of the underlying domain to have effect on the emergence of this phenomenon,
as also noted in [10] and since pathwise approaches to the parabolic Anderson
model have proved to be fruitful in studying finer properties of solutions, see e.g.
[2, 8, 39, 43, 44, 52], it is our hope that the tools developed herein may prove to
be useful in analysing similar equations on more complex domains. The solution
theory exposited in § 6 applies to precisely this example on a compact quotient of
the Heisenberg group.

1.3. Structure and contributions of the paper

While it is possible to develop a bespoke solution theory for specific hypoelliptic
SPDES, this rapidly becomes technically challenging and computationally heavy, cf.
[49]. Furthermore, for more complicated equations this bespoke approach quickly
becomes impossible. Thus, in our view, the overarching contribution of this article
is to show that by taking a more abstract and general point of view one can treat a
large class of such equations at once in a framework (surprisingly) close to that of
[41]. In addition, this work highlights the dependence on the algebraic structure of
the underlying space and thus contributes to the understanding of solution theories
in more general settings, see § 1.4.

We begin, in § 2, with a recap of analysis on homogeneous Lie groups that is
sufficient for our purpose. The most important result in this section is Theorem 2.13
which provides a precise intrinsic version of Taylor’s theorem on homogeneous Lie
groups and is a sharper version of existing results, see Remark 2.14.

Section 3 contains the bulk of the paper and establishes an extension of the
analytic aspects of regularity structures to the setting of homogeneous Lie groups.
In § 3.1 we introduce the appropriate notion of abstract polynomials on homo-
geneous Lie groups which are the backbone of much of our analysis. In § 3.2 we
discuss modelled distributions. In order to prove reconstruction we extend ideas
from [33], constructing a suitable replacement for the test functions, p and ¢
employed therein. This construction avoids the need for a general theory of wavelets
or Fourier analysis on homogeneous Lie groups. In a similar vein, the set-up of sin-
gular modelled distributions in Section 3.3, while conceptually similar to that of
[41, § 6] requires a number technical novelties. In particular, the singular hyper-
plane of [41] is replaced with a homogeneous Lie subgroup, and thus statements
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and proofs are adapted to the underlying (non-commutative) structure. In § 3.4
we provide a surprisingly compact proof of the Schauder estimates, building on
Theorem 2.13 in combination with the setup of § 3.1 and 3.2 in order to reduce to
estimates already obtained in [41, § 5]. The final three sections, § 3.5, 3.6 and 3.7,
carry over almost mutatis mutandis from [41] and are included for the reader’s
convenience.

In § 4 we demonstrate the application of this general theory to semi-linear evo-
lution equations. We again take an abstract point of view and start with a general
homogeneous Lie group and only postulate a ‘time’ direction as a one dimensional
subspace of its Lie algebra. Then, we provide an example fixed point theorem for
multiplicative stochastic heat equations in this setting. We note that there is no
difficulty in extending the general fixed point theorem of [41, Thm. 7.8] to our set-
ting, we only specialise for the sake of brevity. In Section 4.4 we present examples
of singular kernels on homogeneous Lie groups for which our theory applies, such
as the Green’s function of heat operators on the Heisenberg group and Kolmogorov
type operators associated to inertial systems.

In § 5 we explicitly describe a regularity structure for treating linear, Anderson-
type equations on homogeneous Lie groups. For this specific class of equations it is
notable that one may reuse the algebraic structures developed in [14]. However, an
algebraic question left open by this work is the extension of the results in [14] to
homogeneous Lie groups in full generality.

Finally, in § 6, we employ the theory developed in the rest of the paper to
demonstrate a solution theory for Anderson-type equations on a compact quotient
S of a stratified Lie group G. Since we do not limit ourselves to quotients by normal
subgroups, the space S may fail to be a group, and therefore it is not possible to
directly regularize the noise in the usual manner. This last obstacle is circumvented
by making use of the fact that S is a G-homogeneous space allowing us to define
an intrinsic regularization of the noise.

1.4. Open problems and wider context

As discussed above, translation invariant (and for example) parabolic opera-
tors on Euclidean domains serve as a starting point from which non-translation
invariant parabolic problems on FEuclidean domains as well as parabolic prob-
lems on Riemannian manifolds can be studied. A somewhat parallel progression
holds starting from translation invariant operators on homogeneous Lie groups,
moving to general Hormander operators as well as heat-type equations on sub-
Riemannian manifolds, see [12]. This parallel progression in partial differential
equations (PDE) analysis leads one to ask how far the theory of regularity structures
can be extended in these directions. The table below gives a schematic presenta-
tion of the progress so far, presents some open problems and places this work
within the context of the study of subcritical parabolic-type SPDEs. The two rows
describe the two parallel progressions outlined above in the context of regularity
structures.

Each problem in the second row is closely related to its equivalent problem in
the first row; we discuss the posed open problems in a little more detail.
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Translation invariant
operators on R?

Non-translation invariant
operators on R¢

On Riemannian
manifolds

The works [13, 14, 17,
41] present a general and
complete picture.

Analytic step in [41];
aspects of renormalisation
addressed in [7, 64].

In [23] 2d-PAM is
treated. A general
account in [46].

Translation invariant
operators on homoge-
neous Lie groups

General Héormander
operators

On sub-
Riemannian
manifolds

Analytic theory covered in

Open problem A

Open problem B

this work. Renormalization
and convergence by hand.

e Open Problem A is expected to be more involved than its counterpart in
the Euclidean setting; going from translation invariant operators to non-
translation invariant operators by local approximations. In the case of
general Hormander operators, the underlying Lie group structure would
in general vary from point to point. An interesting application would be the
study of general hypoelliptic Anderson models (1.5) where the underling
particles perform a general diffusion with generator of the form (1.3), cf.
Theorem 1.2.

e Open Problem B is motivated by the fact that analogous to the tangent
space being an appropriate local approximations of a Riemannian manifold,
the non-holonomic tangent space is an appropriate local approximations of
a sub-Riemannian manifold and each fibre of the non-holonomic tangent
space is a stratified Lie group, cf. [1]. Note that in view of Remark 1.3 the
difficulties in Problem B are expected to be somewhat complementary to
those of Problem A.

Notation:

Given o € R we let [a] := max{r € Z : r < a} denote the integer part of o. We
often write < to mean that an inequality holds up to multiplication by a constant
which may change from line to line but is uniform over any stated quantities. In
general we reserve the notation D for the usual derivative on Euclidean space, and
X, Y for elements of a Lie algebra thought of as vector fields on the associated
Lie group, see Section 2. We will use | - | to denote the size of various quantities;
elements of a Lie group, the Haar measure of subsets of the group, the homogeneity
of members of the structure space in a regularity structure, traces of linear maps,
the absolute value function on R, etc. The meaning will usually be clear from the
context but in cases where it is not we will make sure to specify in the text. For
integrals we will use the standard notation, dx, for integration against the Haar
measure on a given homogeneous, Lie group, see Proposition 2.1. Throughout most
of the article we take an intrinsic point of view and do not equip the homogeneous
Lie group with an explicit chart.
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2. Analysis on homogeneous Lie groups

We collect some basic facts on homogeneous Lie groups and smooth function on
them. Let g be a Lie algebra and G be the unique, up to Lie algebra isomorphism,
corresponding simply connected Lie group. We write [-,-] for its Lie bracket and
inductively set, gy = g and g¢,) = [g(n—1),8]. Recalling the exponential map
exp : g = G, we have the Baker—Campbell-Hausdorff formula

exp(X)exp(Y) = exp(H(X,Y)), (2.1)

where H is given by H(X,Y) = X +Y +1[X, Y]+ ... with the remaining terms con-
sisting of higher-order iterated commutators of X and Y’; crucially H is universal,
i.e. it does not depend on the underlying Lie algebra.

PROPOSITION 2.1 ([32, Prop. 1.2]). Assume that g is nilpotent, i.e. g(,) = 0 for
some n € N. Then, the exponential map is a diffeomorphism and

o through this identification of g with G, the map

GxGo(z,y)—a2yeG

becomes a polynomial map (between vector spaces).
o the pull-back to G of the Lebesgue measure on g is a bi-invariant Haar
measure on G.1

DEFINITION 1. A dilation on g is a group of algebra automorphisms {D,},~o of the
form D,. X = exp(logr - s)X with s : g — g being a diagonalisable linear operator,
with 1 as its smallest eigenvalue.

REMARK 2.2. The requirement that the smallest eigenvalue of s be 1 is purely
cosmetic. Otherwise, denoting the smallest eigenvalue by 51, one can work with the
new operator § = is.

REMARK 2.3. For a € R, denote by W, C g the eigenspace of s with eigenvalue a.
Thus for X € W,, Y € W, one has the condition

D,[X,Y] =D, X,D, Y] = r*"’[X,Y],
which in particular implies [W,, W] C W4 and since W, = {0} for a <1
9 C @ Ww,.
a>j

In particular, if g admits a family of dilations, it is nilpotent. The converse is not
necessarily true.

IRecall that a bi-invariant Haar measure on a locally compact Hausdorff group is any Borel

measure which is invariant under push-forward by both left and right translates of the underlying
group. See the proof of [32, Prop. 1.2 (c)] for further details.
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DEFINITION 2. A homogeneous Lie group G is a simply connected Lie group where
its Lie algebra g is nilpotent and endowed with a family of dilations {D;}r>o.
For r >0, we define the group automorphism

zr7r-x:=expoD,oexp luz.
A homogeneous norm on G is a continuous function | -|: G — [0,00) satisfying
the following properties for all x € G, r > 0:

(i) |z| = 0 if and only if x=e, the neutral element,
(ii) [a| = |27,
(iil) |r- x| = r|z|.

The homogeneous norm naturally induces a topology generated by the open
sets and in turn a Borel o-algebra. From now on, we will always assume that G
is equipped with this topology and o-algebra. Furthermore, given a homogeneous
group G we denote by {X; }?:1 € g a basis of eigenvectors of s with eigenvalues
1 =151 <59 < .. <54 and such that

SXj Zstj. (2.2)

Given a measurable subset E C G we write |E| for its Haar measure which we
assume to be normalized such that the set By =: {x € G : |z| < 1} has measure
1, cf. Proposition 2.1. In integrals we use the standard notation dz. We define
|s| := trace(s) as the homogeneous dimension of G, since for any measurable subset
E C G and 7 >0, one has

Ir- E| =rFlE|.
We also define balls of radius r > 0,

B.(z):={yeG : |z y| <7}

The topology induced by these balls agrees with the topology of G as a Lie group, see
[28, Sec. 3.1.6]. Note that due to the non-commutativity of G, in general |z~ 1y| #
lyz~1|. We consistently work with the following choice of a semi-metric on the

group:
dg(,y) := |2~y = [y~ a|.

For 8 C G we write & := {z € G : dg(z,8) = infyeg |y~ 2| < 1} for the

1-fattening of R.

REMARK 2.4. A function f : G — R is called homogeneous of degree A € R, if
f(r-z) = r*f(x) for all x € G. One can show, cf. [32, Prop. 1.5 & Prop. 1.6], that
for any homogeneous norm on G there exists p > 0 such that

o [zy| < p(|z| + Jy|) for any z,y € G
o ||lzy| — ||| < ply| for any x,y € G such that |y < 1|z|.

Furthermore all homogeneous norms are mutually equivalent and we may always
choose a homogeneous norm that is smooth away from e € G, [28, Sec. 3.1.6].
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2.1. Derivatives and polynomials

We identify g with the left invariant vector fields gy on G and write gr for the
right invariant vector fields. We write X; for the the basis elements as in (2.2) seen
as elements of g7, and Y; for the basis of gg satisfying Y;|. = X;|.. Thus we can
write

Xif(y) = 0uf (yexp(tX;))li=o and Y, f(y) = Ouf(exp(tY})y)]i=0

for any smooth function f € C*(G).
A map P: G — R is called a polynomial if Poexp : g — R is a polynomial on
g.2 Let (; be the basis dual to the basis X; of g. We set

n;i=Cjoexp ' :G =R, (2.3)

Note that n = (1, ...,n4) forms a global coordinate system?, and furthermore any
polynomial map on G can be written in terms of coefficients a; € R as

P = Za[ﬁl,
I

with the sum running over a finite subset of N? and where for a multi-index I =
(i1, -y iq) € N we write T = ni* - ... - ni. Define d(I) = > 55t and [I]| =3 dj,
we call max{d(I) : ay # 0} the homogeneous degree and max{|I| : ay # 0} the
isotropic degree of P. For a >0, we denote by P, the space of polynomials of
homogeneous degree strictly less than a and define A = {d(I) e R : [ € N}.4
We can rewrite the group law on G explicitly in terms of n = (91, ..., 74)-

PROPOSITION 2.5. For j € {1,...,d}and multi-indices I, J s.t. d(I) + d(J) = s;,
there exist constants C’j’J € R such that the following formula holds:

nj(zy) = n;(@) +n;(y) + > il (@)n’ (v),
1,J#0, d(I)+d(J)=s,

for all z, y € G, where n; is given by the expression (2.3).

Proof. Applying the Baker-Campbell-Hausdorfl formula (2.1) there exist con-
stants C;’J which depend only on the choice of basis for g made in (2.2) but
are independent of z, & y € G such that

ni(zy) =ni@) + i)+ D Cn'(@n’(y),  forallz,y€G.
11417132

By setting either x =¢ or y=e¢, we find that CJLJ = 0if I=0 or J=0. Since
furthermore, n;((rz)(ry)) = r%n;(zy) the claim follows. O

2Recall that the space of polynomial functions on g is canonically isomorphic to D, (g*)®sm,
where ®s denotes the symmetric tensor product.

3Qccasionally we use the corresponding notation %.

4We point out a possibly counter-intuitive quirk of our definition; for k € A the set Py does
not contain polynomials of degree k& but only those of degree less than k.
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REMARK 2.6. Proposition 2.5 implies that for s; < 2 one has n;(zy) = n;(z)+n;(y)
while for s; = 2 one has n;(zy) = n,(z) +n;(y) + Zskzslzl C’f’lnk(as)m(y).

REMARK 2.7. It is also noteworthy to realize that Proposition 2.5 implies that
P, is invariant under right and left translations. (This is not true if one replaces
homogeneous degree by isotropic degree, except if G is abelian or a =0.)

REMARK 2.8. If follows from Proposition 2.5 that one can write

" (zy) = 0™ (@) + 0" () + > cx’n"(@n’ (),
1,770, d(I)+d(J)=d(K)

where the constants C’é"] can be written in terms of the constants C;’J.
LEMMA 2.9. Fori, je{l,...,d},
Xin; =6 + > clein’, (2.4)
I#0, d(]):5_7’7§7‘,
where e; denotes the multi-index (0,...,0,1,0,...,0), with 1 being in the i-th slot.

Proof. This follows directly from Proposition 2.5, applying X; to the function

y = nj(zy),

evaluating at y =0 and using the fact that X;|o = ain|0. O

PROPOSITION 2.10 ([32, Prop. 1.26]). One has X; =Y Pj 1 (%), where

1 ifk=j
Pjr = ) .
0 ifspg<s;,k#]

and P;j, is a homogeneous polynomial of degree s, — s; if s > s;. The analogous
statement holds for the vector fields Yj,

For a multi-index I = (i1, ...,44) € N% we introduce the notation X! = X'... X
Note that the order of the composition matters since g is not in general Abelian. It
is a well-known fact that any left invariant differential operator on G can (uniquely)
be written as a linear combination of {X!};cye. The next proposition follows as a
direct consequence.

PROPOSITION 2.11 ([32, Prop. 1.30]). The following maps from P, — R Pa gre
linear isomorphisms:

(i) Prs {(ai)lp(e)}d o
(i) P~ {X'P(e s
(i) P {YTP(e

)}d(1)<a’
)}d(1)<a’
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The same holds replacing e € G with any other point x € G.

DEFINITION 3. For a smooth function f : G — R, a point x € G and a € (0, 00),
we define the left Taylor polynomial of homogeneous degree (less than) a of f at x
to be the unique polynomial P2[f] € P, such that XI P¢[f](e) = X! f(z) for all 1
such that d(I) < a. The right Taylor polynomial can be defined similarly, replacing
X by Y.

REMARK 2.12. One observes that for I € N? and a > d(I) one has that
X'Pg(f] = PO x! )

for all f € C*°(G). Indeed, this follows from the fact that for any d(J) < a — d([)
one has X7(XTP%[f])(e) = X7(X!f)(z), since X7 X can be written as a linear
combination of {XK}d(K)<a.

THEOREM 2.13 (Taylor’s Theorem). For each a>0 and every f € C*°(G) it holds
that

fa) =i = Y [ X' ),

1I<[a]+1,d(I)>a

where for each multi-index I and y € G the measure Q! (y, -) is supported on
Bﬁa[;z];)»l‘yl(e) for some >0 depending only on G and satisfies fG|QI(y, dz)| <
|y

REMARK 2.14. Note that there is a more common version of Taylor’s Theorem

on homogeneous Lie groups, cf. [32, Thm. 1.37], which states that the remainder
satisfies the estimate

| (zy) = PLIf1(W)] Sa > y| "D sup X f(a2)] (2:5)

[I|<[a]+1,d(I)>a |z|<Blal+1 ]y
and which follows as a trivial consequence of Theorem 2.13. For us the explicit
formula of the reminder is needed in order to establish Schauder estimates in

Section 3.4.

REMARK 2.15. The analogous claim for the right Taylor polynomial, (Pg)%[f],
holds. In this case the analogue of (2.5) reads

|f(yz) = (Pr):[F1(W)] Sa > [yl D sup YT f(z2)]. (2:6)

\11<[a]+1,d(1)>a l=l<plel+y]

REMARK 2.16. If we define P.[f](y) := P2[f](z~1y), then it follows that

fo-Plw= Y [ X' )

1< [al+1,d(D)>a
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and in particular that

F@) =PI S D e yl" D sup | X f(az)].

[11<[a]+1 [2|<Clz=1tyl
d(I)za

In the particular case when f is compactly supported, one can rewrite this for the
rescaled function f*(z) = ﬁf()\ - ) as

@) =PelP @) Sa D APl g1 40 sup | X f(2)] (2.7)
1] <[a]+1 €6
d(I)za
Sa,f Z)\—(a-l—é)—|5|‘$—1y|a+67
530

where the sum over ¢ runs over some finite subset of [0, o).

REMARK 2.17. Given f € C*(G), if we define F' € C*° (G xG) by setting F(y, z) =
f(zty), we find that

REMARK 2.18. For any p € P, one has

P.[pl(y) = p(y).

REMARK 2.19. In the proof of Theorem 2.13, given below, we use the following
elementary observations:

e The map

®: R > G,
(t1y .y tq) = exp(t1X7) - ... - exp(taXq)

is a diffeomorphism. To see this note that it is clearly a local diffeomorphism
since one has

D®|p : TRy ~ R = TGy ~ g
(tl, ...,td) — ZtiXi-
[

Then since,
D(rtty, ..., r%ty) =1 D(tq, ..., ta),

it is seen to be a global diffeomorphism.
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e Setting for t € R?,
d

thes= Do,

i=1
one finds that there exists some 8 = $(G) > 0 such that

1
Eltls S @] < Bltls (2.8)

uniformly over t € R%.
e By repeated use of the commutator, for any I,.J € N? and i € N there exist
coefficients A; j; such that

X X7 = Z AigaX! (2.9)
I

and one has \; j; = 0 whenever d(J) +s; # d(I).

e If a € A, then m, := max{|I| : d(I) < a} = [a], where [a] denotes the
integer part of a. This follows from the fact that d(I) < a implies m, < [a]
and since ([a], 0, ...,0) is in the set over which the maximum is taken.

Proof of Theorem 2.13. Define for i € {1,...,d} the following measure on R? with

support on By, (0)

Qei (t,ds) = H 6tj (dS]) 10,4, (ds;) H do (de)

j<i j>i

and define Q¢ (y, -) = ®,Q%(®~1(y), - ) to be the push-forward measure. First we
show that

flay) = £@) =3 [ (ip@2)@(v.d2). (2.10)

Indeed one can write for y = y1y2 . . . yq, where y; = exp(t;X;) and t = (¢1,...,tq) =
> (y)

d
flzy) — f(z) = Zf(l‘yl o Yic1yi) — f(@ynyio1)

d

- ;/o Dot €x0(5X,)) |
d

= Z/O (Xif)(zyr - yio1 exp(sX;))ds
7,; ~

=3 [ e o)@ i)

d
=3 [ (Xip @),
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Using the fact that @ is a diffeomorphism one easily checks that Q¢ (y,dz) is
supported on Bg,((0), where 8 is as in (2.8), and satisfies [, |Q“|(y,d2) < |y|%,
and thus we have proved the theorem in the special case a € (0, 1], also known as
mean-value theorem. We turn to the proof in the general case.

Claim 2.20. Set g(y) = f(zy) — P%[f](y), we note that X7 g(e) =0 for d(J) < a
while X7 g(y) = X7 f(xy) for d(J) > a. We shall prove that for any multi-index J
it holds that one can write

X9y = > /XI 22)Q" (y, dz),
[I|<[a]+1,d(1)>a

where the measures Q17 (x,-) satisfy the following properties:

o Q"7 (x,-) is supported on Bgm ), (e) C G, where m(J) = min{m € N :
a—m<d(J)},
o Jo1Q"|(x, dy) < |2|*D=9D.

We shall prove by induction on m € {1, ..., [a]} that for multi-indices J satisfying
a—m < d(J) < a the claim holds.

e The case m =1 follows from (2.9) and (2.10),
X7g(y) = X7g(y) - Z / (X X7 9)(:)Q% (. =)
= Z/ > X, g1 (X19)(2)Q% (y, dz)

= Z / Xiy g, (X )(22)Q% (y, dz)

J)+s;

= /XfszlJ(ydz)

|I|<[a]+1 d(I)>a

The properties of Q?*/(y,dz) follow from the corresponding properties of
Q% (y,dz), completing the case m =1.
e Suppose the claim holds for m — 1. Then by the same argument as above

d
. K 22)0% P
> > Az,J,K/G(X 9)(x2)Q (y, dz)

i=1 d(K)=d(J)+s:

Sk [(¥F0) Q" (nd:)

i, K:d(K)=d(J)+s;: <a

+ Z N g, K /G(XKg)(xz)Qei (y,dz).

i, K:d(K)=d(J)+s; >a

X7g(y)
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We can apply the induction hypothesis to the terms in the first sum, since
d(K)=d(J)+s; =2d(J)+1>a—(m—1) and find

(XEg)(xz2) = /XI 22)Q1 5 (z,dz)

u|<[a]+1 a(r
and therefore

J = Ko\ (22)Q% z
X'g(y) = > /G(X 9)(2)Q% (y, dz)

i, K:d(K)=d(J)+s;<a

+ Z N, K /(L;(XKg)(xz)Qei (y,dz)

i, K:d(K)=d(J)+s;:>a

= Z Ai I K

o, K:d(K)=d(J)+s;<a

X Z //X f(x2)Q1 K (2,d2)Q% (y, dz)

|7|<k-+1,d(I

+ Z Ao, T K A(XKQ)(xz)Qei (y,dz).

4, K:d(K)=d(J)+s;>a

= Z N, J K

4, K:d(K)=d(J)+s;<a

x Z /Xf:vz J(QMF Q%) (y, d2)

|T)1<k+1,d(I

+ Z N, J K /G(XKg)(a:z)Qei (y,dz)

i, K:d(K)=d(J)+s;>a

= /XfszIJ(ydz)

m<[a]+1 d(>a

where Q77 is defined such that the last line holds true. Concerning the
measures Q7 (y,-), we note that

(1) suppQ”7(y,) C Bgmn)y since
Supp(QLK * Qei (y7 )) - Bﬁm(K)+1|y|

as Suprl’K(y’ ) C Bﬁm(K)|y\(€) and Suprei (y,dz) C Bmm(e)
(ii) f@ |QI’J(?/7 SIBS ‘x|d(1)_d(‘]) since

/ Q" % Q| (y, dz) < / Q" |(y, d2) - / Q% |(y, dz)

54

S [y Oy

This completes the proof. O
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2.2. Distributions and convolution

We define D(G) := C°(G) to be the space of compactly supported smooth func-
tions on G equipped with the canonical LF topology. The space of distributions
on G is given by the dual D'(G) of D(G), and for £ € D'(G) and ¢ € D(G) we
either write (¢,&) or £(¢) for the canonical pairing. Given r € Ry we introduce
the following useful space of test functions:

B (z) = {¢ € O®(Br(x)) : |X'9| < ﬁ VI - d(]) < r}.

We will often use the shorthand B, := Bl(e). Given ¢ € D(G) we extensively use
the following notations:

02 = 576 (3 679).

Recalling that we use the notation dx for the Haar measure on G we define the
norms,

(Js |f($)|pdx)1/p, for 1 < p < oo,

esssup,eqlf(2)], p=o0.

[fllze =

By left and right translation invariance of the Haar measure, for f € L!(G) it holds

that
— - _ —1
| 1wnay= [ repay= [ rwan= [ s
See the discussion after [28, Thm. 1.1.1].

REMARK 2.21. From the scaling properties of D it follows that
B (x) = {¢2 16 €Bye)}
One defines the convolution of two functions ¢,¢ : G — R as
vro() = [ vt oy = [ vy oy (211)

Note that in general 1) x ¢(x) # ¢ * 1p(x) but still many of the usual inequalities
hold, in particular the Young inequality, cf. [32, Prop. 1.18]. One can write

x () = / b(y)by (2)dy.

We extend convolution to generalized function, i.e. elements of D'(G), by duality
in the usual manner. From now on we will use the notation ¢(z) := ¢(z~1); one
notes that the following identities hold:
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(f,9%¢) = (G f,¢) = (f &, 9), (2.12)

frg=gxf, (2.13)

P xgt = (x0) and (1Y) =1y * ¢.

Recalling the notation X! = Xfl...X;d for any multi-index I = (iy,...,iq) € N9,
we introduce the analogous notation Y?! = Y;d....Yfl for the right invariant basis
vectors. Note the reversal in the composition. Since for any right invariant vector
field Y and left invariant vector field X such that X|. = Y. it holds that (X f, g) =
(f,Yg) for f, g € C(G), it follows from the definition of the convolution that

o XI(0x )=+ (X'9),
o YI(xg) = (Yy) o,
o (XT)xp=1xYT4.

DEFINITION 4. For @ € R we define the space C*(G) of a-Holder continuous
distributions to be those f € D'(G) such that for every compact set & C G,

o [fa <0,

A
| fllca(sy =sup sup  sup wa”<+oo.
CERSEB ) AE(D,1) A

e If a>0, there exists a continuous map G — P, = P, such that

_ P & -
7lengy = sup sup sup (=@ qup B < poo, (209)
TE€R GEBo AE(0,1) A zeR
where | - |p, denotes any norm on the finite dimensional vector space Py, .

Furthermore, C(G) denotes the space of continuous functions (note that only the
strict inclusion C(G) C C%(G) holds).

REMARK 2.22. We note that as in [41], for o € A the C*(G) spaces do not agree
with the usual notion of continuously a-differentiable functions. This definition,
however, is more canonical in the context of regularity structures, cf. Theorem 3.12.

The following proposition gives some useful properties that also mirror those of
Euclidean Holder spaces.

PROPOSITION 2.23. Given any real number a € R the following holds:
(i) C*(G) C CA(G) for every B < a.

(ii) For any multi-index 1 the map X' : C*(G) — C*~4U)(G), f+ XIf is
well defined.
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(iii) If a>0, then any distribution f € C*(G) agrees® with a continuous
Sfunction.

Note that this proposition in particular implies that C*°(G) = Ng>0C*(G).

Proof. Points i and ii follow directly. For Point iii, denote by P, the polynomial in
Definition 4, we set F' = f — P.(-), then for any ¢ € B¢ such that [, =¢' >0
and smooth compactly supported function g we find

(Fg) = clin (P s 0 = Ji (7. [ gty ) = el [ (.odlatiay =

where in the last step we used that since y — Py is continuous we have

(Fo)) = (f = Py(+),¥)) + / (Py(2) — P.(2)) ey (2) dz — 0,

as A — 0. Thus we find that the distribution f agrees with the continuous function
x +— Py(z), concluding the proof. O

REMARK 2.24. Note that by Proposition 2.23 for « >0 and any f € C*(G) we
know that X'f agrees with a continuous function whenever d(I) < a. Thus, in
particular Definition 3 of Taylor polynomials PZ[f] extends to C*(G) D C*°(G).

2.3. Discrete subgroups

Recall that, given a discrete subgroup & C G acting on G (say) on the left, then
the quotient space S := G/® = {&x : x € G} is a smooth manifold. Furthermore,
the quotient map 7 : G — S is a smooth normal covering map, cf. [53, Thm. 21.29],
and the canonical G right action

SxG— S, (&z,2") — Gza’

makes it a homogeneous space. We call & a lattice if S = G/® is a compact
space. This is equivalent to S carrying a finite G invariant measure, which we shall
denote by d(®z), cf. [62, Thm. 2.1]. Throughout this article we assume that every
homogeneous Lie group we work with carries a lattice, the following theorem, [62,
Thm. 2.12], gives sufficient conditions for this to be the case, which all our examples
satisfy.

THEOREM 2.25. Let G be a simply connected nilpotent Lie group and g its Lie
algebra. Then, G admits a lattice if and only if g admits a basis with respect to
which the structure constants of g are rational.

Let us point out that there do exist nilpotent Lie groups that do not admit a
basis with respect to which the structure constants are rational, see [62, Rem. 2.14]
for an example.

5As usual, we say a distribution agrees with a continuous functions, if it lies in the image of the
canonical embedding C(G) — D’ (G).
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Denote by 7* : C(S) — C(G) the pull-back under w. We define a convolution
map
51 OF(5) x CF(G) = C=(5), (f,9) = [fxs¢

as the unique map, such that the following diagram commutes:

C®(8) x CP(G) —=5 C™(8)

* xid\L \Lﬂ*

C®(G) x CX(G) —— C*(G),

where convolution on the bottom row is convolution on the group as defined in 2.12.
In order to check that this map is well defined, we use the following terminology.
A function f € C*°(G) is called left & periodic, if for every z € G and n € & it
holds that

f(z) = f(nx).

Thus, we only need to check that for any ¢ € C°(G) and any left & periodic
function f € C*°(G), the function f * ¢ is left & periodic. Indeed for any n € &
and z € G, it holds that

£+ d(n) = /@ )by n)dy
- /@ F@)o(n~ty) ") dy
- / Fng)d(y™x)dy
G
- / Fw)oly z)dy.
G

By duality, one naturally extends the notion of convolution on S to pairs, (£,¢) €
D'(S) x DL(G), where D.(G) denotes distributions on G with compact support.

2.4. Concrete examples

In order to cement ideas we present two concrete examples of non-abelian, homo-
geneous Lie groups, both of which are identified with fixed global charts. These will
be revisited in § 4.4 when we discuss the heat operator on the Heisenberg group
and Kolmogorov-type operators.

2.4.1. The Heisenberg group

Given n > 1 we define the Heisenberg group H™ as the set R?™ x R with the group
law,

n
(z,y,2)(2",y',2) = (m +aly+y 2+ Y (- xil/é)) :

i=1
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REMARK 2.26. Note that one may equally define the complex Heisenberg group
on C" x R equipped with the group law,

(u,2)(u', 2') = <u+u’,z+z’+§?2uia;> ,

i=1
where 3z denotes the imaginary part. One sees that these definitions are equivalent
after identifying C" with R2".

The origin e = (0,0,0) is clearly the identity, and for (z,y,2) € R?" x R one
has (z,y,2)"! = (=2, —y, —2z). The Lie algebra, h of H", is identified with R?"+1,
spanned by the basis of left-invariant vector fields,

Ai(xa Y, Z) = 8m + yiau Bi(xaya Z) = 81/1 - xiazv C(ﬂ?yy, Z) = azv

and equipped with the Lie bracket [A, B] = AB — BA. We observe that for any
(x,y,2) eH" and i =1,...,n,

[A;, Bi](x,y,z) = —2C. (2.15)

We say that a Lie algebra is graded if there exist vector spaces {Wy}r>1 where
only finitely many W are non-zero, g = @, Wi and [W;, W;] C Wi;.

DEFINITION 5. A homogeneous Lie group G is called stratified (or a Carnot group)
if its Lie algebra is graded and generated by W .

Due to (2.15), we see that if we equip H" with the dilation map,
)\ ' (:1:7 y? Z) = (Ax, AZJ7 AQZ)?

then H" becomes a stratified group. Refer to [12, § 3.3.6] for a discussion of
generalizations of this structure.

A simple example of a lattice on the Heisenberg group is the set of integer vectors
(a,b,c) € H™ := Z>" x Z equipped with the group law as defined above. Note that
it is not a normal subgroup, and thus the quotient space H"/$H™ is not a group.
However, since it is a lattice the homogeneous space H"/$™ is compact, cf. § 2.3.

2.4.2. Matrix exponential groups
For n > 1, let B be a rational n x n block matrix of the form,

0 By 0 --- 0
0 0 By --- 0
B=|: 1 o
0 0 -~ 0 By
o o -~ 0 O

with each B; a p;_1 X p; block matrix of rank p;, where n > pg > p1 > --- > pr and
Zf:o p; = n. Note that this implies the zero blocks on the diagonal are all p; X p;
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square matrices. We can equip R x R™ with an associated Lie structure by defining
the group law

(t,2)(s,2) == (t+5,2 +exp (sBT) z).

To define the dilation we begin by decomposing according to the structure of the
block matrix B, writing

R"™ =RPO x ... x RP",

Thus the action of BT on z = (2, ..., 2x) € RP* x --- x RPk is written as B! z =
(B{ 20, B3 z1,...B} z,_1) etc. Then we set

Nt 20, ze) = (N2, Azg, ., A2R L),

The origin e = (0,0) is again the identity element and (t,2z)"! =
(—t, —exp(—tBT)z). The Lie algebra is spanned by the translation invariant vector
fields,

Xi(t,z)=0,, fori=1,...,pp and Y(t,2)=0—(Bz)-V=0— Z bi; 20, .
4,j=po+1

This defines the matrix exponential group associated with B and one sees that it
is not stratified.
The simplest non-trivial example is to set n =2 and

B 0 1 7
00
so that using the suggestive notation (¢,v,z) € R x R x R, the group law becomes,

(t,v,2)(s,w,y) = (t + 5,0 +w,z +y + sv).

The equivalent scaling as above is to set A - (t,x,v) = (A%t, \v, \3z). We refer to
[57] for more details and § 4.4 for a discussion of natural second-order hypoelliptic
linear operators associated with these groups.

3. Regularity structures and models

DEFINITION 6. A regularity structure is a pair T = (T,G) consisting of the
following elements:

(i) A graded vector space T = P, 4 Ta, where

a€cA

o the index set A C R is discrete, bounded from below and contains zero,
e each T, is finite dimensional with a fixed norm |-|o. We write Q, : T — T,
for the canonical projection,
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o T\ is wsomorphic to R with a distinguished element 1 € Ty, such that
[1]o = 1.

The space T is called the structure space.

(ii) A group G of linear operators acting on T, such that for every I' € G it
holds that T'|1, is the identity map and for all T € Ty:

FT—TE@Tﬁ.
B<a

The group G is called the structure group of T .

A sector is a G invariant subspace V. C T, and if V # {0} the regularity of the
sector V is defined as minfa € A : V. N'T, # {0}}.

We make use of the natural shorthands, Tsq, T>q, T<a, T<a, the projections
Q>Ou etc.

DEFINITION 7. Given a regularity structure T = (T,G) and r € N such that r >

|min A|, a model for T is a pair M = (II,T"), consisting of

e a realization map 11 : R* — L(T,D'(G)), x + I, such that for any com-
pact set & C G one has ||I|yq = supyeg Uy, < o0 for all v>0,
where

I A
(TL]|, == sup sup sup sup M,
CEAN(—00,y) TET: A<1 $E€B,. |T|c>\

e a re-expansion map I : R x RT = G, (2,y) Iy, which satisfies the
algebraic conditions

Helgy =11y, Poyly=Tq:

)

and the analytic condition ||T||,.q := sup, yeg: jy-1a)<1 ITllzyy < 00 for
all v>0, where

r
IPlows = sup sup sup —heaTli
CEAN(—oo0,y) ADB<C TeT, [y~ Lo |7,

Lastly, we denote by M+ the space of models for T equipped with the semi-norms
M|y = [IH[ly;8 + [IT]|4;5-

REMARK 3.1. In the rest of the article, often without any further comment, we
will write

r:=min{n € N : n>|minA|}.
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3.1. The polynomial regularity structure

As an important example we describe the polynomial regularity structure and
canonical model which are crucial for the analysis of singular SPDEs on homo-
geneous Lie groups. We define the structure space T to be the symmetric tensor
(Hopf) algebra generated by {n;}¢_,, which we think of as abstract lifts of the
monomials {n;}¢ ;. For a multi-index I, we write n/ = ni* - ... - g} as well as
1 :=n°. Group G is given by a copy of G acting by

g (Fg iny ey + > i’ (gm” + ﬂj(g)l)
1,050, d(I)+d(J)=s;

and anI = (I‘gr))l. The canonical polynomial model is defined by setting

I,m;(2) = n;(z~"2)

and

Lyyms =n; + > Clnl (yre)m? 4y o)1
1,J#£0, d(I)+d(J)=s,

These maps are extended multiplicatively to all of T. Using Prop. 2.5 in the third

equality,
LlomG) =(n+ > O en’ +a7) ()
1,J#0, d(I)+d(J)=s,
= (@ '2) + > i (y e’ (@7 ) + iy )
1,J#0, d(I)+d(J)=s;
=n;(y~leaT"2)
=n;(y~"2)

= Iyn;(2).

3.1.1. Derivatives and abstract polynomials -
Next we lift the vector fields X; to abstract differential operators X* on T of degree
54, cf. § 3.5. We set

Xy =61+ Y. oy
I#£0, d(I)=s;—s5;

and extend this definition to the whole regularity structure by the Leibniz rule.
The conditions to be an abstract differential operator are checked directly:

(i) Indeed X : Ty = Ty,
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(ii) By the Leibinz rule the second property is checked by showing that
XDy =T, ,X7. (3.1)
Note that HmXinj = Xinnj, since

I, X'n;(z) =
Hz (5i,j1 + Z Cj’einl) - 51',]’ + Z le’einl(xilz)

1750, d(I):Sj—Si 1750, d(I):ﬁj—Si
and using left invariance of the vector field X; as well as (2.4)

X1, (2) = (Xim; (2~ 1)) (2)

= (Xmy)@ ') =0+ Y. Ol
I1#0, d(I)=s;—s5;

Thus (3.1) follows from the injectivity of maps II, and relation I, I, , = IL,,.

REMARK 3.2. In addition to showing that X; is an abstract differential operator,
we have shown that it also realizes X; for the polynomial model.

3.1.2. Abstract Taylor expansions
The following operator, which sends a smooth function to its abstract Taylor
expansion, will be used throughout the article.

DEFINITION 8. For x € G, we define the family of maps
P! CG)—T

where for a> 0 P2[f] is characterized by the fact that II.P%[f] = PL[f] € Pa and
for a <0 it satisfies P2[f] = 0.

REMARK 3.3. Note that the map P? is well defined by Remark 2.24. We shall
almost exclusively use it, when its argument is a smooth function f € C*(G) C

CYG).
LEMMA 3.4. Let f € C®(G) and a > 0. Then for each multi-index 1 the coef-

ficient of n' in P2[f] is given by a linear combination (depending only on G) of
{XKf(x)}d(KKd(I). Furthermore, for b > a one has

Pi[f] = Q< PL[f]. (3-2)
Proof. We first observe that (3.2) holds since the polynomial I1,Q¢,P%[f] satis-

fies the property required in Definition 3. The first part of the lemma follows by
combining Proposition 2.11 with (3.2). O
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LEMMA 3.5. In the setting of the above lemma one has

IXTILPLS)) = X P S Y wp X F ()|,
d(1)<d(J)<a WI)SAT)

Proof. Since the coefficient of 7 in P%[f] is bounded by a universal multiple
of Supg(;y<a(s) | X7 f(z)| by Lemma 3.4 the claim follows using the fact that

[ X Ten” (2)] < [2] 1D~ O

The next lemma will be useful when proving Schauder estimates in § 3.4, since
it allows us to circumvent the issue of having non-explicit Taylor polynomials.

LEMMA 3.6. Let § >0 and P € T<s. If, for some € € [0, 1],

|(XTTI.P)(e)| < &2~40)
for all T € N% such that 6 > d(I), then it holds that |P|, Ss.c €972 for all a < 6.
Proof. We observe that P°[II,P] = II.P. Thus, the claim follows directly from
Lemma 3.4. O
3.2. Modelled Distributions

DEFINITION 9. Given a regularity structure T = (T,G), a model M = (II,T") and
v € R we define 7}, as the space of all continuous maps f : G — T, such that
for all ¢ € AN (—o0,) the following bounds hold for every compact set &8 C G

/(W) = Loy f(2)lc

sup | f(x)|¢ < +oo, sup e < 4o00.
ves zyER, ly~tal”
0<|y~'z|<1
We define the corresponding semi-norm || - |y.q on 23, by setting,

F) ~Teuf@)le

[ fllyss == supsup| f(x)|c +sup ~ sup 2 LA
TERC<Y —lz|

(<y  wyER, ly
0<|y~*z|<1

Given two models M = (ILT), M = (ILT), two modelled distributions f &
Dy [ €D, and a compact set & C G we define the quantity,

||f;f||’y;ﬁ ‘= SUPgegSUPc<y |f(x) - f(.’E)k B o
—f(y)=Ta,, L.,
FSup gyeq  supe.., LW ‘y;;‘;fw(‘li)f W@l
0<|y™"z|<1

For the set of modelled distributions taking values in a sector V. C T we write
20,(V) and if the regularity of the sector is a € A we often use the shorthand
@;M. We will freely drop the explicit dependence on the model, image sector and
its regularity when the context is clear.
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3.2.1. Reconstruction

THEOREM 3.7 (Reconstruction theorem). Let T = (T, G) be a regularity structure
with « = min A. Then for every v>0 and M = (II,T) € My, there exists a
unique, continuous linear map Rar : 73, — C2, called the reconstruction operator
associated with M, such that for any compact R and A € (0,1]

wséué) |<R1V1f - Hrf(x)ﬂ/féﬂ SR )\’Y”f”'y;BQ“A(w)”H”"/;BQ“)\(w), (33)

uniformly over x € R, where u > 1 was defined in Remark 2.4. Furthermore the
map M — Ry is locally Lipschitz continuous in the sense that for a second model
M = (IL,T) and f € 2}, for every X € (0,1],

sup [(Raf — Ry f — o f(z) + I f (), 42)|
bEB,

S AT (15 FllysBayn (o) 1T

o (@) T 1 iBa @) T = iy @) - (34)

REMARK 3.8. Existence of a reconstruction operator for v < 0 also holds; however,
uniqueness does not. In the case 7y =0 the analogous bound to (3.3) contains an
additional logarithmic correction on the right-hand side, cf. [15].

REMARK 3.9. It follows from the definition of the reconstruction operator, that if
f is a modelled distributions with values in a sector V' C T of regularity a > «,

then Ry, f € C“.

In order to prove Theorem 3.7 we require two preliminary results. As in [33,
§ 13.4] we make the observation that for every N > 0 there exists a p : G — R,
smooth and compactly supported in Bj(e) and such that

/nI(x)p(x)dx =010, 0<d(l)<N, (3.5)

where § here denotes the Kronecker delta applied componentwise to the multi-index.
For t > 1 we define p(™ (z) := t™I5lp(x" - z) as well as

P = p(1) (D) g p(m)
with the convention p(™™ = p("™). We then have the following result.

LEMMA 3.10. If v > ||pl|lzr > 1, then there exists a smooth, compactly supported
function @™ = lim,,_o0 p™™), where the convergence takes place in D(G) and
supp(o™) C Bep-n for C =

t—1"

Proof. First, note that since ||p(™ |1 = ||p||z1 and p(™ is supported on a ball of
radius t™, it follows from the mean value theorem on G (cf. (2.5) with @ =0) that

[ 5™ (@) = f(x)| =

L) = 1) )y < a1V oo

https://doi.org/10.1017/prm.2025.1 Published online by Cambridge University Press


https://doi.org/10.1017/prm.2025.1

Singular SPDEs on homogeneous lie groups 29
Secondly, since
Y pmm) = yT(p) s pnttm)y — (v p(n)) 4 plrttim), (3.6)
one finds by applying Young’s convolution inequality m-times, cf. § 2.2, that
[Yip™ ™l = (Yip™) 5 p 1| e < Yip™ oo [l 72

1
<D Ypl e [l 7

~
< Yip|| poo [l 7
and therefore

[ptm ™) — pm = oo = || plmm =) s plm) — plrm =1 o

m

A

Jmasc Vg™ e pl] e”

< max |[Yipllz [lpl 7 e

2ns) MAXi=1,...d || Yip Lo <||p|L1>’”
b
loll7 v

N

which is summable in m since we assumed that t > ||p||z 1. Thus we may write

m—n—1

p(n,m) — p(n) + Z p(n,m—k) _p(n,m—l—k)’
k=0

and it follows that p(™™) converges uniformly as m — 4o0. Using (3.6) we obtain
convergence in D(G). It remains to check the support of ™. For two functions
f1, fo such that supp(f;) € B, one has supp(fi * f2) € By, 1r,, and hence it follows

—n

that (™) is supported in a ball of radius Yo =t O

1—v—1°

It follows from the definitions that (™) = p(") % (" +1) We set

~(m,n)

o = ﬁ(m) * ﬁ(mil) koo ok ﬁ(n)7

and using (2.13) we note that ™+ x 5(m) = ) and ™) — 3 in D(G) as
m — 00.

LEMMA 3.11. Lett > 1 and p be as in Lemma 3.10 Let >0 and &, : G — R be
a sequence of functions such that for every compact & C G there exists a Cg such
that sup,c g |&n (%) < Car®™ and such that &, = &,41 % p™. Then the sequence &,
is Cauchy in C~P(G) for every 8 > a and the limit & satisfies &, = & x ). If,
furthermore, for some x € G and v > —« one has the bound

eny)l < e (e~ tyite 4 e Gten)

uniformly over n > 0 and y € G such that |z~ y| < 1, then [(&,9))] < NV for all
A <1 and ¢ € B,, where r = —[—qal.
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Proof. The proof follows along the same steps as that of [33, Lem. 13.24], but one
has to be careful since convolution is non-commutative in our setting. Let A € (0, 1]
and ¢ € B,; we first establish the bound

[(€n — &ns1, )] S A PrlomPn (3.7)

uniformly over ¢ € B,., A € (0,1] and locally uniformly over z € G. First observe
the trivial bound,

[(€n = Enr1, ¥2)] < s (|€n(@)] + [€nra(@)]) |92 )22 < (1 + ) CrCe™,

TER

where C := sup{ [ [¢*(z)|dz : ¥ € B,} < +00. Hence, when A < v the bound
(3.7) holds directly.
In the case t=™ < A, using (2.12) we rewrite

(6 = &nrn ¥2) = {(Ensr 5™ = Enir ¥} = [nrr w2 5 ™) — 42)].
By Taylor’s theorem and in particular Remark 2.16
[03(2) = Py [42]()] S Y AT ORIy (3.8)

6>0

where the sum runs over a finite set. It follows from (2.11), Remark 2.8, Remark 2.16
and (3.5) that we have

BT (42w p™ ()= / B [42](zw)p™ () deo= / B2 2] (2w )™ (w)duo = 42 (9),
and thus

by o™ (y) — ¥ (y) = () — P [wd]) = p™(y),

which by (3.8) is bounded uniformly by a multiple of A~ (r+0)=[s[p—n(r+9)
and supported on a ball of radius A+t~" < 2)\. Note that we were able to keep the
convolution with p(™) on the right in both expressions by using the rebased Taylor
polynomial of Rem. 2.16. Using the bound |&,+1] <o t®" we conclude that

(G 2 %) — 2] § TN <y
6>0

where we used t™" < A and without loss of generality assumed that » > g in the
last line. Hence {&,},>1 is Cauchy in C™#(G) and for any test function,

(Eny®) = (Ens1, 0 % P = (Epyr, ¥ % pV™) = (€90 % M),

showing that &, = & * ¢(").

https://doi.org/10.1017/prm.2025.1 Published online by Cambridge University Press


https://doi.org/10.1017/prm.2025.1

Singular SPDEs on homogeneous lie groups 31

To prove the second claim, for any test function ¥ € B,, A>0 and z € G we
write

(€)= () + ) (€t — ErsU),

k>n

where 7 is chosen so that A € [c~("+1) +="] and as a consequence

[(Ennd)] < A~ lelem /

<|x71y|7+a + t7(7+a)n) dy < Ao L7 <\,
Bx(z)

To bound the summands (£,11 — &, @)) we proceed as in the proof of the first
claim to find that

(€ — e, VD) = [{(Gar, 02 % o) — )|
= [(&rr1, (V2 — PLI2))) * p™)]
S Z)\f(r+6)f\5|t7k(r+5)/ |£k+1(y)‘dy

>0 Bax (93)

5 Z )\—(r+6)—\5|tk(a—r—6)
§>0

o (/ |x—1y|v+ady+t—(v+a)(k+1))\|5)
BQ,\({E)

6>0

where the sum in § is again over a finite set. Since r + J > « the quantity on the
left is summable over k > n and is of order A7, concluding the proof. O

We are now ready to proof Theorem 3.7.

Proof of Theorem 3.7. For m >0 we first define the operators R("™™) : @7 —
C(G) by setting

(RO £ () = (11, £ () + 3™ () = (11, £ (9), ™).
We then set, for n < m,
R f = Rmam) £y f(m=1n),
and recalling that (41 « 5(m) = 3(m) we find

R(m,n)f 7 R(m+1,n)f _ R(m,m)f % ﬁ(mfl,n) o R(m+1,m+1)f * ﬁ(m,n)
— (R(m,m)f _ R(m+1,m+1)f % ﬁ(m)) % p~(m—1,n).
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Using the identity

(F % 3)(x) = (F, ) = / F ) (y)dy,

it follows by a straightforward computation that

(R(m’n)f R(m+1 n)f)( )
_ f ( R(m, m)f R (m+1,m+1) f * m))(y)p(m 1,n) (y)dy
= [ [ f ()~ T (), "™ (2)dzpl™ ™ (y)dy.

Therefore, using the fact that II, = II,I'y., we have
(RUmmf = R £) ()
N //<Hy(f(y) —Ty=£(2)), 0" ) pi™ (2)dzp{" 1™ (y)dy.

Then successively applying the facts that

1 _
* Supy,zeBzm—m(O) (I, <,0z mr )| S [T 0t Mo for T € T,

o [f(¥) —Ty=f(2)lla SIS

o o™ |10 < 1 uniformly over m > n > 0,

|’Y§Bz‘“-7m(

|,Y;Brm (y)t(a Mm uniformly over |y~ tz| <™,

we establish the bound
RO f— RIMFLR £y ST gl lleme ™,

uniformly over m > n > 0, where & denotes the two flattening of the set £. It
follows directly from the definition and properties of a model that we also have the
bound

IR Fllpoe () S 1MLy & F 1 ysie ™™ (3.9)

where @ = min A. It follows that R(™™ f converges uniformly on compacts as
m — 0o to R f which also satisfies the bound (3.9). Since it also holds that for
every m > n + 1,

R(m,n)f _ R(m,m)f % ﬁ(mfl,n) — R(m,m)f % ﬁ(mfl,nJrl) " ﬁ(n) _ R m,n+1) f * p
we find that

RO f = ROFD £y 50

Therefore we may apply Lemma 3.11 to see that there exists a limit Rf :=
lim, o ROV f.

With the validity of the limit established we now turn to show the bounds (3.3)
and (3.4); this requires us to keep more careful track of the underlying sets in the
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proof. We begin with (3.3), first noting that if we define f,(y) := I'y . f(z) then
one has R"™ f, =TI, f(z) * ™ so that (3.3) can be written as the claim that for
all A € (0,1],

wseug ‘<R(f - fz)7wa/c\>| Sﬁ A’nyH’Y;Bg)\(ZE)||H||'Y;B2)(I)’ (3'10)

Using that |(f — f2)(2)]a S Hf”'ﬁB‘z—lw‘($)7|2711’|’y_a for z, z € R, it follows that
for all y € By(x) one has

(R (f — ) ()] = [T, (f(y) — f2(1)), o)

STy 1 B Y vy

agagy

_ _ Y—a _
Sy B e 2"y~ ] 4 e, (3.11)

where C(t) := 5 is as in Lemma 3.10. Given n > ng(A) sufficiently larger, we have

a uniform bound Ct=" < A. By the convergence of R("™™ in the first exponent, it
follows that R(") satisfies the same bound and so inspecting the proof of the second
half of Lemma 3.11, in particular noticing that we integrate the above estimate over
y € By(x), we conclude that (3.10) holds for the limit R.

Using the obvious notation we can also rewrite (3.4) as

SUPyem,. |< (f f:c) - 7(JF fTac) 1/’§>| S AV(”JC;fT”'y;Bz)\(a:)Hﬁ
+||f|'y,BzA ”H HH’Y Bax(z )

|’Y;Bzx(w)

uniformly over A € (0,1]. This is seen very similar to (3.10), but using this time
that for n large enough,

[ROP(f = fr) = RO =
= [y (f(y) - x,yf( x)) — 11,
= [(Iy (f(y) = Tay f(2) = fly
5 (”HH’y Bx(y)Hf f”’y ;Ba(y +

Wl

Fy) = Tyuf(@),0y™) )

+ Dy (@) + (I, = L) (F(y) = Tya (), 04|
ITE =TT, ) 1l B ) L T Iy~

fo
(
)

It remains to show that the reconstruction map is unique for v >0 and that Rf is
indeed an element of C'2. This is done exactly as in [41, § 3]. O

3.2.2. Functions as modelled distributions

Let T = (T, G) be the polynomial regularity structure equipped with the polyno-
mial model. We show that in this setting the reconstruction theorem and its inverse
map Taylor polynomials to Holder functions and vice versa.
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THEOREM 3.12. For >0 the reconstruction operator is an isomorphism between
27(G) and C7(G). In particular the inverse of the reconstruction map is given by

C(G) 5 1)+ PY[f] € 77(),
where P is defined in Definition 8

Proof. Given a modelled distribution in 27 and since we are working with the poly-
nomial regularity structure equipped with its canonical model, it follows directly
from the bound satisfied by the image of the reconstruction operator, i.e. Equation
(3.3), and the definition of C” in (2.15) that the reconstruction operator is a map
27(G) — C7(G). Continuity also follows from (3.3) and by linearity.

To see the other direction recall that given a Holder continuous distribution f €
C7(G) by Proposition 2.23 {X” f}41)<, are actually functions and, in particular,

that P, = IT,P’ [f]. Therefore, for A = |z~ y|g
T (PDVLf) = TofPHIA) )| = (s = )] +1(f = Bpud S X7 (3.12)

uniformly in ¢ € B,. On the other hand, writing Pg”[f] _ F%sz[;y] ] =
Zd([)<7 Ci,ynl, we find that

L (POA = T PRI 02) = Y b e (@) = > b MO ().

d(I)<vy d(I)<~

Using that P, is a finite dimensional vector space and the surjectivity of the linear

map
C®(Bi(e)) — RI™ P s {TLen” (¥) Yacr) <
we find that
> ek A < sup | YT ek DT (). (3.13)
d(I)<~y VEB i<y

Together, (3.12) and (3.13) imply that |c£y\ < AN~ we may then apply
Lemma 3.6 to see that PEV,]) [f] € 27. O
3.2.3. Local reconstruction

We will require the following further refinement of the reconstruction theorem which
is an analogue in our case of [41, Prop. 7.2].

PROPOSITION 3.13. In the setting of Theorem 3.7 one has the improved bound,

1f(2) =Ty f(y)le

_1Z|’y—€

b

sup |(Rf — o f(2)) (W) S N y;8y)  SUp  sup
YEB,, y, zEsupp(yp)) <y ly

(3.14)
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as well as, given a second model M(I1,T') and a modelled distribution f € 9}7[, the
analogous bound that for every A € (0,1],

sup [(Ryf — Ry f — o f(z) + I f (), 42
VEB,

<X (nf; Fllsveupoon I

~;Bapx () + Hf”'y;supp(w;‘)HH - H”’Y;Bz,_m(x))’ (3'15)

for any x € G and any X € (0,1].

Proof. Since the right-hand side of (3.14) is linear in f, as in [41] we may assume
it to be equal to 1. We use the functions p(™) and ¢(™ from § 3.2.1 and recall that
they satisfy

oD () = / P V) (@)dy, Pl = / P (w)e) (@) duws
B, i1 B.—n+1

in particular since [ p(™(z)dz = 1 we have [ M ()dy = 1 for all n > 0. Define,
for fixed 17, the set

An={y € : supp(”) Nsupp(v) # 0} € G

which by definition is contained in Byic¢—n(z), with C' = *5 as in Lemma 3.10,

as well as a (measurable) function

n A = supp () N supp(¥).

Next, let

R, = / (RS =Ty, (7 (®))) (251 )dy

n

— (RfWY) /A I, () f (1) (4200 ).

n

It follows that for ng = min{n € N : v=™ < A}, one has

(RS — L f(2))(02) — Ra| = ‘ / (I £(2) = T, 0 f (o (9))) (20| < X0
(3.16)
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as well as for n > nyg

Ry-1— R, = /A Hﬂn,1(y)f(7rn—1(y))(wa>c\<py71)dy

n—1

_ /A Iy, (o f (1 (2)) (207 )dz

n

:/Br_n+1 p(n—l)(w)/A (Hmfl(zw,l)f(ﬂnfl(Zw—l))

n

T, o [ (2) ) (2 dzduw.
Since |7, (2) 11 (zw™t)| < Ct™™ and for T € T,, such that 7| < 1

|H7Tn(2)7_(w;\902)‘ ,S )‘lﬁ‘t_an’

we find that

dz <o

[0 sy fas (o) = T o fma(2) (022)

n

and thus conclude

|Ry, — Rp—1] St 7™

A similar argument gives |R,,| — 0 as n — oo which combined with (3.16) concludes
the proof of (3.14). The proof of the analogous bound (3.15) follows in a similar
manner. O

3.3. Singular modelled distributions

As in [41] we will eventually be concerned with solutions to SPDEs that take values
in spaces of modelled distributions with permissible singularities in some regions
of the domain. Our main example will be modelled distributions on space-time
domains that are allowed to be discontinuous at {t = 0}, see § 4. However, as in
[41] we build the notion of singular modelled distributions allowing for singularities
on more general sets, generalizations of which have been used in [35, 37] to study
singular equations with boundary conditions.

We fix a homogeneous sub-Lie group P C G with associated Lie algebra for which
we write p C g. The assumption that P be a homogeneous sub-Lie group means
that the scaling map s restricts to a map 5 := s|, : p — p which is diagonalizable.
We fix a decomposition g = p @ p© such that p¢ is also invariant under s and define
the homogeneous dimension of P and its complement P° := exp(p®) as

5| := trace(s|,) and |m| = trace(s|pc). (3.17)
Furthermore, we set

lz|p :=1Adg(z,P) =1Ainf{z € P : [z7'2|}, |z,ylp = |z|p Aly|p.
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Note that since P is closed (being the image under exp of a linear subspace of g),
one sees easily that the infimum above is actually a minimum. Given 8 C G we
define the set

fp = {(r,y) € (R\P)? : ¢ # yand |oy| < |z,9lp}

That is Rp contains all the points in K that are closer to each other than they are
to P.

DEFINITION 10. (Singular modelled distributions). Given a regularity structure T
and a subgroup P as above, for any v>0, n € R and maps f: G\ P — T, we set

fla fla
15 = sup sup 'El'io, Ulhs = sup sup! (n)k
2E€R\P ¢<v |.’E| zER\P (< |.’17|

Then given a model M = (II,T') as well as a sector V, the space 271, (V) consists
of all functions f : G\ P — V., such that for every compact set & C G,

-T,
AL s o= b+ sup  sup L&~ Lo W)l

— — <+
(w)ese < ly~ta]" " |z, g B

For two models M = (II,T), M = (II,I') and two modelled distributions f €
250 . fe 7, we also set

=|If = fllyma + sup sup f() = F(@) = Loy S (9) +f$yf(y)|<.
T ess ¢y =2,y

1173 711

vnk

If V s a sector of reqularity o € A, where appropriate we will use the shorthand
27 P M= @ 1 (V) and we will drop the dependence on the model when the context

a
is clear.

REMARK 3.14. We refer to [41] for more intuition regarding the definition of these
spaces and their properties, all of which carry over to our setting. In particular [41,
Rem. 6.4] discusses the relationship between the spaces 23" and 2.

REMARK 3.15. The family of norms [f], .« and the two following lemmas play
a role when we consider fixed-point maps in §4. Their utility is in allowing us
to extract small scaling parameters in terms of the distance to the subgroup. In
the semi-linear evolution equation setting this allows us to obtain fixed points on
sufficiently short time intervals.

LEMMA 3.16. Let 8 C G be a compact domain such that for every x € 8 and T :=
argmin, ¢ p|z~y| one has that the points T(A-(z~'x)) € R for every X € [0,1]. Also
let f e DL for some v>0 and assume that for every ¢ < n the map x — Q¢ f(x)
extends continuously in such a way that for x € P one has Q¢ f(x) = 0. Then, one
has the bound
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[[fﬂ'y-,n;ﬁ S |||f|||'y77];ﬁ7

where the implied constant depends affinely on |||, but is otherwise independent
of & Similarly, if f € P}, with respect to a different model M = (IL,T') and is
such that

lim Qc(f(x) — f(x)) =0

z—P

for every ¢ < n, then one has the bound

1 = s S TN e+ 17 = Pl (11 e+ W i)
with proportionality constant also depending affinely on ||T'||y.q and ||T||.5-

Proof. The proof follows almost exactly as that of [41, Lem. 6.5] but here using the
-1

sequence Tg i= ¥, Too i= T = argmin, ¢ plz 'z and z,, := 250 (27" - (wl20)). O
LEMMA 3.17. Let v>0, k € (0,1) and assume that f, f satisfy the assumptions
of Lemma 3.16. Then, for every compact & C G, one has

_ _ _ 1—k
{1 P ¥ ey 1 I 1

Proof. Tt follows by a direct adaptation of the proof of [41, 6.6]. One need to only
replace R? there by G here. O

3.3.1. Reconstruction theorem for singular modelled distributions

Since the reconstruction is purely local, it follows from our earlier proof that for
any singular modelled distribution, f € 2", there exists a unique element Rf €
S'(G\ P), i.e. in the dual of smooth functions compactly supported away from P,
such that

<7éf - Hzf(x)ﬂ/}:/c\> SJ /\’Y,

for all z ¢ P and A\ < dg(z, P). However, we show below that under appropriate
assumptions there exists a natural extension of Rf to an actual distribution on G
with regularity C<.

PROPOSITION 3.18 (Singular reconstruction). Let f € 21"(V), v>0 and n < 7.
Then, provided o A n > —|m|, where |m| is the scaled dimension of the comple-
ment of the singular hyperplane defined by (3.17), there exists a unique distribution
Rf € CO™ such that (Rf)(¢) = (Rf)(p) for any smooth test function compactly

supported away from P. If f and f are given with respect to two models M and M
then, for any compact R, it holds that

R f = Rt Fllemmncay < 1 71 s+ 122 1

where the constant depends on semi-norms of f, f and M, M on f.
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We provide the proof of Proposition 3.18 at the end of this section, let us first
make some preparatory observations. Recalling the decomposition g = p®p© defined
at the start of the subsection, we define the projections 7. : g — p® and m, : g — p.
Then using the decomposition X = XP? 4+ X¢ € p @ p°, we define the map

d:g—G, P(X)=exp(XP)exp(X°). (3.18)
Similar to Remark 2.19 one sees that ® is a global diffeomorphism. We then define
the map
Np:G — Ry, T = ‘exp (71'60&)_1(3?)>’ (3.19)
and observe the following properties:
e For z € G one has that Np(x) = 0 if and only if € P. This follows from

the fact that P = exp(p).
e For x € G and § > 0 one has the identity

Np(5 . 1‘) = 5Np(1‘) (3.20)

Indeed, writing x = ®(X), we have
Np(8:2) = [ exp(re(Ds X))| = | exp(Ds 7o(X))| = |8+ exp(ma(X))] = INp(a).
e For any z € G and y € P one has
Np(yx) = Np(z). (3.21)

This follows from the observation that writing 2z = ®(X) and y = ®(Y) =
exp(Y) one finds that yz = exp(H(Y, X*)) exp(X°¢), where H was defined
n (2.1). Identity (3.21) then follows from the fact that H(Y, X*) € p.

e The map Np is Lipschitz continuous on G, and it follows from Remark 2.4
that Np is smooth on G\ P.

o There exists a constant C' > 0 such that for all x € G

CNP(CC) < dg(z, P). (3.22)

In a neighbourhood of the origin this follows directly from the fact that Np
is Lipschitz continuous. Homogeneity of N, (given by (3.20) above) and of
the distance function = — dg(z, P) then shows that this constant is in fact
uniform on all of G.
e Forallz e G
dg(z, P) < Np(x). (3.23)

Indeed, write z = ®(X) = exp(XP) exp(X©) and note that

d(z, P) < | exp(X*) | = | exp(X)| = Np(a).
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Proof of Proposition 3.18. The proof is analogous to that of [41, Lem.6.9], the
only element that does not adapt ad verbatim is the construction of the partition
of unity ¢z ,. We therefore present an alternative construction of a partition of
unity on G, which satisfies all the required conditions.

First let ¢ : Ry — [0, 1] be a smooth compactly, supported function such that
supp(y¢) = [1/2,2] and with the property that for all » € R,

Z p(2"r) = 1.

nez

Secondly, let 3 C P be a lattice (see § 2.3) and let ¢ be smooth, compactly
supported, such that

S gy =1 (3.24)
yEe3

for all x in the %—fattening of P C G, where C' is the constant in (3.22) and (3.23).
For y € 3 we then set

¢y(x) := p(CNp(x))@y(2),
where the constant C is as in (3.22). To conclude, we then set for every n > 0,
y€3and z e€G,
Pny(T) = Gy (2" - ).

By using (3.20) and (3.21), it directly follows that ¢, ,(z) = (¢o.c) (y~1(2" - 2)).
Since ¢, has compact support and is such that for all € supp(¢i ), one has
dg(xz,P) > CNp(z) > 1/2, it only remains to check that {¢n y}nez ye3 is in fact a
partition of unity. Indeed let = € G, then

Yo bay@) = D @(ONp(2"-2))5,(2" - @)

n€Z,ye3 neL,ye3
=Y @(2"CNp(x)))  @,(2" - z) =1,
neZ y€E3

where in the second last equality we used that 3  5$,(2" - 2) = 1 when-
ever d(z, P) < £27""! and in the last equality we used (3.24). The remainder
of the proof of [41, Lem. 6.9] then adapts ad verbatim by also making use of
Proposition 3.13. g

REMARK 3.19. If the model M is smooth, i.e. II,7 € C*(G) for every 7 € T, one
finds exactly as in [41, Rem. 3.15] that for any modelled distribution f € 27 with
7 >0 one has the identity Rasf(z) = (I, f(z)) (z) (and in particular Rasf is a
continuous function).
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3.4. Convolution with singular kernels

In this section we describe how to lift the action of singular kernels onto the regular-
ity structure. While most arguments adapt from [41] some care has to be taken due
to the fact that convolutions are not commutative and we do not have an explicit
formula for Taylor expansions. This latter issue is circumvented using Lemma 3.6,
which allows us to reduce our analysis to similar expressions as shown in [41]. The
examples we have in mind are the singular part of Greens functions of left invariant
differential operators satisfying the following assumption.

AsSUMPTION 3.20. For 3 € (0, |s|), the kernel K : G\ {e} — R can be decomposed
as

K(z) =Y Kn(x), (3.25)
neN

where the smooth functions K,, are supported on Bo—n and

e for each I € N¢ there exists a constant C(I) > 0, uniform in n € N such
that

sup | X' K, (z)| < O(1)2(sI=A+dD)n,
zeG

e for any multi-indices I, J € N? there exists a constant C(I,J) > 0 uniform
in n € N such that

‘/nl(x)X‘]K(o:)d:zz <C(I,J)27P",
G

e there exists an integer r, such that

/ n'(z)K(z)dx =0
G
for all multi-indices I € N% with scaled degree d(I) <r.

REMARK 3.21. We note that all the analyses in the remainder of this section
also apply to kernels of the form K : (G \ {e})? — R satisfying an analogue
of [41, Ass. 5.1 & Ass. 5.4] adapted to our setting. Although Assumption 3.20 is
somewhat less general we choose to work with it for two reasons; firstly it is simpler
to verify and secondly it highlights the role that translation invariance plays in our
applications. Lemma 4.4, which is an amalgam of [41, Lem. 5.5 & Lem. 7.7] in our
setting, shows that fundamental solutions of left-translation invariant, homogeneous
linear operators can always be decomposed into a compactly support part satisfying
Assumption 3.20 and a sufficiently well-behaved remainder.

REMARK 3.22. Although we work explicitly with the one-parameter kernels of
Assumption 3.20 it will sometimes be convenient in the proofs below to define
K(z,y) := K(y~'z) and use the notation K (f)(z) := [ K(z,y)f(y)dy = f* K(x).
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Note that under this convention, for any left-translation invariant vector field X,
one has (XK)(f) = X(Kf).

From now on we shall exclusively work with regularity structures 7 models M
satisfying the following assumption.

ASSUMPTION 3.23. For each a € A, the vector space T, coincides with the linear
span of abstract monomials 0! with d(I) = a and the model M € My restricted to
the polynomial sector T = @, Ta is the canonical polynomial model.

We point out that the assumption K annihilates polynomials causing no real
restriction on the type of kernels since the result [41, Lem. 5.5] adapts in a
straightforward manner to our setting, see also Lemma 4.4. We point out that
this assumption is convenient but not crucial for the theory, cf. [46]. In the remain-
der of this subsection we show how the action of kernels of this type is lifted onto

the regularity structure and acts on modelled distributions. Given a v € R\ A we
write KCy for this lift; it corresponds to K in the sense that for f € 27

RE,f =K(Rf) (3.26)
and in that it satisfies an appropriate version of the classical Schauder estimates.

DEFINITION 11. Given a sector V, a map T : V + T is called an abstract
integration map of order B >0 if it satisfies the following properties:

(i. ) For each a € A, T:Vy — Tayp, where Toyp:={0} fora+ B¢ A.
(i. ) It annihilates polynomials, that is T: TNV — {0}.
(iti. ) Foreacht€T, T'eG: (ZT —TZ)(r) e T.

Assume that the kernel K satisfies Assumption 3.20 for some > 0. We associate
with K the map J : R? — L(T,T) which for every 7 € T, is given by

J(x)T = ZPE"W(HQ;T * Kp), (3.27)

where the last sum is seen to converge absolutely by first observing that by
Assumption 3.20 for any 7 € T,

X (L7 5 1) (2)] = T s X7 (2)] = M7 (XK (1, ))] S 277490000
and then using Lemma 3.4.

DEFINITION 12. Given a regularity structure T equipped with an integration map
Z, a kernel K and a model M = (II,T'), we say the model M realizes K for T if for
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each 7 € T, and each x € G,
I, Zr = KM,7) — 1,7 (z).

Now we can define the lift of the kernel K, namely, for f € 27(V) we set

Kyf(z):=Zf(x)+ T (x)f(x) + N, f(z),

where
W) (@) =Y PP ((Rf =L f(x)) * Ky),

where the last sum converges by the same argument as for J(z)7.

REMARK 3.24. Given a kernel K satisfying Assumption 3.20 a regularity structure
and model satisfying Assumption 3.23, it turns out that one can always extend the
regularity structure and model to be equipped with an integration map Z realizing
the kernel K. This is the content of the extension theorem found as [41, Thm. 5.14],
which holds in our setting as well. While we do not reproduce the whole proof since
it is a straightforward adaptation of the original one, we present the main steps
below, see Lemmas 3.26, 3.27 and 3.28, so that the interested reader will easily be
able to fill in the remaining details.

The next theorem, which is an analogue of [41, Thm. 5.12], confirms that IC, does
indeed correspond to K in the sense of (3.26) and satisfies the desired Schauder
estimates.

THEOREM 3.25. Let v € R\ A and >0 be such that v+ 8 € A and let K :
G\ {e} — R be a kernel satisfying Assumption 3.20 forr = ~v+ 3, let T = (T, G)
be a regularity structure and M = (II,T") be a model satisfying Assumption 3.23.
Furthermore assume that T is equipped with an abstract integration operator and
M realizes K for . Then for any sector V of regularity a € A the operator K., is

a continuous linear map from 2,(V) to -@(tfﬁ)/\o satisfying the identity

RELf = K(Rf),

for all f € 27,(V). Furthermore, if we denote by M = (ILT), M = (II,T') two
models as above and by K., respectively K., the associated operators, one has the
bound

HIC’Yfa IE’Yf_”’Y"rB;ﬁ S/C H|f’ f_| | "y;ﬁ + HH - ﬁ”’y;.ﬁ + ||rl - f”’y;}i’
where the implicit constant depends on the norms of M,M and f € 27,(V) and
fea, (V).

The fact that the next lemma ([41, Lem. 5.16]) still holds in our setting is the
underlying reason that all proofs extend in a rather straightforward manner from
[41] and one does not require a more involved notion of abstract integration map,
which is, for example, the case on general Riemannian manifolds cf.[46].
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LEMMA 3.26. In the setting of Theorem 3.25 one has the identity
Loy +T () =T+ T(@)ley

for all x,y € G.

Proof. The proof consists of unravelling the definitions and using the fact that the
map II, is injective when restricted to polynomials, exactly as in [41]. O

We introduce the following quantity; for I € N, o > 0,n € N and z,y,2 € G,

set
KLo () = X[ Ko(y,2) - Po T VXK (-, 2)) ()
— X! (Ka(-,2) = PSP K 2)]) (), (3.28)

where the second equality follows from Remark 2.12. Here we reiterate that we are
using the notation K (z,y) := K(y~'z) where K satisfies Assumption 3.20. Taylor’s
theorem and Remark 2.16 then yield that

Kl (2) = | XK @z.2)Q7 @ ).
|J|<[a+B— d(I)]Jrl d(J)za+p—d(I)
(3.29)
As in [41] the motivation for defining these quantities comes from the identity

1L (Z7)(6) = K(I7)(6) ~ T (2)7(9)
= [ ety ) = B L)) )

-3 [ M () = B ) o) dy
—Z/H (K92 )6(y) dy,

where we use the subscript for P, 1[K(-,-)](y) to clarify that one expands in the
first coordinate. The next Lemma collects the results of [41, Lem. 5.18, Lemma
5.19], the proofs of which adapt ad verbatim.

LEMMA 3.27. Let o € A and 7 € T, and assume o+ 8 ¢ A, then the following
bound holds:

|(H T)(KrlL gy)| Sz ”H”a,Bz(z)(l + ||FHa,Bz(m)) 226n|y—1x|6+a+6—d(1)7 (330)
>0

where the sum over § runs over a finite set of positive real numbers. The same
bound holds for |(I,7)(K}%))|, as well as the analogue bound on the difference of
two models.
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Furthermore one has the bound

2

n

/(}(HmT)(Kizgy)(b;‘(y)dy S /\a+ﬁ”H”a;Bz(m)(1 + ||F||a;Bz(m))v (3.31)

as well as the analogous bound for the difference of two models, where all these
bounds hold uniformly over x € G, A € (0,1] and ¢ € B,

As in [41] we introduce for z,y € G the following operator:

LEMMA 3.28. Under the assumptions of Theorem 3.25 one has for each a € A,
TeT,

‘jﬂc,yﬂa S HHHa,Bz(z)(l + ”FHa,Bz(m))|y71m|a+ﬁia‘7|

uniformly in z,y € G satisfying x € Bi(y). Again, the analogous bound for the
difference of two models holds as well.

Proof. First we write T, = >, Ty where each J;", is defined by replacing K by
only one summand K, in the definition of 7, ,. Observe that since jﬁyT S T<a+5
it suffices by Lemma 3.6 to show that

pr(w) = Me(J;, ) (W) € Pavtp

satisfies

DTN S MMl 3wy (L + Tl o)y~ 2|4 7). (3.33)

n

We treat the cases |[y~tx| < 27" and |y~tz| > 27" separately. In the case |y~ 12| <
27", using the definitions of the polynomial regularity structure, we find

pr(at2) = Te(J),m) (@™ %) = I, 7)(2)

and thus

X'pl(e) = X (LT}, 7) ().
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Using the analogous notation J™(z) for the operator consisting only of one
summand in (3.27), we find

I, J"(x) azyT ZH (J"(= Q’y zyT) (2)

y<a

= Z H$P;+’B[(Hzg'yrm,y7—)2Kn('> )](Z)

TS

= (11,7) (?ijB[Knc, ()

—ZH QT (P 1K ()] = PLY K () (2)
B K]
3L, (B K ) — B K (L ))) (2)

and

sa+pB

Ty T"(y)7(2) = Wy T" (y)7(2) = P, [([y7)2Kn (-, )(2)
a+p3

By ), (B 1Ka )] (),

where in the third equality we used the fact that 15;+,3 acts as the identity map on
polynomial functions of degree less then o + 3. Therefore,

pr(ete) = B [(ym)s (Kl ) = B ) | (2)
=py (27 12)

= 3L, Ty (B (K () — P KL () (2).

<o

=7 (z12)

Using the general formula X! (P5[f])(z) = XT(P2[f])(e) = X f(z) for d(I) < a we
find that

XTp2a(0) = X7 [0, 7)2 (Ko ) = Py 1 ()] @) = (,m) (1 57)
and so by Lemma 3.27 we find that

Yo XISy e D .

nly-Talan
Concerning p.";, since one has the identity

a+3

P (a1 2) = =P (1,0, Ty 72K+, ))(2) + P (.04 Ty T2 K (-, )] (2),
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we find that Xp"}(e) = 0 unless d(I) € [y + 3,a + ), in which case

X'pld(e) =My QyTay7 (X1 Kn(x,)).
Thus,

S XEIS S e Adi) g,

nily-tal<2n n:ly=tal<zr
<y~ a7,

where we used that the case d(I) = v + 8 does not arise as by Assumption 3.23.
To treat the case |y~lz| > 27", one writes

pr(z) = Z ILT"(2)(QyLayT)(22) — Ty, T (y)7(22)

y<a 7
=47 (2) =:q7 5(2)

and using the fact that v+ 8 ¢ A one finds

Qo7 (X Ky ()|, ifd(I) <~v+ 8,

0, otherwise,

[ XTq7 (e)] =

which is bounded uniformly over |y~'z| < 1 by a constant multiple of
|y~ ta|e—72 (0 +A=d)  Concerning qy 5, we find that

g7 2(2) = LTy, T"(y)7(22) = T (y)7(22) = Py {7 [(TMym)o K-, )]y~ " 22)),

and therefore by Lemma 3.5

XT3 (e)| S sup ‘HyT (Xi]lKn(y,))‘ lyLa| U —dD)|7|
d(N<d(J)<a+g W<
S sup 27 et g AU D) |
d(1)<d(J)<a+g AT )<d(T)
< Z 2_"(a+ﬁ_d(‘]))|y_1a:|d(J)_d(1)|7-|_
d(I)<d(J)<a+p
Since pr = nga QZY + q?,Q one obtains (3.33) by summing over
{neN : |y~tz| >27"}. .

Proof of Theorem 3.25. First, we need to check that for a € A it holds that

Ky f(@) = Doy Ky fW)|a S |y~ a7 HF 72 (3.34)

For a ¢ A this bound follows from Lemma 3.26, continuity of the operator of
7T and properties of modelled distributions by an ad verbatim adaptation of the
same argument in the proof of [41, Thm. 5.12]. The only place where the proof
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[41, Thm. 5.12] does not adapt directly is when showing the bound for a € A.
As in the proof of Lemma 3.28 we use Lemma 3.6 to circumvent the difficulty of
not having explicit Taylor expansions in our setting. The rest of the proof adapts
almost ad verbatim.

We first note that the polynomial part of K, f(x) — 'y , K f(y) is given by

P =Ty y N, f(y) =Ny f(2) + T (2) (Lo f(y) — f(2)), (3.35)

and thus, in order to prove (3.34) for the polynomial part it suffices by Lemma 3.6
to show that for any d(I) < v+ 3, p := II. P satisfies

X p(e)| Sy~ ta A, (3.36)

Using (3.25) we define the analogous decompositions J = > J" and N, =
> N and similarly write P =Y _ P", etc.

As usual we use different strategies for small and large scales, starting with the
case 27" < |y~ tx|. In this case we separately estimate p; := II.P; for i € {1,2,3}.

e Noting that

P(2) = L0 N, f () (22) = P2 [(RF T, f(9)a (Ko 0)] (" 2),

we find by Lemma 3.5

Xiels swp | (Rf =11, £ () (X7 Ky )|
d(1)<d()<+8 UTI<d)
x |y~ Lg|d()=d()
S sup 2 (A=A |y =1 d(D—d(D)
d(1)<d(J) <45 W I<AI)
< E: 2~ HB=d() |y =1 g () —d(D)
d(I)<d(J)<7+8

e Regarding p"s we find that X'ph(e) = (Rf — 1L, f(z)) (X{ K, (z,")) and
thus by Reconstruction, see Theorem 3.7,

| XT3 (e)] S 27O,

e Lastly, for p™s, using the definition of J(z) and properties of models and
modelled distributions we find

[ Xp3(e)| < > |(Ty Q5 (T f(y) — f(2)) (X{K (2, )]
SEA: d(I)—B<i<y
< Z ‘y—lx"y—éz—n(ﬂ—&-ts—d(l))-

SEA: d(I)—B<5<y
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Therefore summing over 2" < |y~ !z|, since 8+ ¢ A for any § € A and
B+~ ¢ A, we find

3

Y. Xl Yo Y XTIl Sy e

n:2-Lly x| n: 2=nLly~tz| =1

Next we turn to the case 27" > |y~1x|; here a computation analogous to the one
preceding [41, Eq. (5.48)] gives

¢<d(I) -
(3.37)
which can be bounded exactly the way it is done there.
Finally, one may follow the concluding steps of the proof of [41, Thm. 5.12],
finding that for any ¢ € B,

(I (Ko f(2)) = K(Rf))(63) = Z/ (Mo f (x) = RF) (K 1) 02 (y)dy

and thus one obtains the identity RIC, f = K(Rf).
The proof of the difference bound follows by similar steps as to those presented
here and applied in the proof of [41]. O

3.4.1. Schauder estimates for singular modelled distributions

Since our main application will be to semi-linear evolution equations we will often
require a Schauder estimate for modelled distributions with permissible singularities
near a given subgroup P C G, as in § 3.3 on singular modelled distributions.

PROPOSITION 3.29. In the setting of § 3.3 and Theorem 3.25, given a sector V
of regularity o € A, the operator K is well defined on 25" (V') for n <~ provided
that v>0 and n A a > —|m|. Furthermore, if vy + 8 ¢ AN and n+ 8 ¢ A, one has

Kyf e 9;+6,(n/\a)+ﬂ continuity bound

H’K’yfv ’C’yf‘ ‘ ’,-YJ’,/B’(T]/\Q)Jrﬁ;ﬁ 5 H f; f‘ ’ ”Yﬂ’ﬁﬁ + HH - HH’y;ﬁ + ”F - F”'y;fi (338)
over any compact set & C G and admissible models, where the implicit constant is
uniform in the semi-norms of M, M and f € 257,(V), f € 275, (V) on &
Proof. The proof follows exactly along the same lines as the one of [41, Prop. 6.16],
where as in the proof of Theorem 3.25 the only modification needed is due to the
fact that our Taylor expansions are not explicit. Using the same notation as in the
proof of Theorem 3.25, we recall (3.35)

P =Ty N, f(y) — N f(@) + T (@) (T f ) — (). (3.39)
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This time, in order to show that IC,f € _@;+ﬁ’("Aa)+ﬁ, by Lemma 3.6, we are
required to show that for p(e) :=II.P = Zle In. P,

_ +B8—d(I a _
S Jy I gy (et (3.40)

| ~

| X p(e)
There are three scales, which need separate arguments:

e In the case 27" < |y x| one proceeds exactly as in the proof of
Theorem 3.25 using the decomposition p” = Z?Zl A
e In the cases 27" € (Jy~ 'z, 3|z, y|p) and 27" > 1|z, y|p one uses Eq. (3.37)

and proceeds exactly as in [41] from there onwards.

Again, the proof of the difference bound follows analogously. 0

3.5. Local operations

To handle SPDEs using regularity structures we require suitable extensions to
modelled distributions of standard local operations. Since these extensions adapt
mutatis mutandis from [41], we only provide pointers to the relevant literature.

(i) Differential operators can be lifted to the regularity structure and the model
exactly as in [33, Def. 14.1] and one retains [41, Prop. 5.28 & Prop. 6.15]. We
note that any left invariant differential operator £ of homogeneous degree
B on G is of the form

£= Z CL[XI,

d()=p

for some I € N?. Thus, in order to lift such an £, it suffices to lift each
of the differential operators {X;}% , to abstract differential operators. In
§ 3.1.1 we lifted the differential operators X; to the polynomial regularity
structure.

(ii) Next, recall the notion of a product on a regularity structure, cf. [33,
Def. 14.3]. In particular [41, Thm. 4.7 & Prop. 6.12] still holds.

(iii) Lastly, we mention that composition of modelled distributions with smooth
functions, cf. [41, Section 4.1], as well as the coresponding results adapt ad
verbatim to the setting of homogeneous Lie groups.

3.6. Symmetries

As in [41, § 3.6], we shall consider modelled distributions which respect certain
symmetries of G. In this work we will only consider the symmetries of G under the
canonical left action of a discrete subgroup & C G as in § 2.3 acting by & x G >
(n,z) = (nz) € G. We extend this to an action on function ¢ : G — R by pull-back,
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i.e.

(") (@) = p(n~" @) = Pn(2).

For a regularity structure 7 = (T, G) we give the following definition, by analogy
with [41, Def. 3.33] but restricted to this more straightforward setting.

DEFINITION 13. Given a discrete sub-group & C G as above, we say that a model
M = (IL,T) is adapted to the action of & if, for every test function, ¢ € C°(G),
r€G, 7T and n € & one has

(Han)(n*¢) = (HQJT)('(/)) and Fna:,ny = 1_‘a:,y-

A modelled distribution f : G — T is said to be symmetric if f(nx) = f(x) for
everyx € G andn € 8.

The following proposition is an amalgam of [41, Prop. 3.38 & Prop. 5.23].

PROPOSITION 3.30. Let T be a regularity structure, & C G be a discrete
subgroup as above and M = (II,T") be adapted to the action of & (according to
Definition 13). Then, for every modelled distribution f € 27, for some >0,
symmetric with respect to the action of &, the following hold:

(i) For every ¢ € C*(G) and n € & one has (Rf)(n*¢) = (Rf) ().
(ii) For any x € G and n € & one has (K, f)(nz) = (K, f)(z).

Proof. The proof of the first point follows exactly the steps of the proof of [41,
Prop. 3.38] in our simplified setting.

The proof of the second follows similarly along the lines of the proof of [41,
Prop. 5.23], in particular using the assumption that the model is adapted to the
action of ® and the vector fields {X;}¢_, are left-translation invariant. O

3.7. Bounds on models

We state two results which, as in the Euclidean setting, allow one to reduce the
number of stochastic estimates needed in order to obtain convergence of models to
only II|7_,. The proof of the next proposition [41, Prop 3.31] adapts ad verbatim
to our setting

PROPOSITION 3.31. Let T = (T,G) be a regularity structure and (IL,T) a
model. For a € (0,00) N A, the action of II on T, is fully determined by the action
of IT on T, as well as the action of I' on T,. Furthermore, one has the bound

1I A
supsup sup  sup M

< | 02l a5
Ieﬁ)\<1¢€%TT€TOL\{0} )\a|7_|a \H Ha,ﬁ” ||a,k7

as well as the analogous difference bound.

Furthermore, one has the following simple consequence of Lemma 3.26 and
Lemma 3.28.
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PROPOSITION 3.32. Under the assumptions of Theorem 3.25 for each o €
A\A, 7€ T, and 6 € A one has

|Fw,yIT|6+ﬁ <

sup —1x|a_5 S

(L4 [Pl 1M 2
zyER: |y~ lz|<1 ‘T|a_§|y

', .,7
+  sup %
wyef:ly~tal<l |T]a—ply~ o

Again, the analogous bound for the difference of two models holds as well.

4. Applications to semilinear evolution equations

In this section we specialize to the setting, when the homogeneous Lie group G
has distinguished time direction, see § 4.4 for illustrative examples. Specifically,
assume that we are given decomposition of the Lie algebra g = p¢ & p, where both
summands are s-invariant subspaces and furthermore p¢ is one dimensional. In
line with this decomposition, in this section we deviate from the convention stated
above Equation (2.2) and reorder the basis of g so that we always have the time
component, i.e. X7 € p¢, in the first slot. Under this assumption we also fix the
basis X = {X;}%, of p where sX; = 5,X;. We note that P := exp(p) C G is a
homogeneous subgroup as in 3.3 and we recall the notation defined there,

5:=sl, and [§|:= trace(s|y).

In particular we have |s| = s; + |§|. From now on we identify the Lie group G with
R x P under the diffeomorphism

RxP—=G, (tz)— zexp(tXy).

and we shall often use the notation z = (t,2) € R x P = G. Let us collect some
useful facts:

e Under this identification we see that R x {e} C G is a homogeneous
subgroup.

e The scaling map behaves as expected, in that for any z = (t,x) € G and
6>0

0-(t,x) = (0,6 - x),

where ¢ - « is understood to be the restriction of the dilation to P.

e The map ® from (3.18) is related to our decomposition here, in that for any
XP €pandteR, we have ®(XP +tX;) = (¢, exp(X?)).

e Recall the map Np : G — Ry defined by (3.19). There exists a constant
¢’ > 0 such that Np(t,z) = c’|t|ﬁ. In particular, by (3.22) and (3.23) there
exist a constant ¢ > 0 such that for any (¢,2) € G

1, o 1
S|t5T < d((t,2), P) < clt|. (4.1)
&
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A core assumption for the remainder of this section will be that of non-
anticipativity.

ASSUMPTION 4.1. We say that G : G\ {e} — R is non-anticipative if for any
(t,x), (s,y) € G one has G((s,y) "' (t,z)) = 0 whenever s > t.

We will also require an assumption of prescribed homogeneity on the kernel, with
respect to the dilation map.

ASSUMPTION 4.2. For ¢ € R, we say that G : G\ {e} — R is smoothly
o-homogeneous if it is smooth and for any z € G\ {e} and A >0,

G\ 2) =XG(2).
We now have the following analogue of [41, Lem. 7.4].

LEMMA 4.3. Given G : G\ {e} — R satisfying Assumption 4.1 and Assumption 4.2
with o = —|§|, then there exists a smooth function G : P — R such that for all
(t,z) € G with t>0,

Glt,z) =t G (t‘i :c) . (4.2)

For every multi-index I € N9~ and every n>0 there exists a constant C>0 such
that uniformly over x € G,

IX1G(z) < OO + |z|?)™. (4.3)

Proof. The proof follows exactly the same steps of [41, Lem. 7.4] after replacing
the usual derivatives there with the vector fields X = {X;}Z,. O

LEMMA 4.4. Let G : G\ {e} — R satisfy Assumption 4.1 and Assumption 4.2 with
o = —|s|. Then, for any r> 0, there exist smooth functions K : G\ {e} — R and
K_1:G — R, both satisfying Assumption 4.1 and such that G = K + K_1 and

e K is compact and satisfies Assumption 3.20 with 5 = s1.
e K 1 : G — R is globally smooth, such that X'K_1 € L3S (R; L*(P)) for
any I € N4,

Proof. The proof readily adapts from [41, Lem. 5.5 & Lem. 7.7] with the only
real change being to skip the last step in the proof of [41, Lem. 7.7], instead of
using Faa di Bruno’s formula along with (4.3) to obtain the claimed integrability
of K,1 . O

REMARK 4.5. Note that more careful analysis yields improved bounds on K _q;
however, K_; € L (R; L*(P)) suffices for our purposes.

loc

https://doi.org/10.1017/prm.2025.1 Published online by Cambridge University Press


https://doi.org/10.1017/prm.2025.1

54 A. Mayorcas and H. Singh

4.1. Short time behaviour of kernel convolutions

Together, the following two results show, in our setting, that the lift of the kernel
applied to a modelled distribution, f, can be controlled on sets of the form Op :=
{z € G : d(z,P) < T} only using information about f on the same set. Note that
using (4.1) there exists a constant ¢ >0 such that [0,cT] x P C Op. Hence, the
corresponding notion of local solutions, described in § 4.3, corresponds to the usual
one.

First, we introduce some final pieces of notation; let RT : R x P — R be a
map such that for all z € P one has R (t,z) = 1 for t >0 and R*(¢,2) = 0 for
t < 0. From now on we shall also use subspaces of the previously introduced Holder
spaces (Definition 4), modelled distributions (Definition 9) and singular modelled
distributions (Definition 10) writing, for example,

C:G) CC¥G), 22 C ), DU C LY,

where we allow the set £ in the relevant definitions to be any closed subset & C Or
for some T >0 (in particular £ is not necessarily compact). We shall often write
the corresponding semi-norms for example as

I Nasorngs M- yorngs - Hymorns

where in particular we allow 8 = Orp.
With these notions at hand the proof of the next theorem adapts directly from
the proof of [41, Thm. 7.1].

THEOREM 4.6. Let v>0, T be a regularity structure, M := (I1,T') and M = (II,T)
models and K : G\ {e} = R a non-anticipative kernel (see Assumption 4.1) such
that the assumptions of Theorem 3.25 are satisfied for some 3>0 and a sector V
of regularity o > —s1. Then, for every T € (0,1], and n > —s1 and for x>0 small

enough
IR A1, ey -0 S T/ o (4.4
H|’C7R+f? KWRJrf’ ’ ‘A/+B,(n/\o¢)+ﬁfn;OT
< w/o (|| 57 o + |HM;J\Z/|HV;02). (4.5)

The constant in the first bound depends only on |[|M]|||,.o,, while in the second it

may also depend on [||f1ll, .0p V 17111, 0n and 1M]l]0, v |]|32]]]

7;02 v;02 "

Proof. The proof follows almost ad verbatim the proof of [41, Thm. 7.1], only using
our modified definition of the sets O :={z € G : dg(z,P) < T}. O

REMARK 4.7. In fact, given any closed set & C G the bounds (4.4) and (4.5) both
hold if Or is replaced on the left-hand side by O7 N & and on the right-hand side
by Or N K. However, we will not make use of this fact in this article.
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While Theorem 4.6 treats the lift of the singular part of the kernel the following
lemma shows that the application of the smooth remainder can be lifted into the
polynomial regularity structure in a similar manner.

LEMMA 4.8. Let K_1 : G — R be a smooth, non-anticipative kernel on G, such that
for any I € N the functions X' K_1(t, -) are bounded in L*(P), locally uniformly
int € R. Then, under the assumptions of Theorem 4.6 one has the bound

27 15 R | <7/ )

Y4B, (nAa)+B—r;0r 70T

as well as the analogous difference bound

P! [K_ RyR"f]:P? K_R—R+’H’
H‘ (.)[ 1M f] (.)[ 1N f] B, (nAa)+B—r;Or

+ || 51|, ) -

il

S TK/El (| ’ vy 7]'OT

Proof. The argument adapts mutatis mutandis form the proof of [41, Lem. 7.3],
replacing the compact support assumption therein by the integrability property of
K_;. O

As discussed in the proof of [41, Lem. 7.3] the factor 7%/ in both estimates of
Lemma 4.8 could, in this case, be replaced with any arbitrary power of T, since
K _4 is smooth. Here, we choose to specify T%/%' as to agree with Theorem 4.6,
since they will always be applied together.

4.2. Initial conditions

We will only consider evolution equations on domains without boundary so that
our only boundary data are the initial condition and proceed as in [41, § 7.2].

LEMMA 4.9. Let ug € C*(P) such that ||lugllca(py < o0 and T = (T,G) be a
regularity structure containing the polynomial reqularity structure over G and let G
be a kernel satisfying Assumptions 4.1 and 4.2. We set for t#£0

mWW@:Lwa*www@m

where we used the suggestive but only formal notation if o < 0. Then, for every
~v>0 the map P?_)[G(uo)] :G\ P — T belongs to Z3.p for every v > (a A 0) and
furthermore, for any T >0, one has

[P 1], <=

Proof. We first decompose the kernel as in Lemma 4.4 and write

G(ug)(t, z) = K(uo)(t,x) + K_1(uo)(t, ).
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For the summands of K (ug)(t, ), one can argue as in the proof of [41, Lem. 7.5]
or as in § 3.4. The desired bound for K_;(ug)(t,x) follows exactly as in Lemma
4.8. U

4.3. An example fixed point theorem

At this point, we have all ingredients at hand to straightforwardly see that the
very general fixed point Theorem [41, Theorem 7.8] as well as the other parts of
[41, Section 7.3] adapt to the setting of homogeneous Lie groups. For the sake of
conciseness and with the primary example of Anderson-type models in mind, we
refrain from presenting this material in all generality and instead show an example
fixed point theorem. This result covers Anderson-type equations, such as the one
treated in § 6. Recall here the notation introduced at the start of this section, in
particular the identity |s| = s1 + |5].

THEOREM 4.10. Let o € (—$1,0], v € (—a,+), n € (—s1 — @,0] and G : G\
{e} — R be a kernel satisfying Assumptions 4.1 and 4.2 with o = —|s| and the
decomposition G = K + K_1 as in Lemma 4.4. Furthermore, let T = (T,G) be
a reqularity structure containing the polynomial regularity structure, equipped with
an abstract integration operator I of order s1 and containing an element = € Ty,
where a = min A. Then, given a model M = (II,T") which realizes K for T and
satisfies the assumptions of Theorem 3.25 along with any v € .@g;’g,, the map

Me : 99" = 93" U K,RT(UE) + P}

(HELRA(UE) +v,  (4.6)

is well-defined and there exists a unique fized point for some T > 0.
Furthermore, if lI.= and v are &-periodic and the model is adapted to the action
of & on the group (as defined in § 3.6), then the unique fixed point is as well.
Crucially, the solution map depends continuously on the model.

REMARK 4.11. Note that using that the abstract mild equation given by (4.6) is
linear in U, the local time of existence T >0 can be chosen independent of the
initial condition. Thus, given suitable bounds on the model over a suitably large
set of the form {z € G : d(z,P) < T 4 1}, by restarting the equation one obtains
the existence of a fixed point for arbitrary T > 0. We refer to [44, Theorem 5.2] for
details.

REMARK 4.12. In practice we will usually take v = P7Y[G(up)] so that by
Lemma 4.9 the condition v € .907;’12 is satisfied provided ug € C"(P), where
1n+a > —s1. The notations K and K _; are carried over from § 3 and § 4; in partic-
ular K is the lift of K, the compactly supported, singular part of the fundamental
solution, see Theorem 4.6 and K _; the smooth remainder, see Lemma 4.8.

Proof sketch of Theorem 4.10. The proof is a straightforward adaptation of the
proof of [41, Theorem 7.8] and follows by applying Theorem 4.6 and Lemma 4.8
to show that the map Mg, has a unique fixed point in %" for some T >0.
Since a = min A, the modelled distribution = ~ = is an element of 7}, for any

v>0. Assuming U € 7,5 one has UE € 9g}am+a. So by using the singular
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Schauder estimate, Proposition 3.29, along with the assumption that n < 0 we find
(n+a) Na=n+a > —s1, so that

y+oa+B,nt+a+B
’C( ) € @(a+,8 AO; P

Then, one readily checks that @ga++a5+/€0";a+5 9.p which concludes the proof

that M., is a self-mapping on 2.}, By comparing Mr,,U and Mr,,U for U, U €

2", one then shows that Mrp,, is a contraction for sufficiently small T > 0.
From the steps outlined above one furthermore obtains the claims of ®-

periodicity and the continuous dependence of the solution on the model. O

4.4. Concrete examples of differential operators and kernels

The theory developed in the proceeding sections provides the analytic framework to
treat singular SPDEs using the tools of regularity structures where the linear part
of the equation is given by an operator £ satisfying the assumptions of Folland’s
theorem, Theorem 1.1. In this section we present a non-exhaustive list of homoge-
neous Lie groups and linear differential operators, £, to which our results apply.
Generically, these equations are of the form,

SU/:at’U/—EUZF(’U/’XU/,._.,f), ultZOZUOa

where € is a suitable noise and the non-linearity is linear in the noise and only
depends on lower order derivatives of u than are contained in £ which satisfies the
assumptions of Theorem 1.1, cf. [29].

Setting 1 P is a stratified Lie Group (see Definition 5) with a basis {X;}™; of
W, generating the Lie algebra. We equip G := R x P with the tr1v1al
homogeneous Lie Group structure

GxG> ((t,z),t',2") — (t+ 1, z2)

with the extended scaling \- (¢, ) = (A%¢, A\-x). The heat-type operator
associated with the sub-Laplacian

i=1

satisfies the assumptions of Theorem 1.1. and it follows from [29,
Thm. 3.1 & Prop. 3.3] that £ is non-anticipative. We shall discuss
a notable example of the setting, that of the heat operator on the
Heisenberg group, below.

Setting 2 A generalization of the above setting is to take P a homogeneous Lie
Group and equip G := R x P with the same structure as above, but
this time define the scaling \ - (t,2) = (A\2%,\ - z) for ¢ > 2 and an
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integer. A natural class of operators is given by
EQ = 8,5 - Q(Xl, e ,Xm),

where @) is a polynomial of homogeneous degree 2¢ and such that £q
and £7, are hypoelliptic and £¢ is non-anticipative, see [41, Eq. 7.8].
A notable example is the heat-type operator associated with the bi-
sub-Laplacian on a stratified Group.

Setting 3 The homogeneous Lie Group G = R x P is equipped with a non-trivial
Lie group structure. In this case we look at differential operators of the
form,

£:XO_Q(X13"'aXm)‘

where Xg = 0; + Xp, and the operators £, £* satisfy the crite-
ria of Folland’s theorem and £ is non-anticipative. Examples are
parabolic/restricted Hormander operators, cf. [42, Def. 1.1] or [11,
Ch. 3] and the kinetic Fokker—Planck operator fits into this setting.

4.4.1. Heat operator on the Heisenberg group
In the context of Setting 1 and Setting 2 we recall that the Heisenberg group, H",
defined in § 2.4, is a stratified Lie group. Identifying H™ = R?" x R we recall that

Ai(xvyaz) = az7 + y1827 Bl(xayvz) = 8y1 - xiam C(x,y,z) = az

are left-translation invariant vector fields. It is readily checked that the
operator

n

E:atfz(/ﬁ#»Bf),

i=1
is homogeneous with respect to the scaling,
M- (ta,y, 2) = (N2, Az, Ay, A\22),
Applying [29, Thm. 2.1] there exists a unique, fundamental solution K : H® — R
associated with £ which is smooth away from e and satisfies the assumptions of

Lemma 4.4. As a result our framework allows for the study of semi-linear evolution
equations of the form,

Ou — Lu = F(u, Aru, ..., Apu, Biu, ..., Byu,§),  u|i=p = up.

4.4.2. Matrix exponential groups and Kolmogorov tType operators
A wide class of operators fitting into Setting 3 above are the Kolmogorov (or K-
type) operators on R x R™ for n > 1. The group structure is a matrix exponential
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group, as defined in § 2.4. Given two, rational, n x n block matrices,

0O B 0 - 0

Ay -+ 0 0 0 By --- 0
A= EE B=1|:+ © o
0 --- 0 0 0 --- 0 By

o o0 --- 0 0

with Ag constant, positive definite and of rank ¢ < n and each B; a p;_1 X p; block

matrix of rank p;, where ¢ =py > p1 > -+ > pr and Zle p; = n. Then the linear
operator, defined for u : R x R® — R by

Lu(t,z) = dwult,z) — V- (AVu(t, 2)) + Bz - Vu(t, 2),
satisfies Hérmander’s condition. Equipping R x R™ with the matrix exponential
group structure associated with B (and defined in Section 2.4) it is readily checked

that £ satisfies the assumptions of Theorem 1.1. In fact, there is an explicit formula
for the fundamental solution. We first let

¢
C(t) == 1/0 exp(—sB")Aexp(—sB)ds,

and then using the same notation for the effective spatial dimension, |§| :=
k .
Zi:o (20 + 1)ps,

K(t,z) = <(47r)"t|§|1det C(t)>1/2 P <_W> '

The kinetic Fokker—Planck operator falls into this class. Consider the domain R x
R2?4 with variables (¢, ,v) and set, as block matrices,

a— (T 0 p_ (0 ILa)
00 00

Then the associated operator is

Lu(t,v,x) = Owu(t,v,x) — Ayu(t,v,x) —v- Vyu(t,v,x).

and the fundamental solution in fact has the explicit form,

2
2v/3 2 3|+ Yt
Ko = 28 <_|v| B \|> |

d(4r)dt2d+1 4t £3

See [50, § 7] for a derivation in the case d =1 and [57] in the general case.

https://doi.org/10.1017/prm.2025.1 Published online by Cambridge University Press


https://doi.org/10.1017/prm.2025.1

60 A. Mayorcas and H. Singh

5. A regularity structure for Anderson equations

In this section we present a brief construction of a sufficiently rich regularity
structure 7 = (T, G) in order to solve abstract fixed point equations of the form

U =Z(UE) + Uy, (5.1)

as treated by Theorem 4.10, where Z denotes the abstract part of the lift of a 2
regularizing kernel as in § 3.4, = is the lift of a noise of regularity o and Uy is
the polynomial part of U. In order for the equation to be subcritical one needs
to impose o > —2, and thus it follows from the previous discussions that we can
look for a fixed point in a space 2} for v <2. Thus we only need to incorporate
abstract polynomials 9; with s; < 2 into our regularity structure and since one has
the following identities in this case

ni(zy) = mi(x) +mily),  PUAC) = fl@)+ Y ni()Xif (@), (5.2)

116, <7y

one can work with essentially a truncated version of the algebraic framework devel-
oped in the Abelian setting R? by [14]. Therefore, in the remainder of this short
section, we freely use notations and definitions from [14], often without further
explanation.

REMARK 5.1. Let us emphasize that for general equations the construction
described below does not apply. We believe that it would be interesting to study
the ramifications of working on an general homogeneous Lie group to the results
and constructions in [14], [13].

We define two edge types £ = {t,Z} and declare |t| = 2 and |Z| = « as well as
a scaling in the sense of [14] s = (s1,...,5,), where n = max{i < d : 5; < 2}.°
Motivated by (5.1) we define the naive (normal) rule, cf. [14, Def. 5.7]

R = {(t.E), (1), (3,0}, RE)=1{0} (5.3)

and consider its completion R constructed in [14, Prop. 5.21] (note that this second
step is only necessary if a < —3/2). We denote by 7 and 7%, 7_ C T the
corresponding spaces constructed in [14, Def. 5.26, Def. 5.29] and summarize some
important properties of these spaces.

PROPOSITION 5.2. The triple {T*, T, T, T_} has the following algebraic

structure:

o The spaces T%, T, T* are graded Hopf algebras with coproduct denoted by
by AT and A~ respectively.

e The space T is a right comodule over T .

o The spaces T and T{® are left comodules over T_.

e These spaces satisfy the co-interaction property, i.e. the following diagram
commutes:

6Recall form § 2 that s1, $o, .., 5, are the first n eigenvalues of the scaling s in increasing order
and that X; are the corresponding eigenvectors
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gex AT gexg grex
? +

Af\l/ \Lﬂ(l.3)(2)(4]o(A*®A*)

gexg gex ideAy FeXg gexg gex
g B0 TN T g T

Note that the fact that we can leverage the framework developed in [14] relies
crucially on the fact that it suffices to include polynomials of degree <2, which
translates into the algebraic relation A1 (n;) =7, ® 1 + 1 ® n; whenever s; < 2.
In general one would need a modification A% of the map A+ such that At (n;) =

Zd(1)+d(J)=sj C;’Jnl ® n’. Furthermore, one would need a modification A~ of

triangle A~ and both modifications, At and A~, would depend on the group
structure of G, since the form of higher-order Taylor polynomials depends crucially
on it. To circumvent these considerations we restrict ourselves to working with the
following subspaces.

Let T counsist of the span of those basis vectors (trees) T € T* where T and its
grading |T|; (cf. [14, Def. 5.3]) satisfy the following properties:

e it is planted and such that ||+ <~ or T = T'Z, where T" is planted and
satisfies |T"|+ < 7,

e the only polynomial decorations appearing are at the second highest node
and of degree < 7.

Similarly, we set 7, C T£* to consist of the subalgebra generated by those trees
T € T satisfying

o T4 <~y
e the only polynomial decorations appearing are at the second highest node
and of degree < 7.

Observe that Proposition 5.2 still holds with 77* replaced by 7. and 7 replaced
by T. We define G, to be the character group of 7. From now on our regularity
structure shall be given by

T=(T,G), (5.4)

where G consists of the elements I' € L(T,T) of the form ' = (id® f)A™ for some
fegs.

5.1. Smooth models

In order to define the models, we have to deviate slightly from [14]. For i € {1,...,n}
we write 7); instead of X; for abstract polynomials and we declare a map Il : T —
C>®(G) (cf. [14, Def. 6.8]) to be admissible for a smooth function & € C*°(G) and
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a kernel K as in Assumption 3.20, if for every z € G

O=(z) = &(x), Tny(x) = n;(x)
and

77 = K, NZ;7 = (X, K)Ir,

where we write Z resp. Z; for the operation of attaching an edge of type t, resp.
(t,e;) to the root. For II an admissible map as above and z € G we recursively
define f, € G4 and II, by

LI == Y n'EHX'KL7)(2)
d(D<|TH(7)|+
M,Z7(z) = K(Il,7)(z) — Z n (2712 XTK(I,7)(2),

d(D)<|Z(7)|+

and by the analogous expression for Z;7, where ¢ € {1, ...,n}, c.f. [14, Lem. 6.9]. We
say that Il is canonical, if it satisfies II=7 = II=II7 for every 7 such that =7 € T, and
it does not see the extended decoration, i.e reduced in the sense of [14, Def. 6.21].
One can check that for such canonical lifts IT the maps II, = (II® f;)A* and ', |
where v, = (f, ' ® f,)AT, form a model

M = (II,T). (5.5)

The renormalization group G_ is defined to be the character group of the Hopf
algebra T°*. We observe that in our case 7°* coincides (as an algebra) with the free
algebra spanned by a family of linear trees. (In the case a > —3/2, one furthermore
has 7 = 7_ and we list the trees explicitly in the next section.) The group G_
acts on models as follows. For g € G_ let R; = (g ® id)A~, we set

M9 = (11 19) = (IIRy, Ty, ). (5.6)

One can check that for every element the orbit of a smooth canonical model as in
(5.5) is indeed a model.

REMARK 5.3. Note that in order to show convergence of a family of models M©) =
(I1=), ®)) of the form (5.6) for the regularity structure 7 = (T, G) for some smooth
underlying noises £, and a sequence of elements g. € G_, it is sufficient to show
convergence of ﬂ€|T<o due to Propositions 3.31 and 3.32.

We emphasize again that this section relied on the assumption vy < 2.

6. The Anderson equation on stratified Lie groups

In this section we apply the machinery developed in this article in order to
solve a class of parabolic Anderson type models on compact quotients of arbi-
trary d-dimensional, stratified, Lie groups. Let G be a stratified Lie group (recall
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Definition 5) with Lie algebra g and & a lattice subgroup with its canonical left
action on G. Recalling from § 2.3 the definition of the quotient map 7 : G — S =
G/@®, we shall, without loss of generality, assume that there exists a fundamental
domain of this action, K C G, such that e € By(e) C K for some N € N, large
enough.™ For m < d, let Xy,..., X,, be a basis of W, the family of left invariant
vector fields generating g, and we write X; = m,X; for the push-forward vector
fields on S. Finally we recall the notion of convolution *g on S induced by the right
action of G on 9, as defined in § 2.3.

We shall solve equations where the driving noise satisfies the following assump-
tion for some & > 0.

ASSUMPTION 6.1. For & € (—|s[/2,0), assume that & is of the form & = € *g ¢a,
where & denotes a Gaussian white noise® on S and ¢z : G\ {e} = R is a function
with bounded support, satisfying |ca(x)| < |o| 715+ Us/240) g5 well as cx(z™t) =
ca(x) for all z € G.

REMARK 6.2. For ¢ satisfying Assumption 6.1, a simple calculation shows that for
any ¢, € L*(S),

E[(€, 6)(&, )] = /S (655 ca)(2)(1 %5 ca)(z)da.

In particular, coloured noise where the regularization is given by a negative
fractional power of the sub-Laplacian fits into our setting, cf. [10].

REMARK 6.3. The assumption that c5(2) = c5(271) is not crucial, but allows us
to reuse computations previously carried out for equations on Euclidean domains
in [45]. A robust treatment of similar equations in the Euclidean setting, driven by
more general driving noise, even beyond the Gaussian setting, is given in [18]. A
similar remark holds for the choice of mollifier p in Theorem 6.4.

In the above setting, we have the following theorem.

THEOREM 6.4. Fix T >0 arbitrary, and let & be a noise satisfying Assumption 6.1,
with & € (—3/2,—1) and n € (—(2+ &),0). Fore € (0,1), let u. : [0,T] x S = R
be the unique solution to the random PDE

81‘,“5 = ZXEUE + us(&s - Ce); u|t:0 =Ug € CW(S)a (61)
1=1

where & 1= x5 p°, for p € C°(Bi(e)) satisfying p(z) = p(2™), and {cc(p)}ee(0,1)
is a family of (diverging) constants, depending on p and such that |c.| < 22,
7-This is, for example, achieved by replacing the homogeneous norm on G with a multiple of
itself. We only require this condition in order to make the integrands in § 6.1 supported on the
fundamental domain K.
8Recalling that S is a measure space, é can be defined as a centred Gaussian field, over L?(S)
and with covariance given by the L?(S) inner product.

https://doi.org/10.1017/prm.2025.1 Published online by Cambridge University Press


https://doi.org/10.1017/prm.2025.1

64 A. Mayorcas and H. Singh

Then, there exists a random function u : [0,T] x S — R, independent of the chosen
mollifier, p € C°(Bi(e)), such that

sup  t T MNue(t,x) — u(t,z)| = 0
(t,z)€[0,T]x S

in probability as € — 0.

REMARK 6.5. We point out that the proof of Theorem 6.4 modifies mutatis mutan-
dis to the case where the noise is allowed to depend on time. In this case the
natural modification of Assumption 6.1 is to assume that the noise is of the
form & = € % cs, where € is a space-time white noise on R x S and ¢s satisfies
lea(t,z)| < (|| + [t]/2)~1sl/2=1+@  The only difference in the proof is to replace
all convolutions and integrals over S with convolutions and integrals over R x S.
We point out that this form of noise is not covered by [10], where the white in
time assumption is required in order to make use of martingale arguments, see also
Remark 6.7.

REMARK 6.6. The range of & considered in Theorem 6.4 does not cover the full
subcritical regime of the Anderson equation on a stratified Lie group. Indeed one
expects an analogue of Theorem 6.4 to hold for any & € (—2,0). The main obstacle
is the absence of a BPHZ type theorem in the setting of homogeneous Lie groups,
see [17, 48] for the corresponding result on R%. Let us further point out that in order
for the Carnot group G to be non-trivial it must have scaled dimension |s| > 4, and
hence the sub-critical regime for & is necessarily contained in Assumption 6.1.

REMARK 6.7. Let us point to the work [10], where, using It calculus methods,
the authors construct a solution theory in the case, when the noise is white in
time and coloured in space, corresponding to the full subcritical regime on the
Heisenberg group. This probabilistic notion of solution circumvents the need for
explicit renormalization as in (6.1). Furthermore, their results are obtained on the
infinite volume group H", rather than the compact quotient space that we consider
here. We expect that by using weighted modelled distributions, cf. [44], together
with the techniques developed in [45], one can recover the solution constructed
in [10] together with a Wong-Zakai type theorem in the analogue of the regime

€ (—3/2,-1), treated by Theorem 6.4. If one is interested in the full subcritical
regime, however, this would not just require a suitable BPHZ-type theorem in the
setting of homogeneous Lie groups, but furthermore a systematic way to single out
the It6 model among an (arbitrarily) high-dimensional family of models obtained.

Proof of Theorem 6.4. We follow a usual strategy in the theory of regularity
structures, showing the equivalent theorem for the pulled back equations on G.
For this, we work with the regularity structure 7 = (T, G) constructed in (5.4)
with |Z| = (—3/2,@). Note that since we are in Setting 1 we can directly apply
Theorem 1.1 to see that there exists a unique, fundamental solution G : (R x G) \
(0,e) — R, satisfying the assumptions of Lemma 4.4, so that we have G = K+ K_;
enjoying the properties described therein.

Denote by M) = (II¢®), T'*) the canonical model for 7, satisfying H,(f)E =&
and realizing K for Z. From now on we shall use the common tree notation, with
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the obvious changes in interpretation, as defined, for example, in [45, § 4.1], and
write

0:=E, A=45, =Z9Z, etc

Since & € (—3/2,—1) the rule defined in (5.3) is complete and 7_ coincides (as

an algebra) with the free commutative algebra generated by {O’ "o i} Since the
noise is Gaussian and centred, it is sufficient to work with the subgroup G_ C G_
consisting of g € G_ satisfying

gr)=0 = 7€ span{o, @} .
For each ¢ € (0,1) we fix g. € G_ to be the character specified by

ge (o) =El¢:(e)K (&) (e)] .

Thus, applying Theorem 4.10, we obtain a solution Uy : [0,T] x G — T« to the

abstract lifted equation, (4.6), for the model M) := M. Next we show that

uf := R ;. U. actually solves Eq. (6.1) in several steps.

o First, note that for any z = (¢, z) € [0,T] X G, the abstract solution has the
explicit form

Ue@) = ul 21+ +2) + Y ulam;,

5i<y

since we are working with the expansion up to order v < % In particular
MU (2)(2) = u?(2).
e We observe that therefore

(U: 0)(2) = ud(2)(0+%+) + ¥ ul(amio.

5i<y

(€)
z

e We also note that it (Zsi<y ug (2)n;0) (2) =0 and

ne (ug(z) (0+%+ @2)) (2) = ul(2) (fI(ZE)O(Z) + 19 (% +) (Z)) = up(2) Ee(2) —ce)

e Thus, we can conclude using Remark 3.19 that

R iy (UB0) = ul(2) (E£(2) — ¢¢) = (R p0 UB) (2) (£ (2) — C¢) -
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Thus it only remains to show that the family of models M©) converges to a
limiting model M, which is the content of Proposition 6.8, stated below. O

PROPOSITION 6.8. The familly of models M©) = (I1), T°¢) constructed in the
proof of Theorem 6.4 converges as € — 0.

Proof. Note that by Remark 5.3 it is sufficient to show convergence of I1(€) lT_, in
the model topology, which follows from a strightforward adaptation of Kolmogorov’s
criterion to models using the molifiers ¢(™ constructed in Lemma 3.10 together
with the estimates obtained in Proposition 6.10. O

REMARK 6.9. For a detailed proof of a Kolmogorov type criterion for general
models on Euclidean domains, i.e. G = R? in the spirit above, we refer to [48,
Appendix BJ.

6.1. Stochastic estimates for the renormalized model

In this subsection we obtain convergence of the renormaliZed models. We shall
freely use techniques of [41, § 10] as well as graphical notation similar to that in
[45, § 5], with some slight changes in interpretation. For example we write

(15, %) (@) = i ...... o+ i

with the following interpretations:

e The node ® represents the origin, (0,e) € R x G, while the edge =—>
represents integration against the rescaled test function (*.

e The node O represents an instance of the & left periodic white noise on G,
while the edge ------ represents the kernel c¢;z * p.. Note, therefore, that
when £ =0 our diagrams will still contain dotted lines, as opposed to [45].

e The nodes « represent dummy variables z = (t,2) € R x G which are to be
integrated out and the edges — represent integration against the kernel
K. A barred arrow —— represents a factor of K (t—s,y 'z)— K(—s,y™ 1),
where (s,y) and (¢, z) are the coordinates of the start and end points of the
arrow, respectively.

As in [41, § 10.2] and [45, § 5.1.1] we will also use the notation W7 to
denote the kernel associated with the kth-homogeneous Wiener chaos component
of Il ,¢)7 and similarly W(ER) - for the renormalized model. For example, we find

that #P%((s, ); x1, X2) = # G %((s, 1) X1, %2) s given by

WED((s, y)i 31, x2) = ffn@ eape) 0y ) Carpe) (v o) (Kis = 51,1 y) = K(=su D) dsidyn.

PROPOSITION 6.10. Fiz 6 >0 small enough. Then, for every XA € (0,1), ¢ € B,
and z = (t,x) € R x G, there exist random variables
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(Lo)@h, (LY, (LY (6.2)

such that for any p > 1 the following estimates hold uniformly over A\, e € (0,1):
E[IAP0) 1P| AP,
E[I019%) (h1P] < Are2a-0),

E [Kﬁ(zg)cﬁ)((p’l)lp] < \PUF3E-D),

la)
2a)
3a)
as well as

E[I0090) (") — (Lo @h?| < ep? AraD)

E [I(ﬁée)ob) (@M - (1,%) ((p’l)|P] < PO\ p(@126-5)

E 109 () — (D @ H1P | S erdapasaa=)

1b)
2b)
3b)

Proof. Firstly, we note that by translation invariance of the noise it is enough
to consider z = (0, e). Furthermore, since all random variables belong to a finite
Wiener chaos, it suffices to show these estimates for p =2, [41, Lem. 10.5]. The first
two estimates, 1a) and 1b), follow readily by Ito’s isometry.

For the next items we recall [41, Lem. 10.14 & 10.18], the natural analogues of
which hold in our setting as well. We can write (with the adaptation of the meaning
of the diagrams described above) the Wiener chaos decomposition of the second

symbol as
% """ ° »
(ﬁ(e?e O\O) ((PA) E O - o:: A':o . (63)
(0,e) \. \ /

The first summand is the graphical representation of the iterated integral,
L((#?%)(2)) integrated against a test function centred at (0,¢) € R x G; see for
example the analogous second term in [41, Eq. (10.23)]. The second summand is

the graphical analogue of the first term in [41, Eq. (10.23)] given by LW EV%)(2)
Next note that by virtually an identical calculation as in the beginning of the proof
of [41, Thm. 10.19] one finds

K EVN) (2), #EDN) ()] S 12120 + (21201, (6.4)
which implies

KH E2%) (2), H E2D%) @) < (2125 +12129% 1271 2129

Together with the simple estimate Io((#W 0% ()] < 121772 thig gives 2a).
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Next we turn to show 3a). First, note that by a similar calculation as for (6.4)
one finds

(O DLy ), L) @) S w22 4 220
Therefore, together with the bound Io((# €O )| < 1wP¥ e find
R R 2 ]
[E|((H(E) Cf)o(H(E) o))(<p7‘)| < Q2030

(0,e) 0,e)

where ¢ denotes the Wick product. As in [45, § 5.3.2] we find

N £ e I
R | A A
NN NN, Y

and introduce the notation Qc(s,y) = K(s,y)(ca * p)**(y). We see that c¢. =
ffoG Q:(z)dz and define the renormalized kernel ZQ.(s,y) := Q:(5,y) — cc0(0,¢)-
Then, as in [45, Eq. (5.14)], using the notation wwww- for the renormalized kernel,

one finds
PP N NG s
(7T N S S VA
NONON N, Y

Similarly,

(115, )0 (1 00) 0 = §
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The latter two can be bounded by repeatedly using the analogue of [41, Lem. 10.14],
while for the first diagram we use additionally the natural analogue of [41,
Lem. 10.16]. This concludes the proofs of 3a) and therefore the first column. The
bounds on the random variables in (6.2) are obtained analogously by replacing
g * pe Dy just ¢ throughout (and appropriately interpreting the renormalized ker-
nel, @, for e =0). The approximation bounds 2b) and 3b) are obtained by standard
arguments, replacing each diagram with a finite telescopic sum of diagrams, where
all dotted lines except one either encode convolution with ¢s * p. or convolution
with ¢z and the one remaining dotted line is replaced by ¢z — ¢z * p. and then
applying the analogue of [41, Lem. 10.17]. g

REMARK 6.11. An alternative method to obtain the above estimates on the model
would have been to leverage that our noise satisfies a spectral gap inequality, see
[48]. We believe that it would be interesting to study how the Feynman diagram-
matic arguments in [17] as well as the more functional analytic arguments in [48]
extend these non-commutative spaces.
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